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Abstract 

Mineral dust interacts with the climate by modifying the Earth’s radiation budget 

and by transporting nutrients to the terrestrial and marine ecosystems. The prime focus 

of the this thesis is to understand the sources and geochemical characteristics of mineral 

dust over the Northeastern Arabian Sea. For this, several remote sensing data and the 

Aeolian dust samples collected by dry and wet deposition methods at a coastal site Goa 

(15.45º N, 73.80º E) located in the Northeastern Arabian Sea were studied. 

From various Satellite data, it is observed that the dust sources in the Arabian Sea 

region cover a wide area from NE Africa, the Arabian Peninsula, SW Asia, and the Thar 

Desert. The northern sources such as Arabian Peninsula, Mesopotamia, and SW Asia are 

active during both summer and winter, whereas the Southern sources especially NE 

Africa and Somalia are mainly active during summer. The dust transport is at the lower 

altitudes during the winter periods, whereas during the summer the dust is mostly 

transported at higher altitudes (2 to 5 km). 

The maximum aerosol concentrations at the coastal Goa were observed whenever 

a dust storm from the Middle East or SW Asia reached Goa. The average aerosol 

concentration for the years 2012-15 is around 100 µg m-3. Large variability in deposition 

fluxes was observed for the dry and wet periods. Wet deposition fluxes were found to be 

significantly higher than dry deposition fluxes estimated during the dust storm period at 

this study site. 

The dry deposition samples collected during the twelve dust storms and the wet 

deposition samples collected during the SW monsoon samples have been analyzed to 

establish the characteristics of the long-range transported dust over Goa. The dry 

deposition samples are mostly derived from the Arabian Peninsula and SW Asian dust 

sources. The dust from Arabian Peninsula shows high palygorskite content and a more 
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uniform Sr-Nd signature. Dust storm samples from SW Asia are characterized by high 

illite and chlorite and highly variable Sr-Nd. The wet deposited samples collected during 

the SW monsoon of 2013 show high palygorskite with moderate smectite for the majority 

of samples except the samples collected at end of the monsoon. The end of monsoon 

samples is dominated by high illite and chlorite. Large temporal variability in 87Sr/86Sr  

and Nd isotopic compositions was observed wherein less radiogenic 87Sr/86Sr and 

relatively more positive Nd is exhibited by mid of monsoon samples compared to those 

observed in beginning and end of monsoon samples. The seasonal variability in 

geochemical characteristics is related to changes in the dust source areas which are 

identified as (1) the Arabian Peninsula (beginning of monsoon and mid monsoon), (2) 

Northeastern Africa (to some of the mid monsoon samples), and (3) Southwest Asia and 

the Thar Desert (end of monsoon samples). 

The Rainwater collected during the SW monsoon is alkaline with average pH of 

6.5±0.7. Cl- and Na+ are major ionic species found in rain waters followed by Ca2+, SO4
2-

, Mg2+, NO3
- and NH4

+. The presence of high Ca2+ and Mg2+ shows the influence of dust 

in altering the rainwater chemistry during the SW monsoon season. The deposition flux 

of the ions is dominated by Cl- and Na+, followed by Ca2+ and SO4
2- mostly from the 

mineral dust. 

Future work should focus on quantifying dust from various hotspots, geochemical 

characterization of the different source regions, and the bio-available Fe and their flux 

into the Arabian Sea. 
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1.1. Introduction 

Mineral dust is an important component of aerosols that are emitted into the 

atmosphere by strong surface winds mostly from arid and semi-arid regions. The emitted 

dust can be transported and deposited thousands of kilometers away from the source 

region. There are many major dust sources distributed across all the continents. The 

dominant dust sources are located in the northern hemisphere. The major dust sources are 

the Saharan desert of North Africa, deserts of the Middle East, loess deposits in China, 

deserts in central Asia, the Thar Desert, as well as alluvial deposits of South/Southwest 

Asia. The global emission of dust is about 3000 Mt yr−1 (Andreae et al., 1986; Zender et 

al., 2004; Textor et al., 2006) of which 1490 to 1814 Mt yr−1 are deposited into the world 

oceans (Mahowald et al., 2005).  

The dust emitted into the atmosphere have a severe impact on global 

biogeochemical cycles also, dust can directly impact the earth’s radiative balance through 

scattering and absorption of the incoming short wave solar radiation and outgoing 

longwave radiation (Haywood et al., 2003; Kedia et al., 2018). It can impact the radiation 

balance indirectly by acting as cloud condensation nuclei (CCN) (Sassen et al., 2003; Su 

et al., 2008). Mineral dust also has an impact on the marine and terrestrial ecosystems, as 

it transports macro and micronutrients including Phosphorous and Iron (Okin et al., 2004; 

Jickells et al., 2005). Deposition of these nutrients via the Aeolian pathway can 

significantly impact the ocean biogeochemical processes including ocean productivity, 

thus, can affect the global carbon cycle and climate (Barber et al., 2001; Jickells et al., 

2005; Banerjee and Kumar, 2014; Yu et al., 2015; Mahowald et al., 2017; Anderson, 

2020; Falkowski et al., 1998; Jickells et al., 2005; Mahowald et al., 2009). Dust plays an 
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important role in monsoon precipitation intensity as well as precipitation chemistry 

(Vinoj et al., 2014; Das et al., 2015; Ramaswamy et al., 2017). Long-range transport of 

dust from the Central and Western Sahara towards the Atlantic Ocean up to the Caribbean 

Islands and the Amazon rainforest is well known (Prospero 1996; Swap et al., 1992) as is 

the transport of the East Asian dust towards the North American Continent (Prospero et 

al., 1989, Zhao et al., 2008). Increased concentration of dust in the atmosphere also 

deteriorates air quality (Prospero et al., 2014; Giannadaki et al., 2014; Sarkar et al., 2019) 

and can lead to severe health problems in the populated areas. 

 

Fig. 1.1: The importance of dust in the Earth system 

Several studies have been undertaken to study the dust sources, geochemical 

characteristics, and their impact on the ecosystems (Prospero et al., 1989; Prospero 1996; 

Swap et al., 1992; Xie and Marcantonio, 2012; Zhao et al., 2015; Zhao et al., 2018; Kumar 

et al., 2018). Many studies have shown that a large amount of dust and associated 
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nutrients from the Saharan desert is deposited into the Amazon Rainforests thereby 

helping in the fertilization of the forests (Koren et al., 2006; Bristow et al., 2010; 

Abouchami et al., 2013; Yu et al., 2015). While several studies have been undertaken to 

identify dust source regions, transport processes, and their geochemical properties (Xie 

and Marcantonio, 2012; Zhao et al., 2015; Zhao et al., 2018; Kumar et al., 2018), studies 

regarding the regional dust sources, processes controlling their transport and the 

geochemical characteristics are also required. Also, long-term in situ dust collection over 

remote areas affected by transport and deposition of dust is very sparse (Schulz et al. 

2012; Rodriguez et al. 2012). 

 

 

 

 

 

 

Fig. 1.2: Schematic diagram showing the transport of dust from the source to sink 

The Arabian Sea, one of the most biologically productive oceanic regions, is 

vulnerable to dust deposition from surrounding arid/semi-arid regions under favourable 

meteorological conditions (Shao et al., 2011). Also, the transport and deposition of dust 

exhibit strong seasonality owing to seasonal monsoon setting (south-west monsoon in 

summer during June-September and north-east monsoon in winter during November-

February) which dominates the regional climatology (Schott and McCreary, 2001). 
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Various regional oceanic processes, which include wind-driven coastal upwelling and 

mixed-layer deepening during the summer monsoon (Nair et al., 1989; Barber et al., 2001) 

and convective mixing in the winter period (Madhupratap et al., 1996), drives nutrient 

supply (nitrate, phosphate, and Fe) to surface water of the Arabian Sea and significantly 

impact the primary productivity (Barber et al., 2001). In recent years, several modeling 

studies have highlighted the role of dust (containing Fe) in fuelling and enhancing primary 

productivity in the Arabian Sea (Banerjee and Kumar, 2014; Guieu et al., 2019). The 

nutrient content in dust particles largely depends on the source from which it is derived. 

It is thus necessary, to decipher sources of transported dust and their geochemical 

characteristics (e.g. trace element), to constrain the impacts of dust deposition which can 

have temporal as well as spatial variations. But studies related to the actual dust collection 

and geochemical properties of dust over the Arabian Sea are very few. Chester et al., 

(1984) have collected aerosol samples over the Northern Arabian Sea, analyzed them for 

Al and clay mineralogical composition, and concluded that the dust is similar to the 

sediments found in the northern Arabian Sea. Pease et al., (1998) and Tindale and Pease, 

(1999) have collected dust over the north/northwestern Arabian Sea to calculate the dust 

concentration and chemistry. They found that the dust concentration is high during the 

winter and spring period rather than summer probably due to the transport of dust at high 

latitudes is the reason. Kumar et al., 2008 reported the aerosol concentration, elemental, 

and ionic composition of the aerosol collected for around one month period in the Arabian 

Sea region. Recently Ramaswamy et al., 2017 have shown the importance of dust in 

altering the rainwater chemistry and the importance of nutrient supply by dust deposition 

in the terrestrial and marine ecosystems over the eastern Arabian Sea region. However, 
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studies regarding the long-term aerosol collection and the geochemical studies of dust in 

the Arabian Sea region are not available.  

The processes controlling aerosol entrainment and transport is an active area of 

research because of the increasing availability of several satellite images and data 

products in recent years (Prospero et al., 2002; Leon and Legrand, 2003; Washington et 

al., 2003; Schepanski et al., 2007; Hickey and Goudie, 2007; Ginoux, et al., 2012; Yu et 

al., 2018; Rayegani et al., 2020). Satellite images and data, especially MODIS (Moderate 

Resolution Imaging Spectroradiometer) deep blue Aerosol Optical Depth (AOD), and 

Angstrom Exponent (AE) are very useful tools to locate dust sources as they provide daily 

global observations (Hsu et al., 2013). In the Arabian Sea, there is a large mismatch 

between satellite data and ground-based measurements (Tindale and Pease 1999; Leon 

and Legrand 2003). During the SW monsoon, satellite-based measurements show very 

high AOD, but ground-based or ship-based observations show low dust because the dust 

is probably transported at higher altitudes (Tindale and Pease, 1999; Pease et al., 1998). 

This problem is further complicated by the recent increase in carbonaceous aerosols and 

their interaction with mineral dust (Novakov et al., 2000). Tracing dust transport 

pathways in the Arabian Sea is not straightforward as the dust emitted is transported by 

multiple wind systems which interact in very complex ways and transport dust from one 

source area to another. The studies regarding the importance of different dust sources 

especially dust hotspots, which emit large amounts of dust under favorable 

meteorological conditions are very few. Apart from the dust sources, their seasonal 

variability, transport pathways, the role of the SW monsoon winds and Low-Level Jet, in 
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dust entrainment, and long-range transport over the Arabian Sea are not well understood 

(Leon and Legrand, 2003, Badrinath et al., 2010).  

As highlighted above, aeolian dust deposition has an important role in the surface 

ocean biogeochemistry of the Arabian Sea. Most of the studies associated with dust over 

the Arabian Sea have focused on the distribution and quantification of dust. However, 

very few studies have reported on the supply of nutrients via dust deposition (Kumar et 

al., 2008; 2012; Srinivas et al., 2014). There are several tracers that can be used to 

characterize dust, for example, elemental composition and its ratios (Kumar et al., 2008; 

Kumar and Sarin, 2009); mineralogical composition (Caquineau et al., 1998; Stuut et al., 

2005; Skonieczny et al., 2011, 2013) and radiogenic isotopic composition (Abouchami et 

al., 2013; Kumar et al., 2016; 2018). Among these, naturally-occurring radiogenic isotope 

systems (e.g. Sr, and Nd isotopes) are predominantly used as tracers to identify dust 

sources in recent years (Grousset and Biscaye, 2005; Meyer et al., 2011; 2013; 

Skonieczny et al., 2011; 2013; Abouchami et al., 2013) and have been used to fingerprint 

African dust across Atlantic (Pormound et al., 2014; Kumar et al., 2014; 2018; Zhao et 

al., 2018), East Asian (Chinese and Mongolian) dust at Greenland (Svensson et al., 2000; 

Bory et al., 2004) and Australian dust in Eastern Equatorial Pacific (Xie and Marcantonio, 

2012).   

1.2. Scope and objectives of the study 

As shown above, several studies were attempted to identify the global dust sources, 

and mainly for the Atlantic and the Pacific Ocean, a comprehensive study exclusive to 

the Arabian Sea is much needed to fulfill the knowledge gap existing in the global dust 

cycle. This thesis study presents a detailed description of the dust sources, their seasonal 
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variability, and dust hot spots in the Arabian Sea region. Apart from the information of 

dust sources, the dust flux, geochemical characteristics, and their soluble fraction play a 

major role in the biogeochemistry of the Arabian Sea. Studies related to the actual dust 

collection and the study of dust characteristics are very few in this region. Thus, this study 

attempts to present a detailed report on the fluxes, size, mineralogy, geochemical and 

isotopic characteristics as well as the soluble ions of the dust collected in Goa, India, a 

coastal region located in the eastern Arabian Sea. During the transport of dust from the 

source region towards the Arabian Sea, a characteristic source signature carried by dust 

would be observed at our sampling site located in the Northeastern Arabian Sea (NEAS). 

This is the basis of fingerprinting dust sources using radiogenic isotopes of Sr and Nd, 

although isotopic fractionation may take place during transport due to grain size sorting 

(Aarons et al., 2013). While transport, the same dust would be deposited in the Arabian 

Sea, thus, dust collected at NEAS would be a better representative of dust over the 

Arabian Sea. 

 

In view of the above, the study has been carried out with the following objectives: 

1) To determine the mineral dust source regions contributing to the Arabian Sea. 

2) To determine the annual dry and wet deposition of mineral dust at a coastal 

station. 

3) To determine the size, mineralogical, chemical, and isotopic characteristics of 

mineral dust collected over Goa. 

4) To determine the deposition fluxes of the soluble components of aerosol. 
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1.3. Structure of the thesis 

This thesis is divided into seven chapters. The content of these seven chapters is 

briefly highlighted as follows. 

Chapter 1 provides a general introduction about the mineral dust, the importance of 

mineral dust in the earth systems, their direct and indirect radiative effects, impact on the 

biogeochemical cycles, dust in the Arabian Sea, the importance of dust in the Arabian 

Sea. It also discusses gaps in our knowledge of the dust sources and characteristics. This 

chapter also includes a detailed description of the aim of the study and the plan of the 

thesis. 

Chapter 2 describes the sampling details and analytical methods used for the 

measurement of different parameters. The first part of this chapter discusses the study 

area, meteorology of the region and sampling site whereas the later part gives a brief 

description of sampling of aerosols by dry and wet deposition methods, rainwater 

collection, analytical processing of samples as well as the methodology used for the 

retrieval of remote sensing data, and various analytical methods used for the 

mineralogical, chemical, isotopic and ionic analyses. 

Chapter 3 discusses the identification of the dust sources, processes responsible for dust 

entrainment, and their long-range transport to the Arabian Sea using satellite-derived 

data, images, and dust products. 

Chapter 4 presents the ambient aerosol concentration for the period 2012 to 2015 over 

coastal Goa. It also shows the influence of dust in the ambient aerosol concentrations 
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during the dust storm period. Apart from the aerosol concentrations, annual dry and wet 

deposition of aerosols over the study area is estimated. 

Chapter 5 describes the characteristics of the dry and wet deposited dust collected over 

Goa. This chapter presents the mineralogical, chemical, and isotopic characteristics of 

dust storm samples and wet deposited dust. These geochemical compositions have been 

used to discuss the temporal variation of dust and an attempt has been made to identify 

their sources as well as their relative contribution to dust collected at Goa. 

Chapter 6 presents pH and major ion data of the rainwater collected during the SW 

monsoon of 2015. The major ion data has been used to calculate the deposition fluxes of 

these ions in the North eastern Arabian Sea region. 

Chapter 7 summarizes the results of this thesis and briefly outlines the future 

perspectives. 



 

 

 

 

 

Chapter 2 

Materials and Methods 
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2.1 Study Area 

The north Indian Ocean (NIO) is characterized by the seasonally reversing 

Southwest (SW) and Northeast (NE) monsoon winds (Fig. 2.1). Most of the rainfall in 

this region is restricted to the west coast of India, Sri Lanka, central Africa, and small 

pockets in the Yemen mountains (Fig. 2.3). The rest of the area is either semi-arid or arid. 

Large rivers like the Indus, Amur Darya, Tigris-Euphrates, the Helmand, etc. flows from 

the high rainfall regions through arid and semi-arid regions. These rivers support 

perennial vegetation, large populations, and this region is a source of dust- carbonaceous 

aerosol mixtures. The eastern Sahara, Egyptian, Nubian deserts, and the Arabian 

Peninsula are largely arid. The region between the Mediterranean and the Himalayas is 

mostly semi-arid as they receive most of the rainfall and snow during winter due to the 

passage of extra-tropical cyclones known locally as Western Disturbances. 

The region has a complex topography with small, medium, and high mountain 

ranges (Fig. 2.1). These mountain ranges deflect, channelize, and intensify the winds 

passing through them. The high mountain ranges more than 4 km are an effective barrier 

to dust transport. The Himalayas and Zagros prevent the transport of almost all dust-laden 

winds across it. The role of East African and Yemen mountains in intensifying the SW 

monsoon winds into a Low-Level Jet (also known as Findlater Jet) is well known 

(Krishnamurthi et al., 1983) prevailing wind system over this region. The mountains on 

either side of the Red Sea channelize and intensify the Red Sea winds (Ralston et al., 

2013). Similarly, the Hejaz Mountains of the Arabian Peninsula and the Zagros mountains 

in Iran guide the summer Shamal winds from the eastern Mediterranean to the Persian 

Gulf (Yu. et al., 2016). 
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Fig. 2.1: Shows the study area with seasonal variation of wind pattern during (a) southwest and (b) northeast Monsoon. Additional 

wind systems prevailing over the Arabian Sea and surrounding arid/semi-arid regions are also shown with major dust source regions. 

The wind vectors are 12-year average (2003-2014) at 850 hPa. The sampling site (NIO) and the surface soil sampling location are 

indicated by the red circles in the northeast Arabian Sea. (Modified from Kumar et al., 2020) 
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Gap winds, i.e winds intensified due to gaps in mountain ranges, in the region like the 

Margo desert of Iran- Afghanistan and the Tokar Delta in Sudan (Choobari et al., 

2014b; Ralston et al., 2013) also have a major role in dust emission and transport. The 

region north of the Arabian Sea is also characterized by many endorheic basins with 

seasonal rivers ending in lakes (Middleton, 1986a) which are important dust sources 

when the lakes dry up. 

2.2 Meteorological setting in this region 

Major wind systems prevailing in the Arabian Sea region are seasonally 

reversing southwest (SW) monsoon winds from June to September and northeast (NE) 

monsoon winds from November to February. Apart from the above two, other wind 

systems in this region are Summer Shamal winds, Levar winds, Red Sea winds, 

tropical cyclones, and Western disturbance or Winter Shamal. All these major wind 

systems are shown in Fig. 2.1, which is 12-year climatology (2003–2014) of the wind 

vectors at 850 hPa over the NIO during the summer and winter months.  

During summer, due to intense heating, a low-pressure system develops over 

the Tibetan plateau and northwestern part of the Indian sub-continent leading to the 

formation of SW monsoon. SW monsoon winds flow from the Indian Ocean over 

the elevated east African coast and intensify into Low-Level Jet (LLJ) or Findlater 

Jet. Concurrently high-pressure systems over the eastern Mediterranean and central 

Asia produce a strong northwesterly wind over the Arabian Peninsula and SW Asia 

namely Summer Shamal (from mid-May to mid-August) (Yu et. al 2016) and Levar 

winds (from mid-May to mid-September) respectively. These northwesterly winds 

flow over the dust source regions, (> 4 km) Palanghan, and Hindu Kush mountains 
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(Levar winds) reaching very high speed (15-28 m s-1) which is strong enough to 

raise dust. 

During winter, the cooling of Asian landmass leads to the development of a 

high-pressure system. NE monsoon winds flow from the Indian Sub-continent 

towards the Arabian Sea. The NE monsoon winds are not strong enough to raise 

dust but they transport the dust raised by other events like western disturbances 

towards the Western Arabian Sea and Arabian Peninsula. Western disturbances or 

Winter Shamal that pass from the Mediterranean Sea towards the Himalayas usually 

develop behind a cold front passage (Thoppil and Hogan, 2010). These western 

disturbances are short-lived episodic events that last from 1-5 days and create dust 

storms along their passage.  During this period many tropical cyclones form in the 

Bay of Bengal and the eastern Arabian Sea. These cyclones have a major role in the 

transport and dispersion of dust raised depending upon their position.  Whenever a 

dust event coincides with the tropical cyclone in the Bay of Bengal or the eastern 

Arabian Sea, mineral dust is transported towards the Indian Peninsula [Ramaswamy 

2014, Badarinath et al. 2009]. 

2.3 Sampling Site 

The aerosol and rain water samples were collected on the terrace of a building 

(15 m AGL) at the CSIR-National Institute of Oceanography, Goa, India (15.45º N, 

73.80º E). The sampling site is located about 500 m away from the coast, (Fig 2.1).  

2.4 Sampling  

 Aerosol particles are removed from the atmosphere either by dry deposition 

due to gravity or impact or by wet deposition due to in or below-cloud scavenging. 

For this work, both dry and wet deposition dust samples were collected at the CSIR-



14 
 

National Institute of Oceanography, Goa, for the years 2012-2015. Besides, 

rainwater samples were also collected for the year 2015 to study the soluble ions 

present in rainwater. Apart from the aerosol and rainwater samples, sediment 

samples from some of the possible dust source regions (Fig. 2.1) were also collected 

to compare the signature of dust to the sediments.  

2.4.1 Dry deposition sample collection 

Fig. 2.2: HVS APM 430, the instrument used for the collection of dry deposition 

samples in this study. 

To achieve the objectives of this study, bulk aerosol samples were collected daily 

from 2012-2015 at the National Institute of Oceanography, Goa, India by using 

Envirotech High Volume Samplers (HVS) APM 430 (Fig. 2.2), with a flow rate of 

about 1-1.3 m3 min-1 for a sample period of 22-24 hours. High Volume sampling is an 

accepted method for monitoring and calculating the concentration of the suspended 

particulates in the air. The samplers were calibrated periodically to check the flow rate 

of the instrument. Whatman® GF/A glass fiber filters of 20 × 25 cm sheets were used 

for the sampling. The filters were conditioned in an oven at 60˚C and weighed before 

the sampling. During the dry season of 2012-2015, aerosol samples were collected 

daily. After the sampling, the filters were transferred and stored in Ziploc covers. 

Extreme care was taken while handling the filters to avoid any contamination, wear 
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and tear. The total suspended particulate (TSP) mass was calculated from the 

difference in the filter weight before and after sampling. During the sampling period, 

the samples collected during the major dust storms that reached Goa were analyzed for 

their mineralogy, geochemistry, and Isotopic (Sr-Nd) compositions.  No aerosol 

samples were collected during the SW monsoon months (June to September), mainly 

due to no dry days at the sampling location. 

2.4.2 Wet deposition sample collection 

To collect the wet deposited particulate samples, rainwater was collected using 

plastic trays (area of 1m2) every rainy day during the SW monsoon of 2013. The trays 

were washed thoroughly before and after each sampling. The wet deposition 

particulates (WDP) were extracted by filtering the collected rainwater samples using 

polycarbonate filters of 0.2 μm pore size. Precipitation data was taken from the 

Automatic Weather Station installed at CSIR-NIO located close to the sampling 

station. The filtered WDP was dried at 40˚C  to remove water content and the mass 

difference in the filter before and after filtering is obtained by weighing in a micro-

balance. The wet deposition flux is calculated by measuring the weight of the wet 

deposition sample obtained for a 1m2 area for one sampling day of the precipitation. 

The samples were subsequently used for processing and analyses of geochemical 

tracers.  

2.4.3 Rainwater collection 

Rainwater samples were collected during the SW monsoon of the year 2015. 

These samples were collected in 2-liter polypropylene bottles fitted with a funnel of 

20 cm diameter kept 1 meter above the terrace floor. The bottles and the funnels used 

for the collection are cleaned thoroughly with Milli-Q water thrice before the 
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sampling. The samples were collected either once or twice a day depending on the 

amount of rainfall. The samples collected were filtered through 0.2µm PVDF syringe 

filters and stored in 60ml precleaned and pre-conditioned polypropylene bottles at -

20˚C until analysis of soluble ions by Ion Chromatography. 

2.5 Analytical Methods 

To achieve the objectives set for this work various methodologies were used to 

identify the dust sources, calculate the aerosol flux, and generate analytical data for 

size, mineralogy, geochemistry, isotopes, and soluble ions. The analytical techniques 

used depended on the type of parameters being measured and the type of samples being 

analyzed. The data used for dust source identification, analytical procedures for sample 

preparation, and analyses using various instruments are briefly discussed below. 

Among the various analytical techniques used in this study, significant efforts were 

made in establishing the lab and setting up of Sr and Nd isotopic separation column. 

2.5.1 Remote sensing methods 

To identify the dust source to the Arabian Sea various remote sensing data were 

used like Aerosol Optical Depth, Angstrom Exponent, and Air mass back trajectories. 

This section briefly describes the remote sensing data used and the methods adopted 

to identify the dust sources. 

a) Satellite-derived dust Aerosol Optical Depth (AOD) 

Aerosol Optical Depth (AOD) is the measure of the extinction of the solar light 

that is either absorbed or scattered by the aerosols present in the atmospheric column. 

The aerosol optical depth or optical thickness (τ) is defined as the integrated extinction 

coefficient over a vertical column of a unit cross-section. It is a dimensionless number 

that is related to the amount of aerosol in the vertical column of the atmosphere over 
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the observation location. A value of 0.01 indicates an extremely clean atmosphere 

whereas values >4 represent the high aerosol concentration. 

In this study, AOD data is retrieved from the Moderate Resolution Imaging 

Spectroradiometer (MODIS) instrument on board the NASA Aqua polar-orbiting 

satellites. The Aqua passes over the equator at 13.30 local time every day, thus giving 

everyday AOD. MODIS measures the aerosols using 36 spectral wavelengths 0.41 to 

14µm with a swath range of 2330km. Daily AOD and AE data for land (Deep Blue) 

and ocean (Dark Target) at a one-degree grid for the period 2004 to 2014 were 

downloaded from the Giovanni Site (http://disc.sci.gsfc.nasa.gov/giovanni) and 

processed separately as there are considerable differences in background reflection 

from land and ocean. For AOD and AE values over land, land Aerosol Optical Depth 

550 nm (Deep Blue, Land-only) and corresponding Deep Blue Angstrom Exponent 

for land (0.412-0.47 micron, MYD08_D3 v6) from MODIS Aqua satellite were 

processed and plotted. For AOD and AE values over the ocean, Aerosol Optical Depth 

550 nm (MYD08_D3 v5 Ocean only) and daily Ocean AE data 550 nm (MYD08_D3 

v5 Ocean only) was used.  

Seasonal variability of dust sources was broadly derived by plotting bimonthly 

(average monthly dust AOD 2004-2014 of 1˚x 1˚ spatial resolution) of "dust AOD" 

over the entire region. Dust AOD is obtained when corresponding AE values are below 

a threshold indicating the presence of mostly coarse mineral aerosols. Differentiating 

mineral dust from carbonaceous aerosols is desirable as certain regions like the Indo-

Gangetic Plains, Central Africa, and Tigris-Euphrates regions have high AOD due to 

the presence of both mineral dust and carbonaceous aerosols. The size of mineral dust 

particles is a magnitude larger compared to carbonaceous aerosol and therefore has a 

distinctly low AE value (Yu et al., 2009). From the careful study of major dust 
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outbreaks in satellite images, AE values dip below 0.6 during dust events for MODIS 

ocean-only data. For MODIS deep blue land-only data the threshold value for dust was 

taken as 1.0. 

Fig. 2.3: Quasi-climatology (2004-2014) of summer monsoon precipitation (June-

September) in mm/day (shaded). Major rivers in the study region are shown in red.  3* 

3-degree boxes shown are regions taken up for the detailed study of daily variation in 

the dust activity. Box ‘a’ to ‘l’ represents land regions where MODIS Beep Blue Dust 

AOD data for 2014 were plotted while in ‘m’ to ‘u’ MODIS  dark target data ocean-

only data was plotted.   

b) Time-Series of dust AOD 

Since episodic dust events are not reflected in climatology data, the time-series 

data of daily dust AOD data for 2014 is plotted over the quasi-climatology of dust 

AOD. The AOD value for the day was classified as dust or carbonaceous aerosol event 

depending on its corresponding AE value. Dust- AOD values below 0.2 were 

considered as clear days and not included in the plots. All satellite-derived dust AOD 

values were visually verified using MODIS 250 m resolution satellite true-colour 

images (Aqua and Terra) and Meteosat 0 degree RGB composites dust product. 
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Spurious values, mostly due to errors in algorithms used for cloud masking, were 

removed before further processing.  

To understand regional differences in dust emission and dust transport pathways 

the time-series of dust AOD of twenty-one (3˚x 3˚) three-degree blocks spread over 

key areas of land and ocean (Fig. 2.3) for the year 2014 were plotted. The time-series 

data of three-degree blocks are found to be the most optimum for tracking dust plumes 

in this region. The shape and size of all the blocks are similar enabling a better 

comparison of dust AOD levels. These data were also verified using the procedures 

described above.  

c)  Identification of dust sources and transport pathways  

Ginoux et al., 2010 have identified dust source areas in the Sahara by plotting 

dust AOD. Although the dust plumes spread rapidly, the dust hot spots could still be 

identified as they continue to have high AOD. Using similar techniques, the dust 

sources in the Arabian Sea region can be broadly identified. However, the highest 

AOD is often observed in areas where dust plumes from several dust sources converge. 

For example, very high AOD in the Red Sea is because of dust transported from the 

Nubian Desert and Tokar Delta. To identify dust sources clearly, the first appearance 

of dust in MODIS 250 m resolution satellite dust images (Aqua and Terra) and six-

hourly Meteosat 0 RGB dust product (Prospero et al, 2013; Zhang et al., 2015; 

Knippertz and Todd, 2010, Zhang et al., 2016; Schepanski et al., 2007) were plotted. 

Satellite images and animations of the images provide insights into dust emission and 

transport processes that are not easily discerned using dust AOD data. The size of dust 

events detected using satellite images ranges from small storms covering a few 

hundred square kilometers to mega dust storms covering almost the entire Arabian 
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Sea. Dust source regions for the four major seasons were plotted. Dust events were 

classified as a major dust storm if the plume subsequently covered an area of over 0.3 

million km2. By following the dust plume, it is possible to trace the direction of dust 

transport. Each dust event has unique or even multiple pathways with the dust plume 

often spreading out in more than one direction. Using satellite images, dust AOD 

patterns, and satellite LiDAR data the general direction of transport for the four major 

seasons is indicated. The Cloud-Aerosol Lidar and Infrared Pathfinder Satellite 

Observation (CALIPSO) total attenuation backscatter browse images were 

downloaded from the NASA CALIPSO website (https://www-calipso.larc.nasa.gov/) 

(Hunt et al, 2009) and the type of aerosol were identified from the corresponding 

depolarization ratios. As mineral dust is made of mostly non-spherical particles it has 

higher depolarization ratios compared to carbonaceous aerosols or hydrometeors.  

d) Air-mass back trajectories 

HYBRID Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) analysis 

from the National Oceanic and Atmospheric Administration (NOAA) Air Research 

Laboratory (http://www.arl.noaa.gov/ready/hysplit4.html) (Rolph, 2017, Stein et al., 

2015) is used extensively for computing the air parcel trajectories, to understand the 

transport and dispersion of aerosols. Backward air mass trajectory analysis is the most 

commonly used model to determine the origin of the air mass and to understand the 

source-receptor relationships (Fleming et al., 2012). Several studies used the back-

trajectories to help identify the possible dust sources by reconstructing the atmospheric 

pathway of the air mass that carries dust to the sampling location (Escudero et al. 2011; 

Gaiero et al. 2013). To find the possible source of the mineral dust, the meteorological 

fields from the National Centers for Environmental Prediction's (NCEP) Global Data 

Assimilation Scheme (GDAS) at 1 ×1 degree resolution (Kanamitsu, 1989; Kalnay et 
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al., 1996) were used in computing the back trajectories. Backward trajectories were 

run for the day of sampling for 168 hours at 500m, 1500m, and 2500m levels above 

mean sea level during the SW monsoon (Wet deposition samples) to show the different 

winds at different altitudes from different regions i.e. SW monsoon winds from the 

Indian Ocean, Red sea-winds from the Red Sea and Summer Shamal winds from the 

Arabian Peninsula. During winter the dust is transported mainly at lower altitudes 

within the boundary layer. Back trajectories were run at 500m above mean sea level 

as the dust during these events travels relatively at lower altitudes.  

2.5.2 Aerosol concentration and Flux 

a) Aerosol concentration 

Aerosol concentrations of total suspended Particulates (TSP) were calculated by 

measuring the mass of the aerosol particles collected in the filter and the volume of air 

sampled. In HVS APM 430, the airflow is monitored by measuring the pressure 

difference from the beginning of the sampling to the end of the sampling. The scale of 

the manometer measures the pressure drop in cubic meters per minute and a time 

totalizer measures the instrument run time in minutes. The mass of the TSP collected 

in the filter was measured gravimetrically by using the weighing balance. The 

weighing balance is calibrated periodically and the pressure, temperature, and relative 

humidity were maintained at appropriate conditions before weighing the filters.  

The concentration of aerosols is calculated as follows:  

Concentration of aerosols (µg m-3)  = 
Weight of sample (W)

volume of air sampled (V)
 

Weight of sample (W)   = Final weight (W2) - Initial weight (W1) 

Volume of air sampled (V) = Sampling time (minutes) ×  Average Manometer reading 

 



22 
 

To quantify dust concentration in aerosol samples, Aluminum concentration is 

measured in the completely digested filters using strong acids. A one-eighth portion of 

the sampled filter was digested in Savillex vial (15 ml capacity) using a mixture of 

supra pure HF and HNO3 at 110˚C for 24 hours under a clean laminar flow bench. The 

acid digestion process was repeated until the filters were completely dissolved. Post 

dissolution, samples were dried and were transferred to pre-cleaned polypropylene 

bottles using 2% supra-pure HNO3. The Al concentrations were analyzed using ICP-

OES (Agilent 710) following the methodology described in Kumar et al., (2020).  

b) Dry and Wet deposition Flux 

Dry deposition fluxes (Fd) were calculated based on the concentration of aerosols 

(C) and the settling velocity of the particles (Vd): 

𝐹𝑑 = 𝐶 × 𝑉𝑑                                           Equation (1) 

Settling velocity of aerosol particles were calculated based on Stokes law: 

      𝑉𝑑 =
𝜌𝑝𝑑2𝑔

18η
               Equation (2) 

where ρp is the density difference of the particle to the air, d is the aerodynamic 

diameter of the particle which is taken as 7.9µm from the size distribution measured 

on the wet deposited particles (details are given in next section 2.5.3), g is the gravity 

constant and η is the viscosity of air. Since dust particles are irregular in shape and the 

shape of the particles affects the drag force and settling velocity, the Dynamic shape 

factor (χ) has been applied to the above equation. The dynamic shape factor of Quartz 

(χ=1.36) (Davies 1979) has been used in this study since the value for silicates is not 

available in any literature. So the Settling velocity of dust particles after applying the 

dynamic shape factor becomes  
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𝑉𝑑 =
𝜌𝑝𝑑2𝑔

18ηχ
                             equation (3) 

This gives a settling velocity of 335m day-1 and fluxes for the dry deposition 

were calculated by using the equation (1). Shelley et al., (2015) and Anderson et al., 

(2016) used 1000 m day-1 for the estimation of dry deposition flux in the eastern 

Atlantic station located close to the Saharan Desert. 

 The dust fluxes for the twelve major dust storms were estimated based on the 

Al concentrations measured in the collected samples. The abundance of Al was used 

as an indicator of the mineral dust in several studies to calculate the dust concentrations 

(Duce and Tindale, 1991; Kumar and Sarin, 2009; Anderson et al., 2016; Kumar et al., 

2020), by presuming that the Al in mineral dust is same as in the UCC (upper-

continental crust with Al content of 8.04%; McLennan, 2001).  

For wet deposition, it was presumed that particulates collected after filtration are 

composed mainly of mineral dust and wet deposition flux will provide an upper limit 

of dust deposition flux (Ramaswamy et al., 2017).  

2.5.3 Sample analysis 

To understand the size and chemical characteristics of the dust collected over 

Goa, the dust storm samples collected during the passage of major dust storms over 

goa were chosen along with the wet deposition samples of 2013. There were 12 major 

dust storms identified, that pass over Goa for the years 2012-15, based on the AOD, 

back trajectories, and quantity of the dust collected i.e. more than 120 µg m-3, the 

sample details were given in table.4.1. Sixteen wet deposited samples during the SW 

monsoon of 2013 were selected, one sample per week was chosen to represent the SW 
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monsoon period. These samples were used for mineralogy, geochemistry, and isotopic 

analysis to achieve the objectives of this work.  

a) Size 

To measure the size distribution of the dust that reaches Goa dust samples were 

analysed for the size distribution by using the MICROTRAC Laser Particle Size 

Analyser (LPSA). Dust collected during the wet deposition of 2013 was analysed. 

Around 100mg of the dust fraction was diluted in 200ml of Milli-Q, and the size 

distribution was measured while the water was stirred continuously in LPSA. This 

ensures the random orientation of most particles relative to the laser beam, and the 

equivalent spherical cross-sectional diameter is measured. In this study, only a few 

Wet deposited dust particles were used for the size measurement due to the more 

sample quantity requirement, which is very unlikely to get in the dry deposited 

samples. 

b) Mineralogy of dust  

Both dry and wet deposited samples were used for the mineralogical analysis. 

To obtain the dust from the filters to prepare the oriented glass slides for XRD analysis, 

the method from Caquineau [1996] was adopted. The sample preparation for the XRD 

analysis of the dust collected in the filters is explained below 

(i) The filters were cut into 1/8th of the length and kept in a centrifuge tube and 

rinsed with Milli-Q water and ultra-sonicated for 30 minutes. Dust obtained 

in the tubes was subsequently sieved with a 230 ASTM sieve to remove any 

glass fibers present. Hydrogen peroxide was added to remove any organic 

matter present in the sample. 
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(ii) The filters were removed from the centrifuge tubes and the dust particle 

collected were concentrated by centrifugation. 

(iii) After the centrifugation, the excess water was decanted and the dust particles 

were made into thick slurry and pipetted onto the glass slides to make the 

oriented dust particles. 

Oriented glass Slides for X-Ray diffraction of 16 RWP samples were prepared 

by taking an aliquot of the samples collected on polycarbonate filters by the method 

mentioned in section 2.4.2, to which 5ml of H2O2 was added to remove the organic 

matter if any. The samples were made into a thick slurry and directly pipetted onto 

glass slides. 

Clay fraction was separated from the soil samples collected from some of the 

possible source areas (PSA) by pipette analysis using Stokes’ Law. Before the 

separation of clay fraction, the soil samples were treated with acetic acid and hydrogen 

peroxide to remove carbonates and organic matters respectively. The clay fractions 

obtained were used to prepare the oriented slides. All the oriented glass slides were 

glycolated for 12 hours at 60°C using Ethylene glycol and analyzed for clay minerals. 

Dust mineralogy was done using Rigaku® Ultima IV X-Ray Diffractometer with 

Cu Kα radiation at 40kV and 20mA between 3º - 30º 2Ɵ at 0.02º 2Ɵ/s. Semi-

quantitative determinations of mineral percentages were focused mainly on the clay 

minerals present in the samples. Illite, smectite, kaolinite, chlorite, and palygorskite 

were the major minerals identified. Peak areas were calculated by taking the area of a 

particular mineral above the appropriate baseline using the software Rigaku Integral 

analysis 6.0. The relative mineral percentages are calculated using correction factors 

provided by Biscaye [1965]. 
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c) Geochemistry 

A portion of dust storm filter samples (~30-60cm2) were cut using ceramic 

scissors and rinsed with Milli-Q (Merck Millipore) water to remove sea salt, a 

potentially important source of strontium. The samples 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). WDP 

samples (Rainwater particulates) obtained in the SW monsoon season of 2013 (~50 

mg) and PSA soil samples (~50 mg) were oxidized by heating in a muffle furnace at 

400˚C to eliminate the organic matters. Subsequently, the carbonate fraction was 

removed using an ammonium acetate-acetic acid buffer solution (pH = 5) by shaking 

for two hours. 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 90o C. This dried residue represents a pure silicate fraction 

of mineral dust. These samples were further digested completely using a mixture of 

concentrated (Savillex double distilled) HF and HNO3 acids in Savillex® PFA vials. 

The digestion procedure was performed under a fume hood at 110 °C for 24 hours and 

subsequently allowed to dry. The HF-HNO3 acid treatment was repeated once more to 

ensure the complete digestion of particulate matter. After dryness, all samples were re-

dissolved using 2% supra-pure HNO3 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 of WDP concentrations was 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 
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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. 103Rh 

was used as an internal standard for performing the analysis. 

d) Sr and Nd Isotopes 

Following the dissolution procedure described in the above section, an aliquot 

of all the samples used for the geochemical analysis was digested separately for the 

isotopic analysis and used for the isotopic studies. Chemical separation of Sr and Nd 

was performed under clean laboratory conditions and blanks were carefully monitored 

throughout the entire procedure. Sr from each sample was separated using cation-

exchange chromatography on silica columns (3 mm diameter, 100 mm long; resin: 

BioRad AG50W-X8, 200-400 mesh, H+ form) using HCl as eluent. Eluent containing 

REEs was obtained at the end of this column separation procedure. This eluent was 

used to extract pure Nd using Eichrome ® LN resin (50-100 um) and HCl as eluent.  

Sr and Nd isotopic composition measurements of dust storm samples were 

carried out by Multi-collector Inductively coupled Mass-spectrometer (MC-ICP-MS), 

a Thermo Scientific, Neptune Plus instrument at National Centre for Antarctica and 

Polar Research, Goa, India. 87Sr/86Sr ratios were normalized to 86Sr/88Sr = 0.1194 and 

replicate measurements of the NIST SRM987standard yield an average 87Sr/86Sr = 

0.710270 (2SD = 20 ppm, n=5). 143Nd/144Nd ratios were normalized to 146Nd/144Nd = 

0.7219 and measurements of La Jolla Nd standard yielded 143Nd/144Nd = 0.512100 

(2SD = 5 ppm, n=3). Long‐term measurements of NBS 987 and JNdi yield an average 

value of 0.71028 ± 10 ppm (2σ, n=363) and 0.512104 ± 5 ppm (2σ, n=238) 

respectively [Anand et al., 2019]. Instrumental mass bias correction was applied to all 

the measured samples, using an 88Sr/86Sr ratio of 8.37521, and subsequently, they were 
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normalized with the reported value 0.71025 of NBS‐987 (Weis et al., 2006). Similarly, 

for Nd isotopes, instrumental mass bias correction was applied to all the measured 

samples, using a 146Nd/144Nd ratio of 0.7219, and normalized with the reported value 

0.512115 of JNdi‐1 143Nd/144Nd ratio (Tanaka et al., 2000). 

Measurements of Sr and Nd isotopes for WDP were carried out using MC-ICP-

MS (NU Plasma III), at the National Institute of Oceanography, Goa. The obtained 

isotopic ratios were corrected for the instrumental mass fractionation by normalizing 

the Sr and Nd isotopic data with 86Sr/88Sr (= 0.1194) and 146Nd/144Nd (= 0.7219) 

respectively. During the interval of these sample analyses, the isotopic composition of 

Sr and Nd of known international standards were also carried out. The average 

87Sr/86Sr ratio of standard SRM 987 during these measurements was 

0.710247±0.000021 (2σ, n = 22) and 143Nd/144Nd for Jndi1 standard solution was 

0.512095±0.000016 (2σ, 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.  

The 143Nd/144Nd ratios are reported as εNd, the relative deviation from the Bulk 

Silicate Earth (CHUR) 143Nd/144Nd ratio of 0.512638 (Jacobsen and Wasserburg, 

1980) in parts per 10,000. Carefully monitored analytical blanks were less than 0.1% 

of Sr and Nd sample yields and therefore considered negligible. However, significant 

filter blanks were observed for aerosol samples due to the glass-fiber substrate and all 

the samples were blank. 
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e) Analysis of Soluble ions in Ion chromatography 

The major ionic compositions (Anions: F–, Cl–, NO3
–, SO4

2– and PO4
3−, Cation: 

NH4
+, Na+, K+, Ca2

+, and Mg2
+) for the rainwater collected during the SW monsoon of 

2015 were analyzed in Dionex 5000 Reagent Free Ion Chromatography at CSIR-

National Institute of Oceanography, Goa. An Ion Pac guard column CG12 and 

separator column CS12 with suppressor Cation Self-regenerating Suppressor CSRS 

300, 20mM Methyl Sulphonic acid and Ionpac Guard column AG16 and separator 

column AS16 with Anion Self-regenerating Suppressor ASRS 300, with 22mM NaOH 

Solution as eluent was used to analyze cations and anions respectively. Standards of 

different concentrations were run for calibration. All concentrations were calculated 

based upon the peak area of the standards of each of the ions that were prepared. 
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3.1. Introduction 

The Middle-East is the third-largest dust source in the world after the Saharan 

and East Asian dust sources (Goudie et al., 2006; Prospero et al., 2002) and the 

northern Indian Ocean is the second major sink of dust after the Atlantic (Duce et al., 

1991; Ginoux et al., 2001; Mahowald et al., 2005). Well known dust sources in this 

region lie in the Arabian Peninsula, Mesopotamia, Thar Deserts, and the Helmand 

Basin in Afghanistan and Tokar Delta in Sudan (Prospero, et al., 2002; Tindale and 

Pease 1999; Leon and Legrand 2003; Kutiel and Furman, 2003; Goudie et al., 2006; 

Middleton, 1986a&b, Hamidi et al., 2013; Choobari et al., 2015). The role of the 

summer and winter Shamal winds of the Middle-East and the "Loo” winds of the 

Indian sub-continent (Middleton 1986a&b, Perrone 1981) in dust emission and 

transport is well known. Recent studies have shown the importance of the Levar winds 

in transporting dust from SW Asia to the northern Arabian Sea (Choobari et al., 2014b) 

and the influence of tropical cyclones on dust entrainment and transport in the northern 

Indian Ocean (Badrinath et al., 2009 and Ramaswamy 2014). However, the importance 

of different dust sources to the Arabian Sea, their seasonal variability, and transport 

pathways are not fully understood. The role of the SW monsoon winds and Low-Level 

Jet, in dust entrainment and long-range transport in the Arabian Sea region, has not 

been understood (Leon and Legrand, 2003, Badrinath et al., 2010).  

In the chapter, the major dust sources to the Arabian Sea are identified by using 

MODIS dust AOD data from 2004 to 2014 and back tracking dust plumes using 

MODIS daily satellite images and Meteosat RGB dust product. Time-series dust AOD 

data for 21 key areas were used to identify regional dust emission patterns and 

transport pathways. Satellite images, RGB dust products, satellite, and ground-based 

LiDAR (Light Detecting and Ranging) data were used to determine the dust transport 
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pathways. Atmospheric processes responsible for dust entrainment and long-range 

transport have also been discussed. 

3.2. Results and Discussion 

3.2.1. Quasi-climatology of dust AOD 

The results of the quasi-climatology of Deep Blue dust AOD (Fig. 3.1) over the 

Arabian Sea region are broadly similar to earlier studies (Prospero et al, 2002, Ginoux 

et al, 2012, Goudie and Middleton 2005, Leon and Legrand 2002). Deep Blue dust 

AOD data shows that dust sources are active throughout the year in Saudi Arabia, 

Mesopotamia, and the Nubian Desert. The Horn of Africa, the Thar Desert, and the 

endorheic basins of SW Asia show dust activity mainly during spring and summer. 

The highest dust AOD is observed over the Thar Desert and SW Asia between April 

and September. Dust activity is low over most regions from October through March.  

Dust AOD over the sea indicates dust transport mainly from the adjacent 

landmass. Quasi-climatology of MODIS dark target dust AOD over the northern 

Indian Ocean shows low values during October and March (Fig. 3.1a and d). During 

April-May (Fig. 3.1b), high dust AOD is observed in the Red Sea, the Gulf of Aden, 

the Gulf of Oman, and the north-western Arabian Sea. During June to September (Fig. 

3c) high dust AOD is observed over the entire Arabian Sea and Bay of Bengal 

indicating long-range transport of dust by the strong summer monsoon winds. 

Interestingly, dust levels during June to September in the northern Red Sea are 

distinctly lower than the southern Red Sea and the Gulf of Aden (Fig. 3c) as most of 

the dust input from the Nubian Desert is transported to the south by the strong Red Sea 

Winds. 
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Fig. 3.1: Quasi-climatology (2004-2014) of MODIS dust AOD for land (Deep Blue) 

and ocean (dark target) for (a) January-February (b) March-May (c) June-September 

and (d) October to December.  

 

3.2.2. Time-Series of dust AOD 

Time series data over the Arabian Sea region is shown in the figures. 3.2 and 

3.3.  The Ad Dahna, Rub al Khali, coastal Oman and Yemen (Fig 3.2. a, b, c, and d) 

have two dust AOD peaks, a smaller peak from March to Mid-April and a larger peak 

between June and August. An-Nafud and Syrian Desert show that the dust AOD (Fig 

3.2 e, f) peaks during March-May and gradually decreases to a minimum in November. 

Dust levels are low between December and February. From June to August, the dust 

AOD levels here are comparatively less than the Ad Dahna and Rub Al Khali Deserts. 

The Horn of Africa and the Nubian Desert (Fig 3 g, h) have the main dust season from 

June to the end of September and dust AOD is comparatively lower during other 

months. The Helmand Basin has lower dust AOD (Fig. 3.2i), but dust episodes are 

active throughout the year with the strongest dust events from June to September. The 

Thar Desert (Fig. 3.2l) has very high dust AOD from April to August. 
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Fig. 3.2: Daily variations in MODIS Deep Blue dust optical depth (red dots) during 

2014 over selected regions on land.  The locations of each 3* 3-degree block are 

shown in Fig. 2.3. The average dust AOD (2004-2014) for the region is shown as a 

black line. Notice the scale for “l” is different. 

The time series for the Arabian Sea blocks all show the same trend with high 

AOD in the SW monsoon months apart from the northern Red Sea (Fig. 3.3). Dark 

Target dust AOD over the NW Arabian Sea, Persian Gulf, and the Gulf of Oman 

(Fig.3.3 o, r) show a moderate increase in dust levels during April-May indicating 

limited offshore transport of dust from Mesopotamia and SW Asia. Dust AOD levels 

in the western, central, and eastern Arabian Sea are distinctly higher during June to 
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September. A sharp increase in dust levels is seen over the Arabian Sea immediately 

after the onset of the SW monsoon winds in June indicating the dust transport across 

the Arabian Sea during the SW monsoon period. The northern Red Sea (Fig. 3.3s) 

shows high dust levels during April-May but unlike the southern Red Sea (Fig. 3.3t) it 

does not show an increase in dust levels during June to September. 

 
Fig. 3.3: Daily variations in MODIS dark target ocean only dust optical depth (red 

dots) during 2014 over selected regions on land.  The locations of each 3* 3-degree 

block are shown in Fig. 2.3.  The average dust AOD (2004-2014) for the region is 

shown as a black line. 

3.2.3. Satellite image analysis of dust sources and hot spots 

Fifty-eight dust source regions and hot spots contributing dust to the Arabian 

Sea are indicated in Fig. 3.4. The major dust sources are located in (i) the Nubian 

Desert, Tokar Delta, and the Horn of Africa, (ii) Arabian Peninsula, (iii) Syrian Desert 

and Mesopotamia, (iv) Endorheic Basins of SW Asia and Makran coast, and (v) the 
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Thar Desert and Indus flood plains. While the major dust sources are similar to earlier 

reports (Middleton 1986, Ginoux et.al., 2001, Choobari et.al., 2014) some of the lesser-

known but important dust sources and hotspots are not recognized in previous studies. 

 
Fig. 3.4: Major dust source regions providing mineral dust to the Arabian Sea. Major 

mountain ranges which deflect wind direction are indicated.  The Karakum and 

Taklamakan basins are major sources of dust but provide negligible dust to the 

northern Indian Ocean.  The major dust hot spots and source regions are 1. Thar, 2. 

Cholistan 3. the Thal Desert, 4. FATA Province, 5. Quetta, 6.Bela Province 7. Karnak 

Valley 8.Registan Desert 9.Lora Rud 10.Hamun e-Helmand 11.Gowd E Zereh 

12.Hamun e Mashkel 13.Baddo Rud 14.Rakshan and Maskai Rud 15.Makran Coastal 

plains 16. Djaz Murian 17.Lut Basin 18.Lut sandy desert 19.Balkh River fan 20.Kavir 

Desert Thar, 21.Zyandeh-Niriz basin 22.Iran coastal Desert 23.Khuzestan Plains 

24.Shat al Arab 25.Tigris-Euphrates flood plains 26.Al JazirahDesert 27.Syrian 

Desert 28. An Nafud 29.Ard as Sawwan 30.Negev Desert 31.Sinai Desert 32.Ad Dahna 

33.Tuwayq Mountains 34.Qatar Peninsula 35.Rub Al Khali 36.Mudassam Peninsula 

37.Al Samim Lake 38.Wahiba Sands 39. Jiddat Al Harasis Plains 40. Dofar 41.Yemen 

Coastal Plain 42. Tiamah Coastal Plains 43.Subay Desert  44.Al Hufra, 45.Socotra, 

46.Horn of Africa 47.Kakkar Mountains 48.  Ogaden Desert 49.Chalbi Desert 

50.Guban Coastal Desert 51.Danakil desert 52.Red Sea Coastal Plains 53.Tokar 

Delta  54.Nubian Desert 55.Darfur desert 56.Libyan Desert 57.Qattara Depression 

58.Eastern Desert 

 

In the Indian Subcontinent, we observe that in addition to the Thar Desert 

(Middleton 1986) the eastern flanks of the Suleiman and Kirtar ranges and the flood 

plains of the Indus River are major dust source regions (Fig. 3.4). The strong winds 
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buffeting the numerous alluvial fans located along the flanks of these mountain ranges 

provide much of the dust. Occasionally, large dust storms originate in the Cholistan 

Desert, Thal Desert, FATA, and Bela provinces of Pakistan and from the flood plains 

of the Punjab region (Fig. 3.4). 

The four major endorheic basins of SW Asia namely the Kavir, Sistan, Djaz 

Murian, and Lut basins have been recognized as important dust sources in earlier 

studies (Middleton 1986; Prospero et al, 2002; Choobari et al, 2014; Rashki et al., 

2019). These basins have large water bodies called Hamuns which on drying up 

become major dust hot spots (Mahowald et al., 2003). The most active of these is the 

Sistan Basin which shows year-round dust activity (Fig. 3.4). The major dust hot spots 

within this basin are the lake beds of the Hamun Gowd e Zareh and Hamun –e 

Helmand. The Helmand Lake has shrunk considerably since the 1980s and now is one 

of the most active dust hotspots in the SW Asian region (Rashki et.al, 2013). The dust 

from the Sistan Basin is transported to the northern Arabian Sea or north India mainly 

through the Karnak Valley (Fig 3.4). The Makran coastal plains, dry rivers, and lake 

beds in the inter-mountain valleys of the Central Makran Range are also important to 

dust sources to the northern Arabian Sea. Dust from the Balkh province of northern 

Afghanistan and semi-arid regions of south Turkmenistan is often transported through 

the Afghan Gap into the Margo Desert. Further west, the Iran coastal desert and the 

Khuzestan plains of Iran are important dust sources supplying dust mainly to the 

Persian Gulf and the Gulf of Oman.  

Major dust sources in the Arabian Peninsula are located in the Syrian, An Nafud, 

Ad Dahna, and Rub Al Khali Deserts and flood plains of the Tigris-Euphrates Rivers 

(Prospero et al., 2002; Ginoux et al., 2001). The coastal dust sources impacted by the 

strong Red Sea Winds and Findlater Jet during June to September are not recognized 



37 
 

as major dust sources in earlier studies. During the summer monsoon period, we 

observe a large number of dust events originating along the coastal plains of the 

Arabian Sea, the Persian Gulf, and the Red Sea. Major dust sources active during the 

SW monsoon period are the Wahiba Sands (Tindale and Pease, 1999), Al Harasis 

Plains, Al Samim Lake beds, Dhofar, and Yemen coastal plains (Fig. 3.4). The dust 

from the coastal sources is largely dispersed over the western Arabian Sea. 

The Horn of Africa has moderate AOD values from June to September (Fig. 

3.2g). Leon and Legrand (2003) have argued that gale force winds blowing over the 

dry lake beds of this region emit a significant amount of dust. The island of Socotra, 

Kakkar Mountains, Ogaden Desert, and the Chalbi Desert are important dust sources 

in NE Africa, contributing dust to the long-range transport over the Arabian Sea, 

especially during the SW monsoon period (Fig. 3.4). Dust storms are also observed 

during winter along with the coastal deserts of Somalia as the NE monsoon winds pick 

up strength and are strong enough to cause dust events during December to February. 

The Nubian Desert including the Tokar Delta, Afar Triangle, and the coastal Red 

Sea plains are important dust sources from April to September. A large number of dust 

events also occur in the Afar Triangle, especially the Danakil and Guban Coastal 

Desert. During the summer monsoon period, dust transport is largely towards the Gulf 

of Aden by the Red Sea Winds. The dust sources close to the Mediterranean coast like 

the Darfur desert, Libyan Desert, and Qattara Depression are active between 

November and May with most of the dust being transported to the Mediterranean Sea 

and partly to the northern Red Sea and northern Arabian Peninsula.
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Fig. 3.5: Seasonal variation in dust emissions, during 2014 from multiple satellite images and data (a) January to March 

(b) April-May (c) June to September and (d) October to December. The dust hotspot was identified from MODIS true-

colour images and EUMETSAT Dust RGB product. White circles (unfilled) indicate moderate dust events. Black circles 

(filled) indicate major dust events with the dust plume eventually covering more than 0.3 million km-2. 
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3.2.4.  Analysis of dust emission and transport in 2014 

A detailed study of dust events in the region surrounding the Arabian Sea for 

2014 was done to identify the number of dust events and transport characteristics of 

the dust plumes. During this year over eleven hundred dust events were observed in 

the area falling under the monsoon wind regime (Fig.3.5) of which 75% was during 

the SW monsoon period. Both minor and major dust events showed a similar seasonal 

distribution pattern with the maximum number of events from June to September. Only 

six major dust events were observed from January to March. Only four percent of the 

dust storms were during this period. Twelve percent of the dust events were during 

April-May and nine percent during October to December. 

During January-March of 2014 (Fig. 3.5a), large dust events were noticed in the 

Libyan Desert and Egypt with the plumes traveling over the Mediterranean Sea and the 

northern Red Sea towards the north western Arabian Peninsula. Dust plumes originating 

from the Syrian Desert and Mesopotamian region were transported towards the Rub al 

Khali, the Gulf of Aden, and the southern Red Sea. A few dust plumes from the Sistan 

and Lut Basin of Afghanistan and Iran and coastal Makran were spread over the northern 

Arabian Sea or NW India. 

A major dust event occurred on 12th March 2014 in the Ad Dahna region 

triggered by the passage of a Western Disturbance. The dust plume traveled initially 

southwards to the Rub al Khali after which it veered west towards the Asir Mountains 

and it subsequently dispersed over the southern Red Sea and the Gulf of Aden by the 

14th of March. The Western Disturbance moved eastward, and on 13th March it raised 

a dust storm in the Baluchistan-Thar region with the dust being spread over the NE 

Arabian Sea and the Persian Gulf. This event was shortly followed by another winter 

Shamal dust event in the Syrian Desert region on 15th March with the plume initially 



40 
 

traveling over the Persian Gulf followed by dispersal over the northern Arabian Sea.  

Because of the concurrent dust events, high dust levels were observed over the western 

and northern Arabian Sea continuously for a week from 12th to 18th March. The next 

large dust event was observed on 26th March 2014 in the northern Rub Al Khali, close 

to the Qatar Peninsula. The plume moved towards the Hejaz and Asir Mountains being 

dispersed over the Red Sea. High dust was observed over the southern Red Sea and 

the Gulf of Aden till 29th March. On 2nd April 2014, a Western Disturbance caused a 

major dust event in the An Nafud Desert and the dust plume followed the Western 

Disturbance towards the Rub Al Khali Desert and dispersed over the Persian Gulf and 

Iran. On 3rd April the tail of the storm created a smaller dust event in the Rub al Khali 

which traveled southward before being dispersed over the Red Sea and NE Africa. The 

Western Disturbance continued eastward and caused a dust storm in the Makran Range 

of Pakistan on 6th April with the dust plume being transported towards over the 

northern Arabian Sea. On 7th April the dust plume dispersed over the central and 

western Arabian Sea. 

After mid-April, the dust frequency increased in the central Arabian Peninsula, 

the endorheic basins of SW Asia, and the Thar Desert (Fig. 3.5b). Besides, a large 

number of dust storms were observed in the Nubian Desert during April and May with 

the dust moving south towards equatorial Africa or the southern Red Sea.  Unlike the 

earlier dust events, these dust events did not seem related to western disturbances but 

may be due to more localized pressure gradient winds. About twelve percent of the 

annual dust events are during this period. On the 2nd and 3rd May 2014, a major dust 

event occurred along the plains of the Makran coast and dust was transported over the 

north-eastern and eastern Arabian Sea. After the 11th of May 2014, several moderate 

dust events were noticed in the Ad Dahan -Rub Al Khali region and Makran coast.  



41 
 

As the SW monsoon advanced over the Arabian Sea in the first week of June, 

large dust storms were seen in the Nubian Desert, coastal Saudi Arabia, and SW Asia 

(Fig. 3.5c). The Red Sea and NW Arabian Sea had very high dust AOD because of 

dust transported from the above sources.  Dust from the Red Sea was transported into 

the Gulf of Aden and carried by the SW monsoon winds towards the Indian Peninsula. 

Large dust events were noticed along the path of the Findlater Jet in Somalia, coastal 

Yemen, and Oman. The Hadramaut and Oman mountains deflect the winds and dust 

out to sea.  Because of the high wind speed, the dust was quickly dispersed out to sea 

resulting in high dust AOD in the Gulf of Aden and the western Arabian Sea but not 

in coastal Yemen and Oman (Fig. 3.1c). The dust emitted in the Syrian Desert, An 

Nafud, and Mesopotamia were transported down the Rub Al Khali Desert into the 

southern Red Sea and the Gulf of Aden by the summer Shamal winds. Also, a 

significant part of the dust is transported through the gap between the Hadramauth and 

Al Hajjar mountains into the western Arabian Sea. A large number of dust events were 

observed along the coastal regions of Red Sea, Yemen, Oman, and Makran with the 

dust being quickly dispersed over the Arabian Sea. Dust transport across the Arabian 

Sea is high during active phases of the SW monsoon or due to the presence of 

depressions in the Bay of Bengal. There were two depressions during the SW monsoon 

season of 2014. LAND 01 from July 21 to 22 and LAND 02 from August 4 to August 

7 in the Bay of Bengal. Dust AOD in the Gulf of Aden and Western Arabian Sea were 

particularly high during the above periods.  Dust sources in the Thar and adjoining 

plains of the Indus and Punjab Rivers continued to be active from June to mid-August. 

The SW monsoon winds transported the dust towards the Himalayas and further down 

the Gangetic plains towards the Bay of Bengal. After August the number of dust storms 

in the Syrian Desert, An Nafud, and Mesopotamia decreased, but the dust sources in 
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the Nubian Desert, Coastal Yemen and Oman, endorheic basins of SW Asia, and 

Makran coast continued to be active till the end of September. From October to 

December, dust activity was low with a few dust events noticed in SW Asia. Moderate 

dust events coincided with the passage of two tropical cyclones, the Very Severe 

Cyclonic Storm (VSCS) Hudhud (7th to 14th October 2014) in the Bay of Bengal and 

the VSCS Nilofar (25 to 31 October) over the Arabian Sea. Some dust events over the 

Makran Coast and Gowd E Zereh Basin were generated because of the influence of 

the VSCS Hudhud. Dust from these sources was transported over the Indus Delta 

towards the northern and central Arabian Sea. Similarly, the VSCS Nilofar created 

dust storms in the Makran and Indus regions and later on in Saudi Arabia and the 

Nubian Desert as it moved from the eastern to the western Arabian Sea. The relatively 

weaker Deep Depression, BOB 04 over the Bay of Bengal (05-08 November 2014) 

deflected dust plumes over Thar, Indus, and Makran coast.  

3.2.5.  Seasonal Variability in dust emission and long-range transport 

In the Arabian Sea region, the highest AOD values do not always coincide with 

areas of high dust activity especially during the SW monsoon period because of the 

long-range transport of dust from one source to another. For example during May-

August 2014, background dust AOD values over the Thar Desert (Fig. 3.2l) are 

considerably higher than other well-known sources of dust. Satellite-based LiDAR 

data show that the dust from SW Asia and Arabian Peninsula is transported over the 

Thar Desert at heights around 5 km, raising the background values considerably. It is 

observed that upwind dust sources, like the Nubian Desert, Syrian Desert, Somalia, 

etc., have lower dust AOD values compared to downwind dust source regions like the 

Thar and Rub Al Khali Deserts which receive dust from multiple sources. Similarly, 



43 
 

dust from the Nubian Desert and Tokar Delta is spread over the Red Sea, and high dust 

AOD is noticed over the Afar Triangle region even when there is no local dust event.  

Another major difference between the dust AOD and satellite images is that 

coastal dust sources on the other hand are underestimated because the dust is quickly 

swept out to sea and not recognized in "Land Only" AOD databases. The importance 

of such sources, especially the Horn of Africa region has been highlighted by Leon 

and Legrand (2003). Additionally, the gale-force winds of the Findlater Jet also 

impinge on the Yemen and Oman coast and raise large dust events on the coastal 

region, especially in the Hadramaut and Al Harasis plains (Fig. 3.5c), similarly, during 

summer, the strong Red Sea Winds raise many dust plumes on the coastal plains on 

either side of the southern Red Sea which are not registered in “land only” dust AOD 

databases due to the rapid dispersal of these dust plumes by strong winds. 

Variability in dust emission in the Arabian Sea region can be related to the 

seasonal migration of the ITCZ and Polar Jet. The Polar Jet reaches its southernmost 

extent during winter and interacts with the Sub-tropical Jet leading to winter Shamal 

events near the 30°N latitude (Perone, 1981). The weak NE trade winds blowing over 

this region between December and February with wind speeds less than 5 m s-1 are 

generally not strong enough to produce major dust events. Major episodic dust events 

observed during October to March are mostly due to winter Shamal (Western 

Disturbances) which raise dust in the region as they move from the Mediterranean to 

the Himalayas. The largest dust storms are generated in the Syrian Desert, An Nafud, 

and Ad Dahna region. Major dust storms are also seen in the Khuzestan Plains and the 

Shat al-Arab region of the Tigris-Euphrates Delta. 
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Fig. 3.6: Showing the seasonal variation in dust transport by tracking dust plumes in MODIS true-color images and Eumetsat dust RGB products. 

Major dust source regions are indicated in different shades of grey.  
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The intensity of dust events in the Tigris-Euphrates Delta has increased in recent 

years due to the draining of the marshlands (Al Ameri et al., 2019; Al-Khalidi et al., 

2021). The dust plumes from these regions are transported to the Rub Al Khali and the 

larger dust storms move on to the Southern Red Sea and the Gulf of Aden (Fig. 3.6a). As 

the Western Disturbance moves eastwards it raises large dust storms along, further in the 

endorheic basins of SW Asia and Makran coast, Indus plains, and the Thar Desert. 

Though the Western Disturbances affect this region from November onwards, the 

strongest dust storms are seen mostly in February-March. In recent years, the Sistan basin 

has been a large source of dust because of the drying up of the lakes (Rashki et al., 2015; 

Karami et al., 2021). The dust from the Makran coast and the Musandam Peninsula 

(Northern Oman) is mostly transported across the northern Arabian Sea and further south. 

The dust plumes from the Sistan and Hamun e Mashkel basins of SW Asia are transported 

to the northern Arabian Sea or across the Suleiman and Kirtar ranges to north India. If a 

low-pressure system or tropical cyclone develops over the Bay of Bengal or the Eastern 

Arabian Sea then the dust raised by the winter Shamal events are transported across the 

Arabian Sea towards India (Badrinath et al., 2009; Ramaswamy, 2014). By April the Polar 

Jet has moved northwards and dust events due to winter Shamal events become less 

important.  

During April to June convective Haboob-type events are common in North India 

(locally called Aandhi), which cause short-term dust episodes (Yadav and Rajamani, 

2004) although not leading to long-range transport. The hot and dusty Loo winds raise 

dust in the Thar Desert as well as semi-arid plains adjoining the Indus River. The Loo 

winds originate in the deserts of Baluchistan and NW India where they can pick up large 
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amounts of dust, which moves dust initially north towards the Himalayas which acts as a 

barrier that deflects them down the Gangetic plains towards the Bay of Bengal (Fig. 3.6b). 

When the SW monsoons set in this region in late June, the Loo winds are known to cease 

abruptly. The SW monsoon winds however continue to blow over the region and raise 

dust during July and August (Fig. 3.6c). 

Low pressure over NW India and Tibet between June and September and the 

northward migration of the ITCZ leads to the development of strong, persistent winds like 

the LLJ, summer Shamal, Red Sea Winds, and Levar Winds (Fig. 2.1). Of these, the 

summer Shamal winds are well known to cause strong dust storms in the Arabian 

Peninsula between mid-May and the end of August (Yu et al., 2016). The summer Shamal 

winds transport large quantities of dust from the Syrian Desert down the Ad Dahna into 

the Rub Al Khali desert and the coastal Arabian peninsula (Fig. 3.6c) (Notaro et al., 2013). 

A significant part of the summer Shamal dust is also transported across the Al Harasis 

Plains of Oman into the western Arabian Sea due to the presence of the low-pressure zone 

of the Inter-Tropical Convergence Zone.  

The Levar winds blow from central Asia to the northern Arabian Sea and are guided 

and intensified by the various gaps in the mountain ranges of SW Asia (Choobari et al., 

2014b). The Levar winds blow mostly in a southerly direction from Central Asia towards 

the Arabian Sea with the intensification of the wind by the Palanghan Mountains to the 

west and Babaei and Hindu Kush Mountains to the northeast side of the region (Whitney, 

2006). A major gap wind is that which blows into the Helmand and Gowd E Zareh basin 

raising large amounts of dust. Dust sources are active over this region throughout the year 

(Kaskoutis et al., 2015) with peak intensities from June to September.  
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A branch of the summer monsoon winds flowing through a gap in the East African 

Mountains (Turkana Gap) intensifies and flows over the Nubian Desert bringing large 

quantities of dust into the southern Red Sea through the Tokar Gap. The Red Sea winds 

blowing southward during this period transport this dust towards the Gulf of Aden. The 

narrow coastal plains south of 20°N on either side of the Red Sea are also affected by the 

Red Sea Winds and contribute significant amounts of dust. To this is added the dust 

brought in by the Shamal winds of the Arabian Peninsula as they cross the relatively low 

Asir Mountains. The highest dust AOD is reported in the southern Red Sea (Goudie and 

Middleton 2006) as it receives dust from both the African and Arabian sources (Fig. 3.3t). 

The dust from these sources is transported to the Gulf of Aden where it meets the Findlater 

Jet of the SW monsoon winds and gets dispersed over the Arabian Sea and further east 

(Ramaswamy et al., 2017). 

Long-range transport of Northeast African and Middle East dust across the Arabian 

Sea is largely by the SW monsoon winds. The western portion of the SW monsoon wind 

is intensified by the east African mountains into the Findlater Jet which raises strong dust 

events as it flows over the Coastal Deserts of NE Africa (Leon and Legrand, 2003). After 

crossing the Horn of Africa and Gulf of Aden, the Findlater Jet impinges on the Yemen 

and Oman coastal deserts raising a large number of dust storms. A large number of dust 

events were observed in the coastal plains of the Hadramaut, the Dafur region, and the Al 

Harasis plains of the Oman coast during the SW monsoon period.  

The interaction of the different wind systems and long-range dust transport across 

the Arabian Sea is very complex. Satellite and Ground-based Micropulse LiDAR 

provides some insights into the dust transport processes. CALIPSO LiDAR profiles over 
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the western Arabian Sea (Fig. 3.7a) show low dust levels at the surface but higher dust 

levels between 2 and 5 km above MSL. Winter Shamal Dust event plumes (14th March 

2014) over the Arabian Sea are comparatively thinner (< 3km) and flow close to the 

ground (Fig. 3.7a). Dust concentration at the surface is, therefore, higher during winter 

Shamal events. The SW monsoon wind is the largest and most persistent wind system in 

the Arabian Sea region and exerts a heavy influence on dust and aerosol transport. The 

SW monsoon winds are largely pristine and contain very low dust concentrations except 

along its westernmost edge (NE Africa and Coastal Arabian Peninsula). Apart from 

raising dust along the Horn of Africa and Yemen-Oman coast, the Findlater Jet also picks 

up the dust delivered in its path by the Red Sea Winds, Summer Shamal Winds, and the 

Levar winds. The dust from the different sources gets mixed and undergoes long-range 

transport across the Arabian Sea and up to the Bay of Bengal. 
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Fig. 3.7: CALIPSO vertical profile over the Western Arabian Sea region a) during a dust 

storm on 14th March 2014 shows that the dust is mostly confined to <3 km AML. b) During 

the SW monsoon the dust is transported at higher altitudes (3-5 km AML) c) Multi Pulse 

Lidar derived depolarization ratios over Goa, India for August 2014. In July and August 

a dusty layer, having depolarization ratios greater than 0.1, is seen between 2 and 5 km 

showing the transport of dust at high altitudes over Goa. High depolarisation ratios 

above 6 km are due to icy cirrus clouds. 
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CALIPSO LiDAR records show that the dust raised by the Summer Shamal, Red 

Sea, and Levar winds is more than 5 km thick (Fig. 3.7b). The general direction of 

transport is east towards the low-pressure regions over NW India and Tibetan Plateau. 

The SW monsoon winds (including the Findlater Jet) are about 2 km thick with the core 

of the jet located around a height of 1.5 km above mean sea level (Ramaswamy et al., 

2017). It is also denser than the Red Sea and Shamal Winds, as the SW monsoon winds 

originate in the southern Indian Ocean and blow mainly over the sea it has very low levels 

of dust. Though it picks up dust over Somalia and coastal Arabia, dust levels are low due 

to dispersion by high wind speeds. The SW monsoon winds penetrate the dusty layer with 

gale force reducing the dust levels at the surface due to dilution and dispersion. MPL 

Lidar Profiles over the west coast of India (Fig. 10c) also show a dusty layer between 2 

and 5 km above a low aerosol layer. Aerosol concentrations at the sea surface during 

summer also show low values (Tindale and Pease, 1999). 

3.3. Summary 

i. Dust sources cover a wide area from NE Africa, the Arabian Peninsula, SW 

Asia, and the Thar Desert. Covering hyper-arid regions to semi-arid regions and flood 

plains of rivers having large populations. The seasonal variations in different sources may 

have different types of dust which differ geochemically due to the change in source 

regions. Southern sources especially NE Africa and Somalia are mainly active during 

summer, whereas the northern sources such as Arabian Peninsula, Mesopotamia, and SW 

Asia are active during both summer and winter.  

ii. The mode of transport is different during summer and winter. During winter, 

dust is mainly from the northern region and at low altitudes, so surface concentrations are 
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high. This has major health implications. During winter, rainfall is relatively less, and dry 

deposition is important. During summer, dust transport in the Arabian Sea and Indian 

peninsula is not at ground level but at heights of 2 to 5 km, and that too at high wind speed 

so they are dispersed easily. Most of the dust interacts with clouds and get wet deposited 

in the Eastern Arabian Sea, and east of that.  This has implications for the prevention of 

acid rain in India.  Also, wet deposition being the more efficient large amount of 

biogeochemical important nutrient and trace elements will be deposited in high rainfall 

areas. 

iii. A better understanding of seasonal variability in source and transport 

mechanisms is useful in understanding the provenance of sediments, soil formation, and 

nutrient transport proxies for paleoclimate and paleo circulation.  
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4.1 Introduction 

Atmospheric mineral dust plays an important role in the earth’s radiation budget, 

biogeochemical cycle, and human health (Mahowald et al., 2005, Jickells et al., 2005; 

Okin et al., 2004). The absorbing and scattering properties of the aerosols affect the 

earth’s radiative budget (Tegen, 2003). Mineral dust also has an impact on the 

ecosystems, as it transports the nutrients such as Iron, Phosphorus, and other 

micronutrients (Okin et al., 2004; Jickells et al., 2005; Ramaswamy et al., 2017). The dust 

deposition to the ocean impacts the primary productivity by supplying the nutrients 

required for enhanced productivity (Jickells et al., 2005; Banerjee and Kumar 2016). 

Atmospheric dust deposition is an important source of nutrients to the Arabian Sea, 

as it receives the mineral dust from the surrounding arid regions and anthropogenic inputs 

from the Indian Sub-continent (Krishnamurti et al., 1998; Kumar et al., 2008; Singh et 

al., 2012). Recently Guieu et al., 2019 have shown the importance of dust deposition in 

the productivity of the Arabian Sea stating that the absence of dust deposition would 

lower the productivity by 50%. Several studies, based on remote sensing data, have shown 

aeolian dust contribution from the Middle-East region, northeastern Africa (NEA), and 

southwest Asia (SWA) to the Arabian Sea (Ginoux et al., 2001; Goudie and Middleton, 

2006; Léon and Legrand, 2003; Prospero et al., 2002; Aswini et al., 2020, Rashki et al., 

2018; 2021). Besides, several workers have put modeling effort to estimate dust fluxes 

and highlighted the impact of dust deposition on ocean productivity (Mahowald et al., 

2005; Banerjee and Prasanna Kumar, 2014; Guieu et al., 2019). However, very few 

attempts have been made to quantify dust fluxes based on ambient aerosol concentration 

(Tindale and Pease, 1999), which will provide a more accurate value as compared to those 
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obtained from remote sensing or numerical modeling methods. In the context of the 

Arabian Sea, a significant gap is found in the knowledge of the aerosol concentration and 

dust fluxes. This chapter gives an insight into the aerosol concentration and fluxes over 

the eastern Arabian Sea using the ground-based aerosol sample collection. 

4.2 Results and discussion 

To determine the aerosol concentrations and flux over the coastal Goa, dry 

deposition samples collected for the years 2012-2015 were used. For the dust 

concentration in the twelve dust storm samples that reached the sampling station (Goa), 

Al has been used as a proxy to determine the dust concentration and flux. The dust 

deposition flux of the twelve major dust storms (details given in table 4.1) has been 

calculated. The wet deposition flux has been calculated directly by measuring the weight 

of the particulates collected from the rainwater (2013-2015) since these particles form the 

total Aeolian flux. 

4.2.1 Aerosol concentrations over the eastern Arabian Sea 

The aerosol concentration over Goa for the years 2012-15 ranges from 1 to 356 µg 

m-3 with an average of 101 µg m-3, the maximum concentration of 356 µg m-3 was 

observed during a dust storm that reached Goa on 10th April 2013 (Fig. 4.1). The average 

aerosol concentrations during the study period are higher than the average aerosol 

concentrations (80.9±29.5 µg m-3; Agnihotri et. al., 2015) measured at this site. Most of 

the high aerosol concentrations were observed during the dust storms periods. The aerosol 

concentrations during the twelve dust storms range from 125 to 356 µg m-3 well above 

the average concentrations. Although in some samples the aerosol concentrations are high 

it is mainly influenced by carbonaceous aerosols which are transported from northern 
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India to the Arabian Sea by the prevailing NE monsoon winds. During the monsoon (June 

to September) the sampling was not continuous due to the rains, whereas dry deposition 

samples were collected on non-rainy days to calculate the concentrations. Wet deposition 

samples (Rainwater particulates) were collected during this period to calculate the wet 

deposition fluxes, and data were presented in the Aeolian fluxes section.  

4.2.2 Dust concentration and relative contribution 

In the dry season (October to May), dust storms from the Middle-east and SW Asia, 

are the major contributor of dust that reaches the sampling site (Aswini et al., 2020; 

Kumar et al., 2020). The dust concentrations during the dust storm days, show a large 

variation, ranging from 60-132 µg m-3 (Table 4.1) with an average of 49 µg m-3.  The dust 

contribution to the aerosol concentrations is relatively higher for the dust storm days (41 

to 90% with an average of 60±11%). The average dust percentages in the dust storm 

samples are much higher than the dust percentages measured in the Arabian Sea 

(44.17±14.7 %) reported by Kumar et al., 2008. Although some of the normal day’s 

samples have shown high dust percentages, their aerosol concentrations were very low to 

be considered as dust storm samples (Fig. 4.2). 
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Fig. 4.1: The aerosol concentrations over the eastern Arabian Sea for the years 2012 to 2015. The maximum concentrations 

were observed during the dust storms events. The gap between the bars is the days with no sampling. Note the wide gaps between 

June to October, representing the SW monsoon rainy season when the sampling was done only when there was no rain. 
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Table 4.1. Dry deposition dust storm sample name, the date of collection, and dust 

concentration. 

4.2.3 Size distribution of the mineral dust  

Fig. 4.2: The size distribution of dust collected during SW monsoon of 2013. 

To measure the size distribution of the dust that reaches Goa, the wet deposition 

sample of 2013 (3 samples) was analyzed for the size distribution by using the Laser 

Particle Size Analyzer (LPSA). A mono-modal distribution was observed with a median 

Dust 

Storm 
Date of collection 

Aerosol concentration 

(µg m-3) 

Dust concentration 

 (µg m-3) 

DS-1 5-6 March 2012 147 132 

DS-2 24-25 March 2012 157 93 

DS-3 27-28 Dec 2012 252 115 

DS-4 6-7 Feb 2013 184 110 

DS-5 10-11 April 2013 356 111 

DS-6 9-10 May 2013 172 112 

DS-7 12-15 June 2013 308 94 

DS-8 10-11 April 2014 125 62 

DS-9 4-5 May 2014 135 62 

DS-10 14-15 Oct 2014 129 60 

DS-11 6-7 April 2015 151 116 

DS-12 25-26 April 2015 149 80 
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diameter of 7.96 µm (Fig. 4.2).  Using the median diameter of 7.96 µm, the settling 

velocity of the aerosols was calculated as 335m day-1 using the equation given in section 

2.5.2. The diameter for the aerosols during the non-dust storm period is taken as 0.5µm 

since most of the carbonaceous aerosols collected were of fine mode (Xu et al., 2015).  

4.2.4 Aerosol fluxes over the eastern Arabian Sea 

The dry deposition flux is the major deposition process during the dry period 

(October to May) is mainly due to the gravity settling. The aerosol dry deposition fluxes 

show a large variation, ranging from 0.1-119 mg m-2 day-1, with the highest dust during a 

dust storm on 11th April 2014. The average dust flux during the dust storm days with 

sources backtracked to the Arabian Peninsula is (DS-5, 6, 7, and 11) 36 ± 3 mg m-2 day-

1. In contrast to this, dust sources backtracked to the SW Asia were found to be relatively 

lower with an average of 30 ± 9 mg m-2day-1. This indicates the dominant role of the 

Arabian Peninsula in providing dust to the Arabian Sea during dry months, which has 

been highlighted by previous studies (Tindale and Pease, 1999; Kumar et al., 2008; 2012).  

The wet deposition fluxes show large variation during SW monsoon with values 

ranging from 8 to 1089 mg m-2 day-1 (Fig. 4.3) and an average of 228 mg m-2 day-1. The 

wet deposition flux is mainly due to the scavenging of the dust particles in the atmosphere 

by precipitation. This process is one of the dominant removal processes during the SW 

monsoon season in this region (the Indian sub-continent). An increasing trend in flux 

values was observed, from the beginning of the monsoon (in June, the average is 215 mg 

m-2 day-1) to the middle of monsoon (during July and August average is 282 mg m-2 day-

1). Subsequently, it decreases at the end of the monsoon period (in September, the average 

is 98 mg m-2 day-1) which can be attributed to the reduced rainfall at the end of the 
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monsoon as well as the change in the wind systems that supply dust to the Eastern Arabian 

Sea such as the Summer Shamal and Red Sea winds (Yu et al., 2016; Rashki et al., 2019), 

which are the dust bearing winds that supply huge dust to the Arabian Sea during the SW 

monsoon period. 

 

Fig. 4.3. Dry and wet deposition flux (mg m-2 day-1) for the years 2012 to 2015. Red and 

blue bars represent the dry and wet deposition fluxes respectively. High dry deposition 

flux is during the dust storm period. Wet deposition samples for the year 2012 are not 

collected. The gaps are the days of no sampling.
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The average dry deposition flux for the samples collected during the study 

period is 30±17 m-2 day-1, whereas the wet deposition flux is 228±217 mg m-2 day-1. 

The wet deposition fluxes are about ten times the dry deposition fluxes, which shows 

the importance of wet deposition in this region. It is also to be noted that the wet 

deposition is mainly during the four months of the monsoon season compared to the 

dry deposition fluxes.  The total aerosol dry deposition flux for the years 2012, 2013, 

2014, and 2015 are 3.8, 5.4, 6.7, and 1.7 g m-2 year-1, whereas the wet deposition flux 

for years 2013 to 2015 during the SW monsoon period is 22, 14, and 21g m-2 year-1. 

To get a global perspective of the daily dust deposition fluxes, the dust 

deposition fluxes during the dust storms were compared with the dust fluxes reported 

at different locations viz. the coastal stations of U.A.E. (Hamza et. al., 2011) which is 

near the dust source region and a remote location of Kerguelen Island in the Southern 

Ocean (Heimburger et. al., 2012).  The average dust flux in the U.A.E was reported to 

be 6.380 g m-2 day-1, in comparison to 209 mg m-2 day-1 (total dust flux) in the NEAS, 

whereas the dust flux in the Kerguelen Island is 0.66 mg m-2 day-1. The dust flux in the 

NEAS is very less compared with the U.A.E. (which is one of the major dust source 

regions), as the dust sources in the region are located far away from the sampling 

location. Kerguelen Island which is a remote location has a very lower dust flux. The 

settling of the dust and the wind speed during long-range transportation plays a major 

role in controlling the dust flux in the NEAS. 

4.3 Summary 

The quantification of aerosol fluxes during the wet and dry period over the 

NEAS, their seasonal variation was reported and the following are the major outcome 

from this study: 
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i. Large variability in deposition fluxes was observed for the dry and wet 

periods and had been attributed to the favorable meteorological condition as well as 

dust emission intensity at the source region. 

ii. Wet deposition fluxes were found to be significantly higher than dry 

deposition fluxes estimated during the dust storm period at this study site. 

iii. There was no significant temporal variability was observed for the dry period, 

however, higher fluxes were found for those samples collected in dust storm events 

over the Arabian Peninsula as compared to those derived from the SW Asian desert 

region. 

iv. The wet deposition fluxes were found to show an increasing trend from the 

beginning of monsoon (June) till mid of monsoon (July-August) and subsequently 

found to decline at the end of the monsoon (in September). 
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5.1. Introduction 

Long-range transport of atmospheric mineral dust and their deposition supplies 

essential macro and micro-nutrients to continental as well as ocean ecosystems 

(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 extreme events and can supply a 

large amount of dust to remote locations (Aswini et al., 2020). 

In the context of the Northern Indian Ocean (NIO), 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 Northeast 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 Mtyr-1) (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 depend 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 dust emitted in 

the dry season, as well as the wet season (SW monsoon), reaches the NEAS under 

favorable meteorological conditions, which can impact the ambient aerosol 

concentration, intensity of monsoon precipitation (Vinoj et al., 2014; Das et al., 2015) 
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and the rainwater chemistry over India (Ramaswamy et al., 2017). Tindale and Pease, 

(1999), during the 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. Post deposition, the role of these mineral dust is 

crucial as they supply several trace metals and 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 this chapter, clay mineralogy, REEs, elemental 

composition, and Sr and Nd isotopic compositions of mineral dust were studied to 

understand their geochemical characteristics. For this dust samples collected during 

the dust storms that reach the NEAS (12 dust samples collected from 2012 to 2015) 

and the wet deposition samples collected during the SW monsoon season of 2013 were 

used. The main emphasis of this chapter is (i) geochemical characterization of the 

mineral dust over the NEAS as well as identifying their sources and (ii) to assess 

temporal variability in geochemical characteristics and sources of dry and wet 

deposited mineral over the NEAS.  
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5.2. Geochemical characteristics of dry deposited dust 

5.2.1. Identification of dust emission from source region using satellite data  

 Dust storms are a frequent phenomenon over a large area of the arid and semi-

arid regions of the Middle East (ME) and southwest Asia (SWA), especially during 

April to August months (Goudie and Middleton, 2006). However, the intensity of dust 

storm activity and subsequent dispersal of dust depends on various factors including 

surface temperature and favorable wind pattern. In this study, it has been classified 

April to June months as summer and October to March as winter for the dry deposition 

dust samples, to assess seasonal variability in dust characteristics and abundances. 

Although the summer season is an active dust storm period, several low-intensity 

activities had been reported in the source regions during the winter months (Goudie 

and Middleton, 2006; Badrinath et al., 2010). In this study, 12 dust storms were 

identified, in the Middle East and Southwest Asia (typical dust source region for the 

Arabian Sea), which had impacted ambient aerosol concentration at the sampling site 

CSIR-NIO, Goa in the Northeastern Arabian Sea (NEAS). The dust activity (emission 

intensity and its dispersal) was monitored using satellite-derived data (AOD and 

CALIPSO) and images (MODIS). A high AOD is indicative of high dust activity, 

presuming that there is no significant biomass burning emission near the dust source 

region. The dust activity at the possible source region was monitored by AOD values 

for several days and its duration, as well as activity of dust storm, was assessed for 

each dust event. Fig. 5.1a and b, are typical images for summer and winter months 

respectively, showing high dust intensity (activity) at or near the source regions for 

collected samples at the sampling site (Refer Appendix A for remaining dust storm 

figures). High dust activity at various identified source regions is evident from high 

AOD values (Fig 5.1a and b). The air-mass back trajectory (AMBT; superimposed on 
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AOD) at 500 m altitude was computed for the days of sampling at the sampling site in 

NEAS. Wind trajectory shows the movement of air-parcel from the active source 

region to the sampling location (Fig. 5.1a and b). Using, AMBT, and AOD possible or 

potential source regions (PSAs) for dust samples collected at NEAS were identified. 

It is important to mention here while identifying PSA for collected dust samples, the 

observed AOD at other source regions was also high. For example, during DS-2, high 

AOD was also observed for the Arabian region along with the SW Asian sources, 

however, the back-trajectory indicates the movement of air parcels from Makran coast 

(Fig 5.1a) and it has been identified as PSA. These classifications of PSAs are further 

corroborated by CALIPSO close-pass profiles which give the vertical distribution of 

dust at or near to source/receptor region during the dust storm period. The closest 

CALIPSO overpass near to sampling site (for DS-2) and in the Arabian Sea (for DS-

5) is given in Fig 5.1c and d respectively. The presence of dust aerosols is visible from 

the aerosol distribution along the track (Fig. 5.1 c and d), as classified by CALIPSO 

vertical feature mask which uses an algorithm to classify seven aerosol types (Vaughan 

et al, 2004). 
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Fig. 5.1: The map shows area-averaged AOD superimposed with 7-day air mass back 

trajectories ending at the Goa on sample collection date for samples collected during 

dust storm period a) DS-2 and b) DS-5. In (a) the trajectories pass over the high AOD 

regions of SW Asia. Although high AOD is observed over the Arabian Peninsula, the 

trajectories show that the dust collected during the DS-2 is mainly derived from SW 

Asia. In (b) trajectories pass over the high AOD regions of the Arabian Peninsula, 

indicating the dust are from the Arabian sources. CALIPSO passes for three days 

before sampling (c) DS-2 and (d) DS-5, which shows the presence of dust (yellow is 

dust) over the Arabian Sea region. Also shown is the pie chart highlighting the relative 

fraction of clay minerals in dust collected. 

 

Based on the identification of PSAs, aeolian dust collected during the summer 

months was mostly sourced from the Arabian Peninsula region (DS-5, 6, 7, and 11). 

DS-7 may have a partial contribution from the horn of Africa as evident from images. 
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In contrast, dust samples (DS-1, 2, 3, 4, and 10) collected during winter months are 

dominated by South-west Asian Sources (Sistan Basin and Makran Coast). Three 

samples (DS-8, 9, and 12) collected during summer, are found to originate from the 

Makran coast. While transport of dust towards receptor region, there is a possibility of 

mixing dust from other active sources en-route, and thus it is very difficult to precisely 

pinpoint sources based on satellite images and AMBTs. For example, in the case of 

DS-8, high AOD near Sistan Basin with back-trajectory traversing over same. 

However, CALIPSO close pass shows dust near the Arabian Desert (Appendix A). 

Thus, there is a chance of mixing Arabian dust with dust derived from SWA sources. 

The dust storm samples collected can be classified into three categories (1) Arabian 

summer (ARBS); (2) Southwest Asian summer (SWAS) and (3) Southwest Asian 

winter (SWAW). This classification is based on the emission of dust from distinct 

active sources and their dispersal in different seasons. 

5.2.2.  Clay mineralogy of dry deposited Aeolian dust 

The relative clay mineral percentages of the 12 dust storms are given in Table 

5.1. Out of the 12 dust storms samples collected, six samples (DS-1, DS-2, DS-3, DS-

8, DS-9, and DS-12) have relatively abundant illite (35-49%), chlorite (15-37%), with 

moderate kaolinite (12-23%), smectite (9-23%) and no traces of palygorskite (Fig. 

5.2). Illite to kaolinite ratios for these dust storms ranges from 1.8-3.2. Dust storm DS-

10 contains illite close to 62% and chlorite 22%. Smectite and kaolinite make 8% each, 

and palygorskite is absent. Illite/kaolinite ratio for this dust storm sample is 7.5. Five 

dust storms samples (DS-4, DS-5, DS-6, DS-7, and DS-11) contain Palygorskite (11-

45%) 
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Table 5.1 Clay mineralogical and Sr and Nd isotopic composition of aerosols collected at Goa and surface soil samples from potential 

source regions 

  
Sample 

id 

  Weighted Peak Area percentage I/K K/C P/I 87Sr/86Sr  
± 

2 
143Nd/144Nd 

± 

2 
Nd 

Collection date Illite  Kaolinite Chlorite Smectite Palygorskite 

Aerosols               

ARBS               

DS_5 10-11 April 2013 18 17 6 14 44 1.1 2.6 2.5 0.712527 ±5 0.512265 ±16 -7.3 

DS_6 13-14 May 2013 20 15 24 17 25 1.3 0.6 1.3 0.714251 ±5 0.512264 ±4 -7.3 

DS_7 12-15 June 2013 17 15 20 7 40 1.1 0.8 2.3 0.714100 ±5 0.512237 ±7 -7.8 

DS_11 6-7 April 2015 20 20 11 11 38 1.0 1.8 1.9 0.729092 ±29 0.512255 ±12 -7.5 

SWAS               

DS_8 10-11 April 2014 50 15 26 9 0 3.2 0.6  0.714316 ±5 0.511607 ±31 

DS_9 4-5 May 2014 39 20 28 12 0 1.9 0.7  0.720612 ±18 0.511966 ±18 

DS_12 25-26 April 2015 41 24 15 20 0 1.8 1.6  0.719476 ±3 0.512260 ±7 

SWAW              

DS_1 5-6 March 2012 38 15 24 23 0 2.5 0.6  0.705197 ±4 0.511984 ±34 -12.8 

DS_2 24-25 March 2012 34 12 37 16 0 2.8 0.3  0.705261 ±4 0.512062 ±21 -11.2 

DS_3 27-28 Dec 2012 40 16 29 15 0 2.5 0.6  0.704938 ±3 0.512093 ±4 -10.6 

DS_4 6-7 Feb 2013 32 17 32 9 11 1.9 0.5 0.3 0.714789 ±5 0.512214 ±20 -8.3 

DS_10 14-15 Oct 2014 62 8 22 8 0 7.3 0.4  0.714509 ±4    

               
Surface 

soil 
Sample Location Illite Kaolinite Chlorite Smectite Palygorskite I/K K/C P/I 87Sr/86Sr  

± 

2 
143Nd/144Nd 

± 

2 
Nd 

 
              

SR_1 UAE nd* nd nd nd nd    0.708898 ±5 0.512365 ±6 -5.3 

SR_4 KUWAIT 32 9 17 26 15 3.7 0.5 0.5 0.709088 ±3 0.512379 ±5 -5.0 

SR_5 CHABHAR 43 0 53 4 0         

SR_6 IRAN 30 8 10 11 41 3.8 0.8 1.3 nd  nd   

SR_7 IRAN 27 8 11 23 31 3.4 0.7 1.2 0.713512 ±7 0.512259 ±10 -7.4 
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Table 5.1. Continued 

Surface 

soil 
Sample Location Illite Kaolinite Chlorite Smectite Palygorskite I/K K/C P/I 87Sr/86Sr  

± 

2 
143Nd/144Nd 

± 

2 
Nd 

SR_8 IRAN 27 0 21 26 26  0.0 0.9 0.710935 ±14 0.512338 ±11 

-

5.8 

SR_9 THAR 42 20 29 9 0 2.1 0.7  0.716968 ±7 nd   

SR_10 THAR 28 29 26 17 0 1.0 1.1  0.713495 ±17 nd   

SR_11 THAR 38 22 24 16 0 1.7 0.9       

SR_12 THAR 67 8 25 0 0 8.2 0.3            

*nd: not detected 

 

Table 5.2. Major and trace element concentration of dry deposition dust storm samples and surface soil samples collected at Goa and 

potential source area respectively 
Samples Mg Al Ca Fe V Cr Mn Co Ni Cu Zn Rb Sr Cd Ba La   Ce Nd Sm W Tl Pb 

Aerosol µg m-3 ng m-3 

ARBS                       

DS-5 2.31 8.96 8.21 4.11 26.6 20.1 92.0 4.2 37.7 14.4 110.5 12.7 92.7 0.2 38.3 4.5 6.6 4.3 0.7 0.3 0.1 18.2 

DS-6 6.76 9.03 13.97 4.12 25.8 18.6 80.3 4.0 33.3 18.9 126.2 15.9 118.4 0.3 74.4 5.0 9.6 5.2 0.9 0.6 0.1 30.0 

DS-7 6.13 7.58 37.51 3.55 18.5 36.5 161.6 3.8 59.8 20.3 322.8 7.0 308.3 0.6 124.4 7.3 17.2 7.0 1.4 1.3 0.1 38.7 

DS-11 6.95 9.29 10.28 3.21 17.8 18.1 108.6 2.7 21.0 14.3 360.4 17.1 56.6 0.5 227.9 4.0 8.8 3.9 0.7 0.1 0.1 40.0 

SWAS                       

DS-8 bdl 5.01 0.19 2.14 12.8 16.7 34.5 1.1 17.2 12.9 21434 26.5 14.7 1.2 8058.3 0.8 1.0 0.7 0.3 0.1 0.0 6.8 

DS-9 0.08 4.96 0.21 1.37 10.8 17.5 29.6 0.9 15.0 9.0 27414 15.3 69.5 1.7 20500 1.1 1.6 0.8 0.7 0.1 0.0 5.6 

DS-12 bdl 6.44 10.33 2.46 6.8 6.6 36.2 0.6 6.9 7.6 202.2 0.8 43.4 0.4 154.4 2.2 4.3 2.1 0.4 0.0 0.0 33.8 

SWAW                       

DS-1 11.47 10.61 27.95 6.98 54.2 38.4 213.1 5.6 42.1 34.6 2244.2 57.2 1266.3 2.7 2795 12.2 25.9 10.2 1.9 0.9 0.4 210.9 

DS-2 bdl 7.48 17.72 4.11 44.1 33.6 215.4 4.6 33.4 19.9 1599.2 59.9 950.0 1.1 1824 10.0 20.9 8.5 1.5 0.8 0.3 96.9 

DS-3 0.40 9.24 7.63 5.35 8.1 9.9 53.7 0.3 5.0 6.0 822.4 14.8 530.2 1.3 947.8 2.6 3.1 1.6 0.3 0.1 0.1 41.5 

DS-4 2.28 8.88 8.80 3.41 19.0 20.4 123.6 2.7 22.7 25.8 302.5 11.9 83.4 0.8 4.1 2.0 1.9 1.6 0.2 0.6 0.1 48.3 

DS-10 bdl 4.83 1.00 1.69 13.5 28.4 37.2 1.0 23.5 10.7 44414 18.5 58.5 2.8 10257 1.1 1.4 1.3 0.5 0.2 0.1 16.5 
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Table 5.2. Continued 

 

 
Mg Al Ca Fe V Cr Mn Co Ni Cu Zn Rb Sr Cd Ba La Ce Nd Sm W Tl Pb 

Surface  

soil                       % ppm 

SR-1 4.56 3.80 9.01 1.90 40.8 219.0 393.1 9.4 119.6 87.0 179.8 32.1 534.9 0.8 141.4 5.4 9.8 5.6 1.2 0.5 0.1 40.1 

SR-4 4.36 4.58 10.96 1.93 50.0 66.4 262.0 6.6 57.1 24.1 75.2 45.5 3005.6 0.3 140.0 6.9 13.2 7.1 1.5 0.4 0.1 16.8 

SR-5 3.10 8.60 1.19 5.44 165.2 154.0 315.7 14.3 116.5 30.0 115.7 36.4 90.6 0.4 37.5 1.8 10.4 3.0 0.9 0.8 0.4 12.0 

SR-6 3.53 8.24 0.48 5.44 89.1 216.1 284.0 11.7 100.6 71.2 380.1 70.0 127.0 0.4 239.4 15.6 36.8 15.7 3.2 0.7 0.2 52.6 

SR-7 2.79 7.62 0.36 3.61 78.9 154.7 330.7 10.2 86.0 56.1 329.4 46.2 93.6 0.3 202.3 10.2 26.7 10.3 2.1 0.7 0.3 21.6 

SR-8 3.13 7.54 0.38 3.49 76.8 162.4 259.3 11.1 100.9 35.0 155.8 33.8 103.4 0.2 135.3 7.5 19.9 9.0 2.0 0.6 0.2 17.1 

SR-9 1.93 9.11 0.72 5.09 87.9 83.4 1258.5 16.5 66.6 61.7 144.9 10.8 93.0 0.4 87.0 4.3 14.7 5.3 1.3 1.4 0.4 204.4 

SR-10 2.31 8.00 0.95 5.47 107.7 87.9 687.9 15.3 52.9 50.5 156.3 12.7 117.9 0.4 49.6 6.8 20.4 6.6 1.5 1.2 0.3 90.2 

SR-11 2.19 10.63 1.32 4.00 78.7 74.0 1638.9 21.1 63.5 119.8 182.3 59.7 113.2 0.4 238.3 23.2 60.6 28.9 7.0 1.4 0.2 364.2 

SR-12 2.10 9.35 1.78 4.43 91.7 77.3 1097.8 14.8 56.3 47.1 117.7 69.7 96.4 0.4 377.5 22.6 42.1 26.1 5.6 1.7 0.4 113.3 

SR-12 R 2.47 11.23 1.77 4.62 94.1 79.3 1170.0 15.3 57.1 47.8 122.7 109.5 122.6 0.4 292.9 19.3 65.9 21.8 4.7 1.8 0.3 122.9 



70 
 

with moderate illite (17-32%) and chlorite (6-32%). Illite/kaolinite and 

palygorskite/illite ratio for these dust storms range from 1-1.9 and 1.3-2.5 (this is 

excluding DS-4), respectively. 

 
 

Fig 5.2: Relative clay mineral percentages of dust storms samples. 

 

5.2.3.  Major element and trace metal composition 

The concertation of major elements and trace metals in dry deposition samples 

collected during dust storms and those of sediments from the source region are 

presented in Table-5.2. Dust storm samples are classified based on their source region 

identified in section 5.2.1. The Major elements concentrations of the dust storm 

samples varied with the different sources, the Al concentration varies from 4.83 mg m-

3 to 10.61 mg m-3, with the average Al values of 8.72±0.67, 5.47±0.68, and 8.21±1.96 

mg m-3 for ARBS, SWAS, and SWAW samples respectively. Fe values range from 

1.37 to 6.98 mg m-3,  for the ARBS and SWAS samples show very less variation with 

3.75±0.39 mg m-3 and 1.99±0.46 mg m-3 respectively, whereas the SWAW samples 

show a large variation for Fe (4.31±1.78 mg m-3). Ca range from 0.19 to 37.51 mg m-
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3, the highest concentration found in the DS-7 sample. Ca is the abundant element in 

the samples of ARBS and SWAW samples with an average of 17.49±11.74 mg m-3 

and 12.62±9.33 mg m-3 respectively, in the SWAS samples the Ca is 3.58±4.78 mg m-

3.  Mg and Mn were found to be varying from 0.8 to 11.47 mg m-3 and 29.6 to 215.4 

ng m-3, respectively 

5.2.4.  Sr and Nd isotopic composition of dry deposited dust 

The Sr and Nd isotope compositions of aerosols and selected soil samples from 

the source area are reported in Table-5.1. The 87Sr/86Sr and Nd values (in silicate 

fraction) in dry deposition samples, show large variations (range: 0. 7049 to 0.7291 

and -7.3 to -20.1 respectively) indicating a contribution of multiple sources of dust 

reaching the sampling site. Dust sourced from Arabian Peninsula (ARBS) has a 

relatively uniform 87Sr/86Sr composition (average = 0.7125±0.0009), with one sample 

(DS-11) showing exceptionally high radiogenic Sr (0.7291; Fig. 5.3). For all ARBS 

samples, Nd shows a narrow range (-7.3 to -7.8) which indicates that they are mostly 

derived from a common source. In contrast to Arabian dust, dust sourced from SWA 

shows large variability in 87Sr/86Sr, ranging from a highly non-radiogenic signature of 

0.7049 to a more radiogenic value of 0.7206 (Fig. 5.3). Similarly, large variation is 

observed for Nd (-7.4 to -20.1), with a relatively less radiogenic Nd isotope 

composition, typical of crustal sources, than ARBS. A uniform and less radiogenic Sr 

signature (87Sr/86Sr = 0.705) with less radiogenic Nd (-10.6 to -12.8) are observed for 

DS-1, 2, and 3 (Fig. 5.3). This observation is not consistent with the general trend 

(inverse relationship) between the 87Sr/86Sr and Nd reported elsewhere (Rahman et al., 

2009; Shubha Anand et al., 2019). 
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Fig. 5.3: Variation in of Sr and Nd isotopic compositions of aeolian dust collected 

during dust storm identified to be sourced from Arabian Peninsula and southwest Asia 

during summer and winter months. 

 

5.2.5.  Characterization and temporal variability of dry deposited dust  

 Illite (range: 17-62 %) and chlorite (6-37 %) are the major clay minerals 

found in all dust samples followed by kaolinite (8-24 %) and smectite (7-23 %)  (Fig 

5.2). This observation is in agreement with the previous studies by Sirocko and Lange 

(1991) and references therein, which reported a high accumulation rate for illite and 
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chlorite in the northwest Arabian Sea, mainly due to the dispersal of dust from the 

near-desert region. These minerals are intensive physical weathering products and are 

highly abundant in arid/semi-arid regions of SWA. SWAS and SWAW dust samples 

have high illite and moderate chlorite content compared to ARBS samples which have 

moderate illite and chlorite composition (Fig. 5.2). It is further observed that SWAW 

dust has relatively high chlorite compare to dust from SWAS (Fig. 5.2). These 

observation hints dominance of Pakistan (Makran coast and Sistan basin) and Persian 

Gulf sources to dust from SWA, similar to the observation made by Sirocko and Lange, 

(1991). A clear distinction in ARBS and SWA sourced dust is evident from the 

abundance of palygorskite. ARBS dust has high palygorskite (25-44 %) content 

compared to SWA dust wherein no traces of this mineral is found except in one sample 

(DS-4). Palygorskite is a fibrous mineral favorably formed in high saline, alkaline, and 

semi-arid conditions, typically found in sabkha and wadi deposits in the Arabian 

Peninsula region as well as in the northeast African Desert (Debrabent et al., 1991 and 

references therein). Moreover, Mesozoic rocks in the Arabian region contribute 

significantly to detrital palygorskite (Muller, 1961). A very high, palygorskite to illite 

ratio (1.3 – 2.5) in samples from ARBS was observed. Kolla et al., (1981), had reported 

a high (more than 1) palygorskite/illite ratio, for surface sediments off the Arabian 

Peninsula and Horn of Africa-Gulf of Aden, significantly different from other regions 

in the Arabian Sea. The dispersal and deposition of this mineral can be explained only 

by aeolian transport from Arabia and/or the horn of Africa. The air mass back 

trajectory indicates the movement of air-parcel mainly from Arabian Peninsula, except 

for DS-7 where high dust activity was observed over northeastern Africa (Appendix A 

Fig.3). These observations distinctly characterize dust from the Arabian and SWA 

sources. 
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Smectite is another clay mineral that is mainly formed by weathering process of 

basic rocks and volcanic glasses (Singh et al., 2008). However, they are also common 

in semi-arid and semi-humid regions (Sirocko and Lange, 1991). A low to moderate 

abundance of smectite in the samples was observed. Although, Sirocko and Lange 

(1991), had reported a relatively high accumulation rate of smectite along the coast of 

Arabia compared to the coastal region of Makran and Iran and attributed its source to 

Arabia. However, no significant differences were observed for ARBS and SWA 

sourced samples. Similarly, a uniform abundance is observed for kaolinite content in 

all dust samples. This is in parallel with the observation made by Sirocko and Lange 

(1991), which shows very little variation in kaolinite content over the entire Arabian 

Sea except in the continental slope of Southwestern India (Das et al., 2016). 

Accordingly, the illite/kaolinite ratio may not be successfully decoupled potential 

source area for dust over the Arabian Sea as it was used for Saharan dust over the 

Atlantic Ocean (Caquineau et al., 1998). Kaolinite is mainly produced via intense 

chemical weathering and leaching of rocks in a tropical humid climate (Chamley 1989; 

Rajamani et al., 2009). However, both, Arabia and the Southwest Asian desert have a 

typical arid/semi-arid environment and hence a low abundance of kaolinite. However, 

the data demonstrate higher I/K values for SWA (range: 1.8-7.3) samples compared to 

ARBS (Range: 1.0-1.3). A similar latitudinal increasing trend of I/K had been 

observed for Saharan dust, wherein, Northwestern Saharan dust shows higher (2.2-2.4) 

values compared to Central and southern Sahara (0.4) and Sahel (0.1) (Caquineau et 

al., 2002). K/C (kaolinite/chlorite) ratio in the collected dust displays an opposite trend 

with a higher average value of 1.45 for ARBS compared to 0.67 for SWA dust (Table-

5.1). The value of SWA compares well with those reported by Svensson et al. (2000) 

for the Pakistan sediment sample (0.73).  
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To determine the provenance of dust over the Arabian Sea, it is necessary to 

characterize potential source areas accountable for dust emission and dispersal. Here, 

the characterized clay fraction of surface soil collected from the Arabian Peninsula, 

coastal region of Persian Gulf (up to Makran Coast) as well as from the Thar Desert is 

presented. All soil samples show high illite and chlorite content, followed by smectite 

and kaolinite, except Thar sediments which have relatively high kaolinite contribution 

(Table-5.1). It is surprising to observe high palygorskite content in samples collected 

from the Iranian coast (SR7, 8, and 9) resembling the signature of dust from the 

Arabian Peninsula (discussed previously). This anomalous observation can be possibly 

due to the aeolian deposition of Arabian dust at the sampling site. I/K ratio has a large 

variation (1.0 – 8.2) for sediment samples while the K/C ratio demonstrates a narrow 

band with all (except one) samples showing value less than 1. 

A correlation matrix between major and trace elements is provided in Appendix 

C to identify their natural and/or anthropogenic origin. It is observed that major 

elements (Fe, Ca, and Mg) are significantly correlated with Al for aerosol samples 

suggesting their common source from natural mineral dust. However, except for Fe, a 

negative correlation is found for Ca and Mg in the clay fraction of sediments. The 

concentration of elements in aerosol at the receptor region depends on various factors 

including meteorology, transport pattern, sorting of coarser dust during transport. 

Thus, these values do not represent the characteristic composition of any particular 

source region, however, their ratios can furnish relatively better information of their 

source region (Kumar et al., 2009). The weight ratio of major elements w.r.t Al has 

been used to characterize dust over the Indian region (Kumar and Sarin, 2009; Srinivas 

and Sarin, 2012). Fe/Al ratio for dust derived from ARBS, SWAS, and SWAW 

samples are 0.43±0.06, 0.36±0.08, and 0.50±0.13 respectively, not significantly 
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different from upper continental crustal (UCC) value (0.44; McLennan, (2001)). A 

similar Fe/Al ratio of 0.51±0.05 has been reported by Kumar et al (2008) for dust over 

the Arabian Sea during the inter-monsoon period. The Ca/Al and Mg/Al ratios show 

large variations in dust samples derived from the same source region (Appendix D) 

and are significantly different from those reported in previous studies (Kumar et al., 

2008). Large variations in Ca/Al and Mg/Al ratios in the clay fraction of the soils from 

the potential source region were also observed. In contrast, Fe/Al ratio averaged 

around 0.51±0.11 for source sediments collected for this study, similar to those 

observed in aeolian dust. Although, a diagnostic signature of dust over the Arabian Sea 

can be identified using Fe/Al ratio, however, this proxy cannot decouple various source 

regions as a similar Fe/Al ratio is found for sources identified using satellite images 

and back-trajectory analyses. 

The 87Sr/86Sr and Nd values (in silicate fraction) in collected dust samples, show 

large variations (range: 0. 7049 to 0.7291 and -7.3 to -20.1 respectively) indicating the 

contribution of multiple sources to dust reaching at NEAS (Fig. 5.3). Dust sourced 

from Arabian Peninsula (ARBS) has a relatively uniform 87Sr/86Sr composition 

(average = 0.7125±0.0009), with one sample (DS-11) showing exceptionally high 

radiogenic Sr (0.7291; Fig. 5.3), compared to dust tagged to SWA sources (range: 

0.7049-0.7206). Such high radiogenic 87Sr/86Sr suggests either two distinct dust source 

regions are active within the Arabian Desert or a possibility of grain size fractionation 

during long-range transport. Enrichment in fine grain size (clay) particles increases 

progressively with distance from the source region during long-range transport (Schulz 

et al., 1998). It has been also shown that 87Sr/86Sr increases with decreasing grain size 

in sediments (Dasch, 1969; Meyer et al., 2011). However, no such grain size-related 

fractionation is observed in the 143Nd/144Nd ratio (Meyer et al. 2011; Kumar et al. 
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2018). The narrow range of Nd (-7.3 to -7.8) for all ARBS samples, indicates that they 

are mostly derived from a common source. Thus, such a highly radiogenic Sr isotope 

ratio may be attributed to the grain size effect. Sirocko (1995) had reported the Sr-Nd 

isotopic composition of surface sediments collected from the western Arabian Sea with 

an Nd of around -6 and 87Sr/86Sr values ranging from 0.709-0.710. The values for 

Arabian dust are somewhat higher for 87Sr/86Sr (mean = 0.714 excluding DS-11) and 

less radiogenic Nd (mean = -7.5) compared to those reported in Sirocko (1995). It is 

important to reiterate here, that these dust samples are very distinct in mineralogical 

composition with high palygorskite content, a typical signature observed from the 

Arabian Desert. 

In contrast to Arabian dust, dust sourced from SWA shows large variability in 

87Sr/86Sr (0.7049 to a more radiogenic value of 0.7206), and Nd (-7.4 to -20.1) (Fig. 

5.5). A uniform and less radiogenic Sr signature (87Sr/86Sr = 0.705) with less 

radiogenic Nd (-10.6 to -12.8) are observed for DS-1, 2, and 3 (Fig. 5.5). Trajectory 

analyses indicate its origin from Sistan Basin which is an endorheic basin, located in 

southeastern Iran near the Iranian borders with Pakistan and Afghanistan (Rashki et al. 

2013). This region is enriched in alluvial clay material due to supply from Helmand 

river discharge (UNEP report). Due to extreme aridity and high temperature, nearby 

ephemeral lake (Hamouns) gets completely dried and leaves behind fine clay minerals 

which can be easily uplifted and transported to a longer distance (UNEP report). 

Kaskoutis et al., (2015), have reported high dust storm days (more than 350 per year) 

in this region which has increased significantly from the last decades (Rashki et al. 

2013). Dust from this basin can be characterized with an average 87Sr/86Sr of 0.7051 

and Nd of -11.5. Dust collected during the other two events (DS-4 and DS-10) during 

the winter months has relatively more radiogenic Sr and less radiogenic Nd signature. 
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Satellite imagery and back-trajectories (Appendix A Fig 2 & 4) suggest, a shift in the 

source from the Sistan region to the Makran coast (for DS-4) and Indus delta (for DS-

10) during winter collection. This shift in dust sources is also captured in isotope data 

of the samples collected after the dust events attesting to the strength of radiogenic 

isotopes in recording shift in provenance. In winter, the observed variability of source 

within southwest Asia with different isotopic composition. 

The dust collected during the summer season was further investigated, which is 

mainly derived from southwest Asia. A highly radiogenic Sr with variable Nd 

composition is found for the dust samples collected during summer. Interestingly, all 

three are found to be sourced from the Makran coast, with a possible minor 

contribution from the Sistan region in DS-8 (Appendix A Fig. 3). In general, all of 

these samples exhibit highly radiogenic 87Sr/86Sr composition with large variability in 

Nd values. These signatures resemble those from SWAW during winter except those 

derived from the Sistan Basin. Back-trajectories for DS-9 and DS-12 are also observed 

to pass through the Thar Desert or nearby area and possibly capture dust from this 

region during transport. Yadav and Rajamani (2004) had reported a radiogenic 

87Sr/86Sr (0.715-0720) ratio for particulate matter collected in northern India and 

derived from a dust storm in Thar. These values were from bulk analyses of the aerosol 

sample which contain a significant amount of carbonates with less radiogenic Sr as 

evident from leached sample signature (1.3 N HCl leached sample gives value range: 

0.728-0.733). Thus, the SWAS dust sample, having Sr signature (0.714-0.720) much 

less than that observed in silicate fraction of Thar dust, may have minor to negligible 

contribution from the Thar Desert. However, air-mass back trajectories do not support 

this inference, thus the contribution from Thar cannot be ruled out. Furthermore, based 
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on these 3 dust samples, it is inappropriate to characterize conclusively dust sources in 

Makran coastal region.  

Overall, three different dust sources contributing to the Arabian Sea were 

observed, based on the limited dust sample analyzed during this study: (1) Arabian 

Peninsula, showing high palygorskite content with moderate 87Sr/86Sr and relatively 

more radiogenic Nd, (2) Sistan Basin in SWA having very low 87Sr/86Sr and low 

radiogenic Nd; and (3) Makran coast in SWA with radiogenic 87Sr/86Sr and varying 

Nd value. 

5.2.6.  Provenances of dry deposition dust over the NEAS 

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 unavailability of Sr-Nd 

isotopic composition of soil/sediment at source region (Middle East, Southwest Asia, 

and the Horn of Africa) hinder in identifying or pinpointing the provenance of dust 

over the Arabian Sea. In this study, published Sr-Nd data (Sirocko, 1995; Tripathi et 

al., 2004) as well as soil sample isotopic composition (reported in this study) were 

used, to possibly decipher sources of dust collected.  

The dust transport and its deposition to surface water of the Arabian Sea mainly 

depend on prevailing meteorology over the source region surrounding the Arabian Sea 

(Goudie and Middleton, 2005). Major source areas which can supply aeolian dust to 

the Arabian Sea are, the northern tip of the Persian Gulf near Iraq and Kuwait (Herman 

et al., 1997), Thar desert (Ackerman and Cox 1989), inner desert, and coastal regions 

of the Arabian peninsula (Herman et al., 1997) as well as the Horn of Africa (Leon and 
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Legrand, 2003; El-Askary et al, 2005).  North-westerlies are major wind which drives 

dust from Middle-east towards the Arabian Sea (Nair, 2006); (also see Fig. 2.1 

showing major wind system). Also, winter and summer Shamal Winds (Perrone, 1979; 

Hubert et al., 1983; Yu et al., 2017), which has a lifetime of 2-5 days and 3 months 

respectively, blows over the Arabian Peninsula and southwest Asian region which 

brings a significant amount of dust in respective seasons to the Arabian Sea.  

Table 5.3. Sr and Nd isotopic composition and their concentration of two end-member 

defined as the Arabian Desert and the Thar Desert 

End members 87Sr/86Sr Stdev Sr (ppm)   Nd Stdev Nd (ppm) 

        
Thar Desert 0.735 0.006 300  -13.9 1.4 35 

Arabian Desert 0.708 0.003 750   -4 2.8 20 

 

The Sr and Nd isotopic composition of dust aerosols identified as SWAS, 

SWAW, and ARBS are plotted in Fig. 5.4, along with soil (clay fraction) samples from 

the various source region. Most of the samples from ARBS (DS 5, 6, 7) and one sample 

(DS-4) from SWAW are observed to form a cluster, however, those classified as 

SWAW (DS-1, 2, 3) form a separate cluster. One of the source soil samples from Iran 

was found to fall on this cluster of Arabian dust. However, those collected from Kuwait 

and UAE as well as one from Iran are observed to form a two-end member hyperbolic 

mixing line with this Arabian dust cluster. Sr-Nd isotope composition of Arabian Sea 

surface sediments reported by Sirocko, (1995) was used as one end member which is 

defined as the Arabian Desert (Table-5.3). The Thar Desert is another possible source 

that can also contribute to dust over the Arabian Sea. The Sr-Nd composition of the 

Thar Desert end-member is defined based on those reported for sediments from various 

locations in Thar by Tripathi et al. (2004) and their concentrations are reported in 

Ferrat et al. (2011). The end member compositions are summarized in Table-5.3. Using 

the Sr and Nd concentrations and their isotopic composition of two end-members (A: 
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Arabian desert and B: Thar Desert), a mixing model representing fractional 

contribution from each end member can be drawn using mixing equations given below 

for Sr and Nd (Faure and Mensing, 2005).  

 

(
𝑆𝑟 

87

𝑆𝑟 
86 )

𝑀
=

[(
𝑆𝑟 
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𝑆𝑟 
86 )

𝐴
𝑓𝐴 𝑆𝑟𝐴+(

𝑆𝑟 
87

𝑆𝑟 
86 )𝐵(1−𝑓𝐴)𝑆𝑟𝐵 ]

𝑆𝑟𝐴𝑓𝐴+𝑆𝑟𝐵(1−𝑓𝐴)
   (1) 

 

(𝜀𝑁𝑑)𝑀 =
[(𝜀𝑁𝑑)𝐴𝑓𝐴𝑁𝑑𝐴+ (𝜀𝑁𝑑)𝐵(1−𝑓𝐴)𝑁𝑑𝐵]

𝑁𝑑𝐴𝑓𝐴+𝑁𝑑𝐵(1−𝑓𝐴)
   (2) 

Here, M represents the mixture ratio and f is the fractional contribution. The 

mixing model is shown in Fig. 5.4, wherein, two parallel hyperbolic mixing lines are 

plotted based on maximum spread in Nd values of the Thar Desert and 87Sr/86Sr of the 

Arabian Desert endmembers (Table-5.3). 

It can be seen in Fig. 5.4 that the majority of ARBS samples and source soil 

samples fall on or near the mixing line between the Arabian Desert and the Thar Desert 

components, and their isotopic composition can be readily explained by variable 

contributions from these two end-members. The relative contribution from the Arabian 

Desert is marked on the mixing line (Fig. 5.4), and based on the mixing calculation, 

more than 60-70 % of dust contribution is from the Arabian Desert. This inference is 

also corroborated by the presence of palygorskite in these samples, which is a proxy 

of Arabian Peninsula-derived dust (discussed previously in section 5.2.5). The SWAS 

samples were found to fall apart from this mixing line except for DS-9, which indicates 

around 70 % contribution from the Thar Desert. This suggests an unidentified source 

present in South West Asia, thus, underscoring the need for characterization of dust 

sources in South West Asia. 
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Fig. 5.4: Sr-Nd isotopic compositions of the aerosols collected post dust storm and 

surface soil samples collected from the potential source region to constrain 

provenance of atmospheric dust. The majority of the sample analyzed are falling on 

the mixing line defined by two end members defined as the Arabian Desert [Sirocko, 

1991] and the Thar Desert [Tripathi et al. 2004; Ferrat et al. 2011]. 

 

Three samples from SWAW, form a separate cluster indicating a distinct source. 

This is characterized by very low radiogenic Sr (0.705) and Nd in the range of -10.6 

to -12.8. This characteristic signature can be assigned to dust from the Sistan Basin 

region (see discussion in section 5.2.5). It is noted herewith difficulties in identifying 

the provenance of aeolian dust over the Arabian Sea due to the unavailability of the 

isotopic composition of source soils, thus, it is crucial to characterize soils from source 

regions to enhance the understating of the Dust cycle, particularly over the Arabian 

Sea.  
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5.3. Geochemical characteristics of wet deposited dust 

5.3.1.  Identification of dust Source of wet deposited dust  

AOD and seven-day back trajectories were retrieved to broadly assess the 

Possible 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 the AOD map for three wet deposition particulates (WDP) 

collection (WD-1, 10, and 15) are shown in Fig. 5.6 (BT and AOD for the rest of 

sampling days are detailed in (Appendix B). From June to August 2013 of the study 

period, low-level trajectories (500m) originating from the Indian Ocean, which 

typically represent the SW monsoon winds (Fig. 5.5a and b). However, trajectories at 

higher altitudes (3000-4500m) are observed to derive mainly from the northwestern 

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 (WD-3, 4, 6, 9, 10, and 13), from 

June to August, the mid-altitude trajectories (1500-3000 m) were observed to originate 

from the northern Red Sea region (Appendix B), possibly indicating dust contribution 

from the coastal Red Sea sources. During September 2013, most of the trajectories 

(Fig. 5.5c) were found to originate from the northern side of the sampling location, 

owing to the retreating intertropical convergence zone (ITCZ), thus bringing dust 

mostly from the SW Asian sources. Based on the typical wind pattern observed during 

the study period, WDP samples were classified 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, the discussion and 

interpretation of variability in dust sources will be based on this classification.
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Fig. 5.5: Area averaged AOD maps superimposed by air mass back trajectory for 7 days from the sampling day over the 

Arabian Sea region for the WDP samples (a) WD-1 (b) WD-10 and (c) WD-15 collected at the beginning, mid, and end of the 

monsoon respectively shows the air mass at different altitudes are originating from different source regions. In (a and b) the 

trajectory at 500m represents the SW monsoon winds that travel at lower altitudes, whereas the trajectories of higher altitudes 

(>1500m) follow the Shamal wind pathways which shows the transport of dust from the ARB. At the end of the monsoon (c), 

the wind trajectories are from the SW Asian region showing the change in the dust source. CALIPSO pass available two days 

before the sampling were shown in (d) WD-1, (e) WD-10, and (f) WD-15, showing the presence of dust (yellow color ‘note 

no.3 in profile legend’) over the Arabian Sea which get transported to the sampling site at the NEAS. 
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Table 5.4. Clay mineralogical and Sr and Nd isotopic composition of wet deposition dust (WDP) collected at Goa  

  

Sample  

id 

  Weighted Peak Area percentage 
I/K K/C P/I 87Sr/86Sr  

± 
2 

143Nd/144Nd 
± 
2 

Nd 

Collection date Smectite  Palygorskite Illite Kaolinite Chlorite 
        

WD-1 7-10 June 2013 16 37 28 19 NA 1.50 Nd 1.31 0.713105 13 0.512270 6 -7.2 

WD-2 11-12 June 2013 15 34 21 17 13 1.26 1.23 1.62 0.711142 11 0.512342 5 -5.8 

WD-3 18-19 June 2013 27 33 14 16 10 0.85 1.61 2.44 0.712552 16 0.512293 6 -6.7 

WD-4 25-26 June 2013 30 29 17 13 11 1.32 1.17 1.71 0.710539 10 0.512415 5 -4.4 

WD-5 29-30 June 2013 33 19 23 11 13 2.17 0.81 0.83 0.711477 17 0.512409 5 -4.5 

WD-6 3-4 July 2013 23 28 23 13 13 1.77 1.01 1.18 0.712120 14 0.512358 5 -5.5 

WD-7 12-13 July 2013 38 21 16 13 12 1.16 1.14 1.35 0.711285 18 0.512415 5 -4.3 

WD-8 18-19 July 2013 56 8 11 15 10 0.76 1.54 0.68 0.709067 14 0.512522 6 -2.3 

WD-9 23-24 July 2013 43 18 17 12 10 1.45 1.14 1.05 0.711352 12 0.512410 5 -4.5 

WD-10 31 july-1 Aug 2013 42 19 14 13 11 1.02 1.16 1.43 0.710323 11 0.512450 9 -3.7 

WD-11 6-7 Aug 2013 20 22 25 18 15 1.38 1.21 0.88 0.710855 16 0.512405 7 -4.6 

WD-12 12-13 Aug 2013 22 18 29 14 18 2.07 0.79 0.64 0.712749 17 0.512377 9 -5.1 

WD-13 17-18 Aug 2013 30 20 15 13 22 1.14 0.59 1.31 0.711383 2 0.512396 8 -4.7 

WD-14 10-11 Sep 2013 16 13 44 10 17 4.49 0.59 0.30 0.712616 9 0.512172 12 -9.1 

WD-15 19-20 Sep 2013 ND ND 50 22 28 2.21 0.81 1.31 0.719377 15 0.512178 6 -9.0 

WD-16 28-30 Sep 2013 ND ND 53 18 29 2.94 0.62 1.62 0.714931 12 0.512234 6 -7.9 

*ND: not detected 
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The AOD for all sampling days was examined over the different dust source 

regions, which complemented the preliminary identification procedure. High AOD 

was observed over the Gulf of Aden and the coastal regions of the ARB during 

sampling days of BM and MM (Fig. 5.5a and b). The back trajectories at higher 

altitudes that pass over these regions may bring dust to the 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 AOD for the EM samples shows high aerosol 

concentrations over the SWA, the northern Arabian Sea as well as ARB; however, the 

wind regime suggests dust could be derived from SWA. The available CALIPSO 

images were also examined during the study period, along with AOD. The vertical 

profiles show, dust transport mostly occurs at higher altitudes (2-5 Km) (Fig. 5.5 d, 

and e) during the SW monsoon, which is carried by the Shamal winds at the higher 

altitudes. The CALIPSO profiles, at the EM, show mineral dust is mostly present in 

the northern Arabian Sea since the dust in the EM is mainly from the SWA region by 

the retreating SW monsoon and Levar winds (Appendix B Fig.7). 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 up to 5 km in height. 

5.3.2.  Clay mineralogy of wet deposited dust 

 

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 during EM (average of illite = 49 % and chlorite 

= 25 %). However, no significant increase or decrease is found for kaolinite (Table-

5.4). A very high palygorskite (average = 33 %) content was observed for BM samples, 
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which was subsequently found to decrease in MM (19 %) and almost negligible in EM 

samples (Table-5.4). 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. 5.6). This 

considerable variation in the relative percentage of clay minerals suggests significant 

temporal variability in dust composition and their sources impacting the NEAS during 

the SW monsoon. Illite/kaolinite ratio varied between 0.8 and 2.2 in BM and MM 

samples, and in EM, the ratio increased from 2.2 to 4.5. Palygorskite/illite ratio for the 

samples varied from 0.3-2.4. 

 

Fig 5.6: Relative clay mineral percentages of wet deposited dust. 

 

5.3.3.  Major and trace elements of the wet deposited dust 

The major element and REEs concentrations of WDP of the year 2013 are 

summarized in Table 5.5. The relative abundances of major elements measured in 

decreasing order are Al>Fe>Mg>Ca>K>Ti>Mn. Al is the most abundant element 
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(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 are 

comparable with the potential dust sources of the Arabian Sea region (ARB; Kuwait, 

U.A.E, SWA; Iranian coast, Thar Desert) mentioned in the section. 5.2.5 (Al, Fe, and 

Ca concentrations were 4.2%, 1.9%, and 10% respectively). The Post Archean 

Australian Shale (PAAS) normalized REE patterns of monthly averaged values for the 

wet deposition samples are given in Fig. 5.9, 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 decrease towards 

the EM.  

 

5.3.4.  Sr and Nd isotopic composition of the wet deposited dust 

87Sr/86Sr ratios and εNd values of the silicate fraction of the wet deposited dust 

measured are presented in Table 5.4. The 87Sr/86Sr ratios of WDP range from 0.7091 

to 0.7193 during the study period. Relatively highly radiogenic 87Sr/86Sr ratios (range: 

0.7105-0.7131) were found for samples collected during June 2013 (BM), which tend 

to decrease towards July and August months (MM) (range: 0.7091-0.7127) (Fig. 5.7c 

and Table-5.4). However, EM samples show an increasing trend in Sr ratios with 

values reaching up to 0.7193 (Fig. 5.7c). εNd values of WDP silicate fraction were 

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 with more negative εNd in BM 

(average= -6.0) and EM samples (average= -8.6). The εNd values show an opposite 

trend to that of the 87Sr/86Sr ratios throughout the study period (Fig. 5.7c).
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Table 5.5. The concentrations of major, trace, and REE elements of the WDP dust samples were collected during the SW monsoon of 2013. 

Sample name WD-1 WD-2 WD-3 WD-4 WD-5 WD-6 WD-7 WD-8 WD-9 WD-10 WD-11 WD-12 WD-13 WD-14 WD-15 WD-16 

% 

Al  5.99 3.87 5.79 6.25 6.6 7.4 7.51 6.53 5.53 6.15 5.55 4.14 6.15 5.08 7.46 5.87 

Fe 4.20 3.77 4.17 5.00 4.96 5.19 5.23 5.07 4.03 4.89 4.18 3.27 4.06 5.50 4.86 4.05 

Ca  0.51 5.4 0.58 1.69 1.07 0.94 0.97 0.93 0.74 2.04 0.97 0.42 0.53 0.28 0.68 0.79 

Ti  0.45 0.36 0.44 0.63 0.5 0.56 0.6 0.53 0.46 0.55 0.49 0.33 0.46 0.48 0.47 0.44 

Mg 2.68 3.24 2.47 3.15 2.68 2.99 2.7 2.05 1.99 2.99 2.16 1.81 2.01 1.36 2.26 2.51 

PPM 

La  28.16 21.61 24.23 24.82 27.83 30.95 31.25 25.32 24.45 23.34 24.68 24.41 25.14 24.57 37.07 24.67 

Ce  63.36 47.27 53.03 52.87 61.94 67.85 70.97 57.38 56.43 54.34 58.03 51.69 54.21 52.17 72.89 52.77 

Pr  6.58 5.32 5.63 5.99 6.77 7.36 7.50 6.41 5.94 6.07 6.00 5.71 5.91 5.84 7.92 5.77 

Nd  25.27 20.66 21.49 23.23 26.55 28.80 28.8 26.04 23.63 24.45 23.88 22.03 23.05 23.1 30.31 22.22 

Sm  4.95 4.12 4.25 4.73 5.32 5.61 5.75 5.38 4.81 4.96 4.75 4.24 4.46 4.54 5.93 4.35 

Eu  1.08 0.96 0.92 1.08 1.21 1.24 1.30 1.29 1.10 1.19 1.09 0.95 1.02 1.09 1.23 0.95 

Gd  4.35 3.71 3.71 4.31 4.73 5.03 5.17 4.98 4.33 4.52 4.29 3.87 3.91 4.05 5.08 3.86 

Tb  0.63 0.54 0.54 0.62 0.7 0.74 0.75 0.73 0.63 0.66 0.63 0.56 0.56 0.60 0.72 0.54 

Dy  3.70 3.08 3.09 3.57 3.99 4.19 4.37 4.23 3.66 3.81 3.63 3.26 3.30 3.49 4.16 3.17 

Ho  0.71 0.60 0.62 0.71 0.77 0.82 0.86 0.82 0.70 0.74 0.71 0.64 0.65 0.71 0.81 0.62 

Er  2.04 1.66 1.71 1.97 2.18 2.31 2.41 2.31 2.00 2.08 2.00 1.83 1.85 1.96 2.31 1.77 

Tm 0.29 0.24 0.26 0.28 0.32 0.34 0.34 0.33 0.29 0.30 0.29 0.26 0.27 0.28 0.33 0.25 

 Yb  1.90 1.48 1.57 1.79 1.98 2.17 2.21 2.12 1.86 1.92 1.86 1.73 1.77 1.81 2.15 1.65 

Lu 0.29 0.23 0.25 0.27 0.30 0.32 0.33 0.31 0.27 0.29 0.27 0.25 0.26 0.27 0.32 0.24 
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Fig. 5.7: 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) 
87Sr/86Sr and εNd for the samples collected during the SW monsoon period of 2013 at 

the sampling location in Goa. 
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5.3.5.  Characterization and temporal variability of wet deposited dust 

The composition of clay assemblage, including their ratios, extracted from the 

WDP, which are detailed in Table-5.4, was used. The illite and chlorite abundance 

shows a steady increase from BM to EM, with insignificant variation in kaolinite 

content (Fig. 5.7a). Mineralogical ratios viz. illite/kaolinite (I/K), kaolinite/chlorite 

(K/C), and palygorskite/illite (P/I) (Table-5.4) to characterize long-range transported 

dust (Kumar et al.; 2020) were used. An increase in the I/K ratio, from BM (1.23 ±0.28) 

to MM (1.44 ± 0.48) with the highest in EM (3.22 ± 1.16), is observed during the SW 

monsoon period of 2013. This increase, possibly, hints at the change in dust sources 

from the ARB to the SWA sources. A similar signature of the I/K ratio has been 

observed for the dry deposition samples, wherein, higher I/K values (range: 1.8–7.3) 

were observed for dust 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 a gradual decrease in MM (1.04 ± 0.28) 

and EM (0.67 ± 0.12) (Fig. 5.7a and Table-5.4). This contrast variation, between I/K 

and K/C ratios, has been observed in the dry deposition samples as well. A lower value 

of the K/C ratio indicates a contribution from SWA sources, which is also supported 

by ratios observed for the Pakistan sediment sample (0.73; Svensson et al., (2000).  

The BM and MM samples show significant palygorskite content with a P/I ratio 

> 1 (average BM: 1.77 ± 0.48 and MM: 1.04 ±0.28), with the negligible contribution 

in the EM sample (except one sample WD-14 showing P/I = 0.3). Palygorskite 

minerals are commonly found in sabkha and wadi deposits in the ARB region as well 

as in the NEA (Debrabant et al., 1991, and references therein). A higher P/I 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, 
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the P/I ratio has been used to distinguish ARB (range: 1.3-2.5) versus SWA sources 

for the dry deposition dust samples collected over the NEAS in the previous section. 

Smectite percentages were observed high (range: 19-56%) during the MM period with 

a moderate presence in BM samples (range: 15-30 %) and negligible in EM samples 

(except in WD-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 resembles the composition of the 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. 

 
Fig. 5.8: Scatter plot showing correlation analysis of Fe vs Al and Ti Vs Al. The circled 

data points are not considered. 
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Elemental and mineralogical compositions, 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 that undergo long-range transport to the remote oceanic and continental 

locations (Kumar and Sarin, 2009; Kumar et al., 2020). Major elements (Fe and Ti) 

were found to correlate significantly (r2 = 0.75; 0.66 respectively; Fig. 5.8) with Al 

(considered as a tracer for crustal sources; Kumar and Sarin, 2009) indicating their 

crustal origin. However, a relatively poor correlation is found for Ca and Mg, similar 

to those observed for aerosol samples derived from the desert region as well as soil 

samples from source regions (mentioned in section 5.2.5; Kumar et al., 2020). Fe/Al 

and Ti/Al ratios were used for the 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.  

The temporal variation of the PAAS normalized REE pattern is given in Fig. 

5.9a, and significant differences in Lan/Ybn ratio and Eu/Eu* anomaly were observed 

(Fig. 5.7b). Typically, Lan/Ybn ratio represents the abundance of light REE versus 

heavy REE, wherein the lower the Lan/Ybn indicates enrichment of HREE in the 

samples. Enrichment in LREE and HREE is commonly derived from acidic and 
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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 July and August 2013 

(MM samples). Subsequently, an increased value is found in September (EM samples), 

reaching up to 1.3.  

 
Fig. 5.9: a) The PAAS normalized REE patterns of monthly averaged values for the 

wet deposited dust samples b) The scatter plot between Eu/Eu* and Lan/Ybn, two 

different clusters having mid-monsoon samples in one and beginning and end of 

monsoon samples in another. This shows the enrichment of HREE in the mid-monsoon 

samples due to the contribution from the NE African sources 
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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 (Fig 5.9b) 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). Two different 

clusters are observed one having MM samples and the other with BM and EM samples. 

June end samples overlap 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 

87Sr/86Sr (average: 0.7112±0.0011) and highly radiogenic εNd (average: -4.3±0.9) 

during MM (Fig. 5.7c). In contrast, relatively high radiogenic 87Sr/86Sr is found for 

BM (average: 0.7118±0.0012) and EM (average: 0.7156±0.0034) samples. Similarly, 

εNd 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 sources impacting the 

WDP collected in the year 2013. BM samples, except WD-4, are showing 

characteristic isotopic signatures similar to those of dry deposition dust sourced from 

ARB (87Sr/86Sr = 0.709-0.714 and εNd = -7.8 to -6.0) reported by Kumar et al., (2020) 
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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 εNd values, with highly radiogenic εNd (-2.7), and tends to 

decrease towards EM. The isotopic signatures of some of the MM samples (WD-7, 8, 

9, 10, and 11) are different from those reported for the ARB and SWA, suggesting the 

contribution from a different source impacting 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 with Findlater Jet, augmented by Red sea winds during SW monsoon 

(Ramaswamy et al., 2017). The NEA desert region is composed of Cenozoic alkali 

basalts, which are the major source of the sediments in the Afar region with the high 

radiogenic εNd values (0 to +10) and relatively low 87Sr/86Sr 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 wind trajectories deriving from ARB. A mixed 

isotopic signature is thus, observed for WD-5, 6, 7, 12, and 13 (Fig. 5.7c), which is 

also supported by relatively low palygorskite content compared to BM samples (Table-

5.4). Towards the EM, highly radiogenic 87Sr/86Sr (value goes up to 0.719) and 

relatively lower εNd values were observed. The isotopic signature for EM samples 

compared with those dust derived from the SWA region (87Sr/86Sr = 0.714-0.720 and 

εNd = -20.1 to -7.4) reported in the previous section. 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, significant 

temporal variability in WDP over the NEAS during SW monsoon was observed. These 
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dust particles are found to be derived from three major sources i) ARB ii) NEA and 

iii) SWA. 

5.3.6.  Provenances of dust over the  NEAS during the SW monsoon 

The Sr and Nd isotopic composition of WDP collected in 2013 are plotted in Fig. 

5.10, 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) and the dust samples collected during the dry deposition for which the 

provenance was identified (Kumar et al., 2020) are summarized in Table-5.6 below. 

Table 5.6. 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 
87Sr/86Sr 

St. 

dev 

Sr 

(ppm) 
 εNd 

St. 

dev 

Nd 

(ppm) 
Reference 

Thar Desert  0.735 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 

Sirocko (1995); Kumar et 

al., (2020)  

SW Asia 0.7124 0.001 107 -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) 

 

Samples collected at the BM (WD-1, 2, and 3) show highly radiogenic 87Sr/86Sr 

and less radiogenic εNd, which are found to cluster in the ARB field. These 

compositions were found in the range of isotopic composition of aerosol sourced from 

the dust storms over the ARB (87Sr/86Sr = 0.7175; εNd= -7.5). However, WD-4 is found 

to lie away from this field and towards the NEA field indicating contribution from the 

NEA sources. High palygorskite (with moderate smectite) content in BM samples 

indicates that their source is from ARB (Sirocko et al., 1991a, b), without ambiguity. 

However, relatively lower palygorskite content is found for WD-4, with a 

simultaneous increase in smectite abundance indicating a contribution from the NEA 
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source region. The Summer Shamal winds which blow from the western ARB towards 

the Gulf of Aden, from the end of May to mid-August play a major role in transporting 

the dust towards the Arabian Sea (Ramaswamy et al., 2017; Yu et al., 2016) (Fig. 

2.1b).  Considering ARB as one of the end members (Table-5.6) and NEA as other 

(Table-5.6), a mixing model representing fractional contribution from each end 

member can be drawn (Fig. 5.10), following mixing equations by Faure and Mensing, 

(2005) mentioned in section 5.2.6. 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. 5.10). 

 

Fig. 5.10: Nd vs. Sr isotopic compositions of the wet deposited dust samples plotted 

along with potential source region isotopic fields inferred from the literature data (see 

text and Table-3 for detail). The mixing line between Arabian Peninsula, NE Africa, 

SW Asia, and the Thar Desert is also shown. The ticks on each mixing line correspond 

to the relative contribution of the Arabian Desert end-member to the mixture. 
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Similar to BM samples, the majority of MM samples (except WD-8 and 10), 

tend to fall in or on the edge of ARB space (Fig. 5.10), 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 (Appendix B Fig. 3-6), 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, WD-8 and 10, fall away from the ARB source, although on or near 

the NEA-ARB mixing line (Fig. 5.10), and are therefore not exclusively sourced from 

the ARB. These two samples show a gradual increase in εNd associated with a small 

decrease in 87Sr/86Sr and tend to plot towards the NEA source. Also, high smectite 

followed by palygorskite content indicates the increased contribution from the NEA 

sources (Sirocko et al., 1991a, b; Rojas et al., 2019). Similarly, high smectite is found 

for a 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, show the air masses passing over the 

NEA sources as well as the ARB sources during the MM. The end member mixing 

curve between NEA and ARB (shown in Fig. 5.10) suggests 30-50 % of dust 

contribution from NEA sources for the MM samples, which have highly radiogenic 

εNd  (WD-8 and 10).   

WDP samples (DS-14, 15 and 16) collected in September 2013 (EM) exhibit 

relatively highly radiogenic Sr (87Sr/86Sr = 0.716) and relatively unradiogenic Nd (εNd 
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= −8.7), tend to plot away from ARB source and towards the SWA (WD-14) and Thar 

Desert (WD-15 and 16) source (Fig. 5.10). The absence of palygorskite and smectite 

(except DS-14) in the EM samples, suggests a decreased and/or negligible contribution 

from the ARB source. Besides, a high abundance of illite and chlorite, a characteristic 

feature of SWA (Alizai et al., 2012) and the Thar Desert is observed in the EM 

samples. 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., 

2017). 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 WD-14. However, 

the absence of palygorskite and smectite in WD- 15 and 16 infer insignificant 

contribution from ARB and mainly dominated by Thar Desert source. This 

interpretation of source identification is based on the geochemical characteristic data 

available for aerosol 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.  

5.4. Summary 

Geochemical composition of twelve dry deposition samples (dust storm) from 

2012-15 and sixteen wet deposition samples during the SW monsoon of 2013, 

collected at a coastal station, located in the Northeastern Arabian Sea. In addition, clay 

fraction of soil/sediment samples were analyzed, collected from some of the potential 

source regions (Arabian Peninsula, Iran, and the Thar Desert), for their geochemical 

compositions. These data, possibly first reported from this region, were used to 
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geochemically characterize dust over the Arabian Sea and to identify their sources and 

transport pathway from Arabia/SWA to the eastern Arabian Sea. Major results are 

summarized below: 

i. Using satellite imagery and back-trajectory analyses, a preliminary 

classification of dust sources was done. Dust storm samples were classified into 3 

categories namely (1) ARBS: dust from Arabian Peninsula during summer (2) SWAS: 

dust from southwest Asia during summer and (3) SWAW: dust from southwest Asia 

during winter. Wet deposited dust samples are classified into the beginning of 

Monsoon (BM; June); mid of Monsoon (MM; July and August) and end of Monsoon 

(EM; September). 

ii. Major element and trace metal composition of dry deposited dust storm 

samples indicate an insignificant contribution from anthropogenic sources. Illite and 

chlorite are major minerals found in all dust samples, however, high palygorskite 

content was observed for dust sourced from Arabian Peninsula. A more uniform Sr-

Nd signature is found for those derived from Arabia (87Sr/86Sr = 0.715 to 0.729;Nd = 

-7.3 to -7.8), however, a highly variable Sr-Nd isotope signature is observed for those 

derived from southwest Asia (Iran and Makran coast).  

iii. High palygorskite with moderate smectite is observed for the beginning of 

monsoon and the majority of mid monsoon samples, however, high smectite with 

moderate palygorskite and negligible palygorskite and smectite abundance is observed 

for a few mid monsoon and end of monsoon samples, respectively, indicating the 

change in dust sources during the southwest monsoon period.  

iv. Large temporal variability in 87Sr/86Sr (0.7090-0.7193) and Nd (-2.3 to -9.1) 

isotopic compositions were observed wherein less radiogenic 87Sr/86Sr and relatively 
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more positive Nd is exhibited by mid of monsoon samples compared to those observed 

in beginning and end of monsoon collections.  

v. The seasonal variability in geochemical characteristics is related to changes 

in the dust source areas which are identified as (1) the Arabian Peninsula contributing 

significantly at the 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 the Thar Desert at the end of monsoon samples.  

vi. This reported comprehensive data set on geochemical characteristics of 

mineral dust samples over the NEAS, is the first attempt that provides important 

information to understand present and past dust emission and deposition over the 

Arabian Sea. 
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6.1. Introduction 

Rainwater chemistry impacts several environments of the world because of acid 

rain, nutrient deposition affecting biogeochemical cycling, and global climate change 

(Huang et al., 2010). Rainwater chemistry gives an insight into the atmospheric 

aerosol content as it plays an important role in the aerosol deposition by scavenging. 

During the rainfall, it has been observed that rainwater is contaminated due to 

emissions of various natural and anthropogenic pollutants (Ramaswamy et al., 2017). 

During the scavenging process, it reacts with the atmospheric constituents and due to 

the solubilization of part of the aerosols, the pH and chemical composition of the 

rainwater is affected (Budhavant et al., 2011). The rainwater pH is an indicator of the 

acidic or alkaline nature of the aerosols which are in contact with the rain-bearing 

clouds. Rainwater is an important carrier of trace and major nutrients, which can 

impact sensitive ecosystems by deposition the essential or toxic nutrients 

(Ramaswamy et al., 2017). Many studies on the rainwater chemistry during the SW 

monsoon in India were widely investigated over the past decade (Rastogi and Sarin, 

2007; Tiwari et al., 2016; Ramaswamy et al., 2017; Jain et al., 2019), emphasizing the 

role of rainwater chemistry in the environment. However, studies on rainwater 

chemistry over the NEAS coastal regions are very few, where rainwater gets affected 

by the transport of mineral dust during the SW monsoon.  In this chapter, pH, soluble 

ion composition, and the depositional fluxes of the ionic species were studied to 

understand rainwater chemistry. For this rainwater samples were collected during the 

SW monsoon season of 2015. 

  

https://www.sciencedirect.com/science/article/pii/S1352231016305106#bib33
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/solubilization
https://www.sciencedirect.com/science/article/pii/S1352231016305106#bib58
https://www.sciencedirect.com/science/article/pii/S1352231016305106#bib58
https://www.sciencedirect.com/science/article/pii/S1352231016305106#bib68
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6.2. Results and discussion 

6.2.1.  Data quality 

The ratio of the sum of anions (Σ-) to the sum of cations (Σ+) (Fig.6.1a) is used 

to check the ionic balance in the rainwater samples in this study. The average ratio of 

0.78±0.16 for the samples in 2015 shows that the anion was deficient in rainwater 

collected during the SW monsoon. The anion deficient in samples indicates the 

contribution of anions that were not measured like HCO3
–, and others may be due to 

the Cl- deficiency due to the interaction with the acidic species like NO3
–, SO4

2–.  

 

Fig. 6.1: a) Charge balance between cations (NH4+ , Na+ , K+ , Mg2+ and Ca2+) and 

anions (F-, Cl- , NO3
- , SO4

2-, PO4
3- ) for individual precipitation events, b) Cl- to Na+ 

ratio. 
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In this study, the anion to cation ratio ranged from 0.4 to 1.6 with most of the 

samples having a ratio slightly less than 0.8. It is important to note that this study did 

not measure the bicarbonate and carbonate anions in the samples. Hence the sum of 

observed concentrations of anions will be less than that of the cations for all the events. 

The Na+ and Cl- concentrations for all rain events exhibit a linear positive relationship 

with Cl- /Na+ ratio (Fig. 6.1b). The Cl- to Na+ equivalent ratio of 1.10 ± 0.18 in this 

study is close to the sea-water ratio of 1.16 suggesting that the Cl- and Na+ are mostly 

due to the sea salt, as the sampling site is in the coast and the Na contribution from 

continental source is negligible. 

6.2.2.  pH variation 

The pH of the rainwater varied from 4.7 to 8.2. Out of 85 samples measured for 

pH, only 8 samples were below the threshold value of acid rain (Normal rainwater 

pH= 5.6), all the other samples are more than the threshold value. The acidic pH 

samples are either collected at the beginning of the monsoon or those of short spells 

of rain. The average pH of the pre-monsoon samples is 5.6 and it steadily increases to 

6.8±0.5 at the middle of the monsoon (July) and decreases at the end of the monsoon 

to 5.9±0.4. More than 90% (>5.6 pH) of the rainwater collected from the study site 

points to an alkaline pH and indicate the dominance of dust during this period. The 

higher pH in the middle of the monsoon may be attributed to the contribution of dust 

from the Middle East and the NE African region. This is the active dust emission 

period in the Middle-east and NE Africa, due to the prevailing Summer Shamal wind 

and the Findlater jet. 
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Fig. 6.2: Frequency distribution of pH measured in precipitation events, collected 

during SW-monsoon period of 2015. 

 

The pH of an individual precipitation event depends upon the relative 

contributions of acidic (e.g. SO4
2-, NO3

-) and alkaline (Ca2+) components. Alkaline 

rainwater pH suggests the dominance of neutralizing rather than acidifying 

constituents over Goa. In the sample having the lowest pH (4.7) NO3
- and SO4

2- 

accounts for 18% and 15% for the total ionic composition, which indicates the role of 

these acidic species in the pH of rainwater. In the sample with the highest pH (8.2), 

Ca2+ is 28% with NO3
- and SO4

2- contributing 1% and 8% respectively to the total 

ionic balance. Table 6.1 summarizes the average percentage contribution of individual 

cations and anions to ions for the different pH ranges of samples. The pH of rainwater 

increases with decreasing percentage contribution of acidic species (NO3
- and SO4

2-) 

and increasing Ca2+ contribution. As the Ca2+ is mainly associated with the mineral 

dust which is transported from the Arabian Peninsula and NE Africa during the SW 

monsoon (Suresh et al., 2021; Ramaswamy et al., 2017), the pH of rainwater increases 

with an increase in the aerosol flux (Fig.6.3). These observations ascertain that the pH 

of rainwater is controlled by the relative contribution of acidic and alkaline 

components present in the atmosphere. 
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Table. 6.1. The relative contribution of ionic species in different pH-range of samples. 
 

% 

pH n Na+ NH4
+ K+ Mg2+ Ca2+ F- Cl- NO3

- SO4
2- PO4

3- 

4.7 to 5.5 8 28 5 2 7 12 0 28 8 9 0 

5.5 to 6 15 27 6 2 6 12 2 30 7 8 1 

6 to 6.5 29 29 3 1 7 18 1 28 4 8 0 

6.5 to 7 22 28 1 1 7 22 1 30 3 7 0 

7 to 8.2 18 30 1 1 7 20 0 31 2 8 0 

 

Fig. 6.3: pH of rainwater increases with the aerosol flux during the SW monsoon 

indicating that more alkaline species are contributed by the mineral dust which has 

maximum deposition flux in mid of the monsoon. 

 

6.2.3.  Ionic composition of rainwater 

The rainwater samples were collected during SW-monsoon (July to September 

2015) to study the major ion chemistry. The percentage ionic composition in rainwater 

samples is shown in Fig. 6.4. The dominant ionic species in the rainwater are Cl- (32%) 

> Na+ (29%) > Ca2+ (18%) > SO4
2- (8%) > Mg2+ (7%) > NO3

- (3%) > NH4
+ (1%) > K+ 

(1%). The ionic composition of the rainwater collected during the SW monsoon is 
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dominated by Cl- to Na+ with an average concentration of 258 and 236 µeq L-1. The 

sampling site located in the NEAS Sea receives a lot of precipitation due to the SW 

monsoon winds, which flow across the Arabian Sea, the soluble ion composition of 

precipitation is affected by sea salt particles generated from sea spray. Ca2+ (155 µeq 

L-1) is the third more abundant ion in the rainwater, the high pH of rainwater is 

associated with the high concentrations of Ca2+. The SO4
2- (64 µeq L-1) and NO3

- 

(25µeq L-1), high concentrations of these two ions are mainly found at the beginning 

of monsoon samples.  

 

Fig. 6.4: Major Anion and cation percentages (µeq l-1) in rainwater samples of 2015. 
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Table 6.2. Parameters measured in rainwater samples collected during SW monsoon 

(July to September 2015) water-soluble ionic species (WSIS) concentration in 

rainwater is expressed in µeq L-1.  

 

 

 

 

 

 

 

 

 

 

 

 

The Na+ and Cl- concentrations for all rain events exhibit a linear positive 

relationship with Cl- / Na+ ratio (Fig. 6.1b). This reveals that the Na+ and Cl-ions in the 

rainwater samples are derived from sea salts that are not fractionated during inland 

transport since their concentration is found to be the same in most of the events. This 

also suggests that the contribution of soil dust to Na+ is negligible. Based on the 

relationship in Fig. 6.1b and using Na+ as a reference element for sea-salts [Keene et 

al., 1986], the non-sea-salt (nss) components of Ca2+,  SO4
2-, and Mg2+ are presented 

in Table 3.2. In all precipitation events, the contribution of nss- Ca2+ varied from 64 

to 99% (average of 92.05 ± 6.4%), Mg2+ varied from 21 to 70 % (average of 50.12 ± 

6.7%) and that of nss- SO4
2- as 0.3 to 86 % (average of 29 ± 21%) (Fig. 6.5) suggesting 

that most of the Ca2+ and Mg2+ abundances are dominated by crustal origin.  In 

 Min Max VWM 

pH 4.17 8.18  

Na+ 12.55 2246.5 242.2 

NH4
+ 0.43 164.33 9.4 

K+ 1.09 70.44 7.8 

Ca2+ 5.91 1360.95 137.4 

nss- Ca2+ 4.26 1277.16 128.4 

nss- Ca2+ % 64.46 99.1  

Mg2+ 6.41 342.39 50.1 

nss- Mg2+ 3.45 158.23 21.3 

nss- Mg2+ % 21.26 70.14  

F- 0.86 58.37 3.7 

Cl- 6.6 1777.11 240.6 

NO3
- 2.8 179.94 20.5 

PO4
3- 0.17 65.26 0.3 

SO4
2- 3.01 459.89 55.7 

nss- SO4
2- 0.06 166.25 5 

nss- SO4
2- % 0.28 87.51  

ΣWSIS 41.53 6519.08  
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contrast, nss- SO4
2- varies from 0.3 to 86 % with an average of 29 ± 21% suggesting 

that the sources contributing to the SO4
2- vary widely with individual precipitation 

events, and overall there is a significant contribution of sea-salts to SO4
2- in rainwater. 

The reason for low nss-SO4
2- maybe because the SW monsoon winds are transported 

to the NEAS across the Arabian Sea, which picks a lot of sea salt SO4
2-. 

 

Fig. 6.5: Average non-sea-salt percentage of Ca2+, Mg2+and SO4
2- in rainwater. 

 

Fig. 6.6: Scatter plot of nss-SO4
2- and NO3

-. 
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Fig. 6.7: Scatter plot of nss-Ca2+ and nss-SO4
2-. 

Several studies have reported that the nss-SO4
2- and NO3

- contents in rainwater 

are mainly by the dissolution of HNO3 and H2SO4 derived from various anthropogenic 

sources of NOx and SO2 gases (Mphepya, 2004). To identify the source relation 

between nss-SO4
2- and NO3

-, regression analysis between nss-SO4
2- and NO3

- 

abundances was carried out, which shows a linear trend between them (r2 = 0.89, Fig. 

6.6). This trend indicates that these species are derived from the same anthropogenic 

inputs. The statistical correlation between nss-Ca2+ and nss-SO4
2- exhibits a linear 

positive trend (r2 = 0.22) (Fig. 6.7). Thus, the significant contribution of nss-Ca2+ from 

gypsum (CaSO4) seems unlikely in the rain events collected in this study.  

6.2.4.  Wet deposition flux of ionic species 

Wet deposition is a removal pathway of chemical species from the atmosphere. 

Wet removal is dominant during SW-monsoon (June-September) because most of the 

rainfall occurs in this period. The wet deposition fluxes of major ionic species (NH4
+, 

Na+, K+, Mg2+, Ca2+, Cl-, NO3
-, and SO4

2-) have been calculated based on their total 

concentrations in precipitation using the following equations: 

Wet deposition flux = [X] * P 
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Where, [X] Volume weighted mean (VWM) concentration (mg m-3), P: 

Precipitation rate (m/month). To calculate the wet deposition flux, the VWM of ionic 

species for each month has been multiplied by the total precipitation for the month. 

The order of the total deposition flux for the ions is Cl−> Na+> Ca2+ > SO4
2-

> NO3
-> Mg2+> K+> NH4

+. The wet deposition of WSIS for the entire monsoon season 

is given in Table 3. The deposition flux of Cl- was the highest for anions with an 

average of 4680 mg m−2 month−1, while the deposition flux of Na+ was the highest for 

cations with an average of 3057 mg m−2 month−1. Ca2+ and SO4
2- also contribute 

significantly to the total deposition with an average of 1508 and 1478 mg m−2 month−1 

respectively.  

Table 6.3. Deposition flux of WSIS during the SW monsoon of 2015. 

 mg m−2 month−1 

 June July August and Sep Total 

Na+ 5804 2394 973 9171 

NH4
+ 166 62 53 281 

K+ 325 131 46 502 

Mg2+ 578 313 112 1003 

Ca2+ 2375 1616 532 4523 

Cl- 8379 3960 1703 14042 

NO3
- 1263 507 307 2077 

SO4
2- 2510 1319 606 4435 

 

Cl- and Na+ alone contribute about 39 and 25% of the total wet deposition of the 

WSIS respectively. The strong influence of sea salt in the sampling location is due to 

the proximity of the sampling location to the Arabian Sea, which is located less than 

500m from the Sea. As discussed earlier, the SW monsoon winds which travel over 

the Arabian Sea are also a major reason for such high sea-salt contribution in this 

region.  The average ionic values of Cl- and Na+ are comparable with the coastal site 

values in Mumbai (Prathibha et al, 2010), whereas pollutants like Sulfate and Nitrate 

are higher in the Mumbai region may be from coal-based thermal power plants and 
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heavy vehicle transport density in the region. Ca2+ (13%) and SO4
2- (12%) are the other 

ions that are having a significant contribution to the total flux, the calcium contribution 

is mainly from the nss-Ca2+ indicating the impact of mineral dust in the rainwater 

composition as high dust deposition in this region also coincides with the SW monsoon 

season (Ramaswamy et al., 2017; Suresh et al., 2021).  

6.3. Summary 

The study of ionic composition of rainwater sampled during SW-monsoon 

(June–September) for the year 2015 in a coastal station Goa reveals the following 

important ionic characteristics: 

i. The alkaline pH values observed during the SW monsoon are due to the 

influence of Ca2+ and Mg2+ associated with the mineral dust transported from 

the Arabian Peninsula and NE Africa. 

ii. Cl- and Na+ are major ionic species in rain waters followed by Ca2+, SO4
2-, Mg2+, 

NO3
- and NH4

+. 

iii. The perfect correlation of Cl- to Na+ equivalent ratio of 1.10 ± 0.18 suggests that 

the Cl- and Na+ are mostly due to the sea salt, whereas the Ca2+ with an average 

of 92.05 ± 6.4% and Mg2+ with an average of 50.12 ± 6.7% suggest that these 

species are mainly contributed by the dust.  

iv. The deposition flux of the ions is dominated by Cl- and Na+ with 4680 and 3057 

mg m-2 month-1, followed by Ca2+ and SO4
2- with 1508 and 1478 mg m-2 month-

1 respectively, and NO3
- and Mg2+ were 692 and 334 mg m-2 month-1 

respectively.  
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Conclusion and Future perspectives 
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The study described in this thesis is an attempt to understand the sources, 

seasonal variability, deposition fluxes, and geochemical characteristics of mineral dust 

in the Arabian Sea region. As mentioned earlier, mineral dust deposition has an 

important role in the surface ocean biogeochemistry of the Arabian Sea and the north 

Indian Ocean is the third biggest sink for dust, studies related to the mineral dust in 

this region are very few compared with the Atlantic and Pacific Oceans. These have 

made the mineral dust study in the Arabian Sea region very important which will help 

in tightening the knowledge gap. The goal of this thesis are: (1) to identify the mineral 

dust source regions that contribute to the Arabian Sea; (2) to determine the ambient 

aerosol concentration, influence of mineral dust in the aerosol concentration, and to 

calculate the annual dry and wet deposition of mineral dust at Goa; (3) to determine 

the size and geochemical characteristics of dust such as mineralogy, geochemistry, 

and Sr-Nd isotopic composition of the dry and wet deposited dust and (4) to determine 

the deposition rates of major ions of the rainwater collected during the SW monsoon. 

To achieve the objectives satellite and remote sensing data from various sources, dust 

samples collected during major dust storms that reached Goa, wet deposition samples 

collected during the SW monsoon, and rainwater samples were used. Overall, the dust 

sources in the Arabian Sea ranges from the Tigris-Euphrates flood plains in the west 

to the Thar Desert in the east. The different sources are active at different periods of 

the year, with a majority of the dust activity are observed in the SW monsoon period, 

apart from this several dust sources are active in the rest of the period due to the 

Western Disturbances and other wind systems that are active in the regional scale. 

During the SW monsoon season, the southern dust sources are active i.e. the NE 

Africa, Red Sea coastal sources and the southern Arabian Peninsula due to the 

influence of the SW monsoon winds, Summer shamal winds, Red Sea wind, the dust 
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samples collected during this period have high illite, palygorskite and smectite clay 

minerals with less radiogenic 87Sr/86Sr and relatively more positive εNd are observed 

in the samples. Whereas, during the other period the majority of the dust activities are 

observed in the northern sources like the SW Asia, Tigris-Euphrates flood plains, 

northern Arabian Peninsula, and the Thar Desert. The clay mineralogy of the samples 

changes according to the dust sources, high palygorskite content was observed for dust 

sourced from Arabian Peninsula with a more uniform Sr-Nd signature whereas illite 

and chlorite were observed for dust sourced from SW Asia with highly variable Sr-Nd 

signature. The major findings of this work are listed below in order of the objectives. 

To identify the dust source regions to the Arabian Sea, satellite data of MODIS 

dust AOD and AE data from 2004 to 2014 were used. To backtrack the dust plumes 

MODIS daily satellite images and Meteosat RGB dust products were also used. Time-

series dust AOD data for 21 key areas were used to identify regional dust emission 

patterns and transport pathways. Satellite images, RGB dust products, satellite, and 

ground-based LiDAR data were used to determine the dust transport pathways. Apart 

from the ten years of dust source identification, a detailed study of dust events in the 

regions surrounding the Arabian Sea for 2014 was carried out to identify the number 

of dust events and transport characteristics of the dust plumes to the Arabian Sea. 

Using the above-said satellite data and dust products, the dust sources and the process 

responsible for the dust transport towards the Arabian Sea were identified and are 

summarized below:  

 The major dust sources in the Arabian Sea regions are (i) the Nubian Desert and 

the Horn of Africa, (ii) Saudi Arabian Peninsula, (iii) Syrian Desert and 

Mesopotamia, (iv) Endorheic Basins of SW Asia and coastal Makran, and (v) the 

Thar Desert and flood plains of the Indus River.  
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 Apart from these six major dust source regions, fifty-eight dust hot spots (point 

sources for dust) have been identified in the above-said source regions. The dust 

emission in these source regions is mainly affected by the seasonal changes in the 

wind systems which change with the season.  

 The main dust emission is observed during the SW monsoon season (June to 

September), in this period the major wind systems like the SW monsoon winds, 

Summer Shamal winds, the Red Sea winds, and the Levar winds are active and 

transport the dust from the source regions to the Arabian Sea.  

 From October to May, the winter Shamal winds lead to episodic short-lived (1 to 5 

days) dust events with the dust being transported towards the Arabian Peninsula or 

the NW Arabian Sea. 

To calculate the aerosol concentrations, dry deposition samples were collected 

for the years 2012 to 2015. Dust concentration and deposition flux of the twelve major 

dust storms that reached the sampling station (Goa) during the above said period has 

been calculated. The wet deposition flux has been calculated for the years 2013 to 

2015, during the SW monsoon rainy season. The major results of this study are 

summarized below: 

 The Aerosol concentration over Goa varies with season, the maximum 

concentrations were observed whenever a dust storm from the Middle-East or SW 

Asia reached Goa. 

 There was no significant temporal variability was observed for the dry deposition 

flux, however, higher fluxes were found for those samples collected in dust storm 

events over the Arabian Peninsula as compared to those derived from the SW Asian 

desert region. 



117 
 

 The wet deposition fluxes were found to show an increasing trend from the 

beginning of monsoon (June) till mid of monsoon (July-August) and subsequently 

found to decline at the end of the monsoon (in September). 

 Wet deposition fluxes were found to be significantly higher than dry deposition 

fluxes estimated during the dust storm period at this study site. 

To determine the geochemical characteristics of the dust over the Arabian Sea, 

dry deposition samples collected during the twelve major dust storms and the wet 

deposition samples collected during the SW monsoon samples have been analyzed. 

Size measurement of the dust in this study is only confined to the wet deposited dust 

samples since the required quantity of dust was not available for the dry deposition 

samples. Using clay mineralogy and Sr-Nd isotopes, it is evident that the dust to the 

Arabian Sea is mainly derived from the three major sources i.e. the Arabian Peninsula, 

NE Africa, and SW Asia. The major findings from this objective are given below: 

 The average size distribution of the dust represented as Mass Median Aerodynamic 

Diameter (MMAD) is equal to 7.96 μm with a standard deviation of 5.99. 

 The dry deposition samples show high illite and chlorite in all dust storms, 

however, high palygorskite content was observed for dust sourced from Arabian 

Peninsula. Also, a more uniform Sr-Nd (87S/86Sr = 0.7125 to 0.7143; εNd = -7.3 to -

7.8) signature is found for the Arabian Peninsula dust storms whereas the dust 

sourced from SW Asia show a highly variable Sr-Nd signature (87S/86Sr = 0.7049 

to 0.7206; εNd= -7.43 to -20.1) and therefore highlight regional variability of soil at 

southwest Asian deserts. 

 Based on the satellite and geochemical characteristics the dry deposited dust was 

classified into three major categories namely (1) dust from Arabian Peninsula 
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during summer (2) dust from southwest Asia during summer and (3) dust from 

southwest Asia during winter. 

 The wet deposition samples show high palygorskite with moderate smectite is the 

beginning of monsoon and the majority of mid-monsoon samples, however, high 

smectite with moderate palygorskite and negligible palygorskite and smectite 

abundance is observed for a few mid-monsoon and end of monsoon samples, 

respectively, indicating the change in dust sources during the Southwest monsoon. 

 Large temporal variability is observed for the wet deposition samples with 87Sr/86Sr 

(0.7090-0.7193) and εNd (-2.3 to -9.1) isotopic compositions. Less radiogenic 

87Sr/86Sr and relatively more positive εNd are observed in the mid-monsoon samples 

compared to the beginning of monsoon and end of monsoon samples. 

 The seasonal variability in geochemical characteristics is related to changes in the 

dust source areas which are identified as (1) the Arabian Peninsula contributing 

significantly at the 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 the Thar Desert at the end of monsoon samples. 

To determine the deposition flux of the soluble ions present in the rainwater over 

this region, which was mainly contributed by the dust aerosols present in the 

atmosphere during the SW monsoon season in coastal Goa. The individual 

precipitation (wet-only) events were collected during the SW-monsoon period (Jun-

Sep 2015) from Goa, are analysed. The following are the major ionic characteristics 

observed in this study: 
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 The pH of rainwater is alkaline (average pH: 6.5±0.7) because of the neutralization 

of rain with dust from the Middle-east and NE Africa. The dust supply plays an 

important role in controlling the composition of rainwater.  

 Cl- and Na+ are major ionic species found in rain waters followed by Ca2+, SO4
2-, 

Mg2+, NO3
- and NH4

+. Most of the Cl- and Na+ are contributed by the sea salt, as 

the sampling site is in the coastal area. 

 The presence of high Ca2+ and Mg2+ suggest that these species are mainly 

contributed by the dust and it shows the influence of dust in altering the rainwater 

chemistry during the SW monsoon season. 

 The deposition flux of the ions is dominated by Cl- and Na+ with 4680 and 3057 mg 

m-2 month-1, followed by Ca2+ and SO4
2- with 1508 and 1478 mg m-2 month-1 

respectively, and NO3
- and Mg2+ were 692 and 334 mg m-2 month-1 respectively.  

Scope for future work 

The research carried out as part of this thesis has addressed the mineral dust 

sources, aerosol, and dust fluxes, and geochemical characteristics of mineral dust over 

the Arabian Sea.  Although the present work was carried out to reveal many interesting 

aspects of the mineral dust over this region, however, there exist numerous knowledge 

gaps related to the dust in the Arabian Sea region which need further research. 

 This demonstrated the several dust sources ranging from the Thar Desert in the east 

to the Tigris-Euphrates flood plains to the west with several hot spots in these 

source regions. However, the amount of dust emitted from each source is not 

quantified, which gives the importance of individual sources in the dust emission 

aspect, like the studies made for the Bodélé Depression in the Sahara. 
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 The geochemical characterization of dust in this study is mainly from the analysis 

made on the dust collected in the sampling site, therefore several dust storms that 

were not reached Goa might have been missed. To, have complete geochemical 

data the dust/soil samples from several dust sources have to be characterized. In 

addition, the use of other isotope systematics (e.g. Pb isotopes) can be done to 

further constrain the sources of mineral dust over the marine region surrounding 

the Indian sub-continent. 

 The trace metals measured in this study are the “total concentration”, these trace 

metals are a major nutrient to marine productivity, but the total soluble and bio-

available trace metals are not measured in this study. Further work related to the 

bio-available trace metals and their flux into the ocean through the dust deposition 

from different sources is needed to better understand the role of dust in marine 

productivity. 
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Appendix 

Identification of dust source using Aerosol Optical Depth, Back trajectories and 

CALIPSO profiles 

 Time-averaged map of combined dark target and deep blue Aerosol Optical Depth 

(AOD) at 0.55micron for land and ocean (https://giovanni.gsfc.nasa.gov/giovanni/) of 

Moderate-resolution Imaging Spectroradiometer (MODIS) of Aqua and Terra 

satellites were used for tracking the dust sources. To find the possible source of the 

mineral dust, HYBRID Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) 

(Rolph et al., 2017) with the GDAS meteorological dataset from the National Oceanic 

and Atmospheric Administration (NOAA) Air Research Laboratory 

(http://www.arl.noaa.gov/ready/hysplit4.html) was used. Backward trajectories were 

run for the day of sampling for 168 hours at different altitude (mainly 500-1500m, 

1500-2500m and 2500-4000m) levels above ground level during sampling days, to 

show the origin of dust laden air mass at different altitudes from different regions. 

CALIPSO vertical profile pass available the sampling period near source or receptor 

region is also shown to assess the evolution and transport of dust over Arabian Sea.  

Appendix A and Appendix B shows the dry deposition sampling days and wet 

deposition sampling days.
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Appendix A 

Figure 1 
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Figure 2 

 

  



149 
 

Figure 3 
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Figure 4 

 

  



151 
 

Figure 5 
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Appendix B 
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Figure 4 
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Figure 5 
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Figure 6 
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Figure 7 
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Appendix C 

Correlation Coefficients Matrix of Major and Trace Elements for dust storm derived aerosol and source surface soil samples 

 
Dust Storm Samples 

Variables Mg Al Ca Fe V Cr Mn Co Ni Cu Zn Rb Sr Cd Ba La Ce Nd Sm Pb 

Mg 1.00 
                   

Al 0.57 1.00 
                  

Ca 0.71 0.51 1.00 
                 

Fe 0.63 0.87 0.59 1.00 
                

V 0.88 0.53 0.55 0.69 1.00 
               

Cr 0.70 0.17 0.67 0.35 0.73 1.00 
              

Mn 0.91 0.59 0.78 0.66 0.86 0.79 1.00 
             

Co 0.87 0.63 0.69 0.64 0.90 0.72 0.86 1.00 
            

Ni 0.63 0.31 0.79 0.35 0.60 0.83 0.70 0.81 1.00 
           

Cu 0.74 0.57 0.64 0.60 0.82 0.72 0.82 0.83 0.66 1.00 
          

Zn -0.47 -0.79 -0.56 -0.63 -0.32 0.05 -0.51 -0.50 -0.24 -0.35 1.00 
         

Rb 0.73 0.22 0.26 0.50 0.85 0.62 0.69 0.57 0.27 0.57 -0.02 1.00 
        

Sr 0.74 0.48 0.57 0.79 0.82 0.62 0.78 0.59 0.35 0.60 -0.30 0.84 1.00 
       

Cd 0.04 -0.23 -0.09 0.09 0.25 0.43 0.06 -0.08 -0.05 0.18 0.66 0.49 0.44 1.00 
      

Ba -0.40 -0.72 -0.51 -0.57 -0.25 -0.02 -0.45 -0.44 -0.28 -0.32 0.82 0.03 -0.19 0.55 1.00 
     

La 0.93 0.59 0.81 0.75 0.91 0.75 0.92 0.87 0.69 0.74 -0.49 0.72 0.87 0.13 -0.40 1.00 
    

Ce 0.93 0.52 0.84 0.69 0.87 0.77 0.91 0.84 0.71 0.72 -0.45 0.70 0.84 0.13 -0.36 0.99 1.00 
   

Nd 0.94 0.57 0.83 0.71 0.89 0.76 0.91 0.90 0.75 0.73 -0.49 0.67 0.80 0.07 -0.42 0.99 0.99 1.00 
  

Sm 0.89 0.39 0.79 0.57 0.86 0.83 0.84 0.83 0.76 0.69 -0.27 0.69 0.78 0.24 -0.16 0.95 0.97 0.96 1.00 
 

Pb 0.76 0.59 0.59 0.79 0.85 0.60 0.78 0.66 0.37 0.78 -0.34 0.76 0.91 0.43 -0.27 0.85 0.82 0.79 0.76 1.00 

Note. The significant correlations (n = 12, r ≥ 0.5) are highlighted in bold. 
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Surface soil samples 

Variables Mg Al Ca Fe V Cr Mn Co Ni Cu Zn Rb Sr Cd Ba La Ce Nd Sm Pb 

Mg 1.00 
                   

Al -0.89 1.00 
                  

Ca 0.78 -0.84 1.00 
                 

Fe -0.68 0.76 -0.81 1.00 
                

V -0.45 0.56 -0.60 0.80 1.00 
               

Cr 0.55 -0.37 -0.02 -0.08 -0.05 1.00 
              

Mn -0.72 0.67 -0.28 0.25 0.01 -0.63 1.00 
             

Co -0.81 0.86 -0.61 0.61 0.43 -0.42 0.86 1.00 
            

Ni 0.53 -0.33 0.02 -0.10 0.14 0.90 -0.58 -0.33 1.00 
           

Cu -0.16 0.27 -0.10 -0.03 -0.31 0.11 0.60 0.54 0.01 1.00 
          

Zn 0.04 0.12 -0.40 0.22 -0.09 0.61 -0.22 -0.09 0.31 0.36 1.00 
         

Rb 0.09 0.21 -0.02 -0.06 -0.10 0.11 0.05 -0.01 0.00 0.22 0.36 1.00 
        

Sr 0.61 -0.63 0.83 -0.64 -0.46 -0.30 -0.30 -0.60 -0.27 -0.36 -0.39 0.04 1.00 
       

Cd 0.36 -0.49 0.48 -0.33 -0.32 0.33 0.04 -0.10 0.29 0.40 -0.07 -0.22 -0.05 1.00 
      

Ba -0.17 0.27 -0.08 -0.11 -0.32 -0.07 0.32 0.10 -0.25 0.30 0.27 0.85 -0.10 -0.07 1.00 
     

La -0.37 0.52 -0.24 0.08 -0.17 -0.25 0.56 0.44 -0.40 0.52 0.24 0.79 -0.20 -0.17 0.89 1.00 
    

Ce -0.48 0.67 -0.39 0.21 -0.05 -0.26 0.63 0.61 -0.38 0.62 0.31 0.69 -0.31 -0.27 0.73 0.95 1.00 
   

Nd -0.42 0.57 -0.25 0.08 -0.13 -0.30 0.63 0.52 -0.40 0.54 0.15 0.75 -0.22 -0.18 0.85 0.99 0.96 1.00 
  

Sm -0.44 0.60 -0.25 0.08 -0.11 -0.34 0.68 0.58 -0.40 0.57 0.09 0.71 -0.22 -0.18 0.79 0.97 0.96 0.99 1.00 
 

Pb -0.60 0.64 -0.26 0.21 -0.06 -0.51 0.95 0.85 -0.48 0.74 -0.08 0.09 -0.26 -0.01 0.25 0.56 0.69 0.63 0.70 1.00 

Note. The significant correlations (n = 10, r ≥ 0.5) are highlighted in bold. 
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Appendix D 

Elemental ratios of major element and enrichment factor for trace metals in aerosol samples 

collected at Goa. 
 

 
Samples 

Major 

Element 

Ratios 

 
Enrichment factor w.r.t Al (Upper Continental Crust) 

Aerosol 

samples 

Fe/Al Ca/Al Mg/Al V Cr Mn Co Ni Cu Zn Cd Pb 

ARBS             

DS-5 0.46 0.92 0.26 223 2 1 2 8 5 14 18 10 

DS-6 0.46 1.55 0.75 215 2 1 2 7 7 16 28 16 

DS-7 0.47 4.95 0.81 184 5 3 2 14 9 48 65 24 

DS-11 0.35 1.11 0.75 144 2 2 1 4 5 44 42 20 

SWAS 
            

DS-8 0.43 0.04  192 3 1 1 6 8 4842 199 6 

DS-9 0.28 0.04 0.02 164 3 1 1 6 6 6263 287 5 

DS-12 0.38 1.61  80 1 1 0 2 4 36 53 25 

SWAW 
            

DS-1 0.66 2.63 1.08 384 4 3 3 7 10 239 211 94 

DS-2 0.55 2.37  443 4 4 3 8 9 242 124 61 

DS-3 0.58 0.82 0.04 66 1 1 0 1 2 101 120 21 

DS-4 0.38 0.99 0.26 161 2 2 1 5 9 39 71 26 

DS-10 0.35 0.21  210 6 1 1 9 7 10407 483 16 

Surface soil samples 

SR-1 0.50 2.37 1.20 807 56 14 12 58 74 54 176 50 

SR-4 0.42 2.39 0.95 821 14 8 7 23 17 19 59 17 

SR-5 0.63 0.14 0.36 1445 17 5 8 25 11 15 36 7 

SR-6 0.66 0.06 0.43 813 25 5 7 22 28 52 35 30 

SR-7 0.47 0.05 0.37 779 20 6 6 21 24 49 37 13 

SR-8 0.46 0.05 0.42 767 21 5 7 24 15 23 26 11 

SR-9 0.56 0.08 0.21 726 9 19 9 13 22 18 38 106 

SR-10 0.68 0.12 0.29 1013 11 12 9 12 20 22 46 53 

SR-11 0.38 0.12 0.21 557 7 21 9 11 36 19 29 162 

SR-12 0.47 0.19 0.22 737 8 16 8 11 16 14 37 57 

SR-12 R 0.41 0.16 0.22 630 7 14 6 9 14 12 29 52 
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Abstract
Atmospheric mineral dust is derived from arid/semi-arid region, undergoes long-range transport, and can impact surface 
biogeochemical processes in the pristine marine region. This study reports fluxes of mineral dust (wet and dry deposition), 
their clay mineralogy, and associated seasonal variability over the Northeastern Arabian Sea. Dust sources are assessed 
using mineral composition and their ratios as well as satellite retrievals during 2012–2015. The average wet deposition flux 
(293 mg  m−2  day−1) of mineral dust is three times higher than dry deposition flux (96 mg  m−2  day−1). A clear distinction is 
observed in the mineral composition of wet and dry deposited dust with smectite and palygorskite being dominant during 
the wet period and illite and chlorite being dominant during the dry period. Mineralogical composition and their ratios indi-
cate that major dust sources to the Northeastern Arabian Sea are from northeast Africa, Arabian Peninsula, and southwest 
Asia. These observations are corroborated with the satellite retrievals, aerosol optical depth, and back trajectory analyses.

Keywords Aeolian dust · Arabian Sea · Deposition flux · Clay minerals · Long-range transport

Introduction

Mineral dust has many effects on the Earth’s radiation 
budget, ecosystems, and ocean productivity (Claquin et al. 
2003, 1999; Tegen et al. 1996; Jickells et al. 2005; Guieu 
et al. 2019). It plays a significant role in providing nutrients 
to marine and terrestrial ecosystems (Mahowald et al. 2018, 
2005; Jickells et al. 2016, 2005; Jickells and Moore 2015; 
Banerjee and Prasanna Kumar 2014; Okin et al. 2004; Swap 
et al. 1992). The Arabian Sea, surrounded by major deserts 
and semi-arid regions, receives 113–154 Mt of dust every 
year (Duce et al. 1991; Ginoux et al. 2001). The Arabian 
Peninsula region is third-largest dust source in the world 
after the Saharan and East Asian dust sources (Kok et al. 
2021; Goudie and Middleton 2006). Recent studies over 
the Arabian Sea have highlighted significant dust transport 

toward the North Eastern Arabian Sea (NEAS) during the 
Southwest monsoon (June to September; Suresh et al. 2021), 
which have potential to impact rainwater chemical composi-
tion (Ramaswamy et al. 2017) as well as intensity and out-
break of monsoon (Vinoj et al. 2014). Apart from continuous 
dust transport during the southwest (SW) monsoon, many 
episodic dust storms are reported over the Arabian Sea dur-
ing the dry season (October to May; Kumar et al. 2020). 
Sometimes, these dust storms are caused by the passage of 
extratropical cyclones (also known as western disturbances) 
originating from the Middle-east and SW Asia and trans-
ported toward the NEAS under favorable meteorological 
conditions (Badarinath et al. 2010, 2009; Ramaswamy 2014; 
Aswini et al. 2020). Subsequent to a storm event, dust par-
ticles undergo long-range transport to pristine marine and 
continental ecosystem. These dust particles also act as car-
rier for several limiting and co-limiting nutrients and toxi-
cants (Jickells and Moore 2015; Paytan et al. 2009; Moore 
et al. 2013). These nutrients get deposited to surface water 
of ocean and can significantly modulate biogeochemical 
processes including primary productivity, which in turn can 
impact global carbon cycle (Coale et al. 1996; Watson et al. 
2000).

Several studies, based on remote sensing data, have shown 
aeolian dust contribution from the Middle-East region, 
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northeastern Africa (NEA), and southwest Asia (SWA) to 
the Arabian Sea (Ginoux et al. 2001; Goudie and Middleton 
2006; Léon and Legrand 2003; Prospero et al. 2002; Aswini 
et al. 2020; Rashki et al. 2018; Rashki and Goudie 2021). 
In addition, several workers have made modeling effort to 
estimate dust fluxes and highlighted the impact of dust depo-
sition on ocean productivity (Banerjee and Prasanna Kumar 
2014; Guieu et al. 2019). However, very few attempts have 
been made to quantify dust fluxes based on ambient aerosol 
concentration (Tindale and Pease 1999), which will provide 
a more accurate value as compared to those obtained from 
remote sensing or numerical modeling methods. Moreover, 
very few attempts have been made so far, to characterize the 
clay mineral composition of aeolian dust over the Arabian 
Sea (Kumar et al. 2020). Clay mineral composition and their 
ratios can be used as a proxy for source identification and 
dust transport pathways (Caquineau et al. 2002; Rojas et al. 
2019; Yu et al. 2019; Kumar et al. 2020). However, in the 
context of the Arabian Sea, a significant gap is found in 
the knowledge of the dust fluxes and their mineralogical 
composition.

In this study, wet deposition samples were collected 
during the SW monsoon of 2013, and aerosol samples col-
lected during twelve major dust events of 2012–2015 in Goa 
(15.45° N, 73.80° E) over the Northeastern Arabian Sea 
were used to estimate the dust fluxes during the wet and dry 
period. In addition, dust clay mineralogical compositions 
have also been analyzed and used to assess their seasonal 
variability in conjunction with source composition. In com-
bination with clay mineralogy, the results in this study are 
further supported by satellite-derived images and products, 
aerosol optical depth (AOD), 7-days back trajectory analy-
ses, and CALIPSO profiles.

Study area

The Arabian Sea is surrounded by arid and semiarid regions 
of the Arabian Peninsula and northeastern Africa on the 
west, Makran coast and endorheic basins of Iran, Afghani-
stan, and Pakistan, and the Thar Desert on the north, and 
humid tropical Peninsular India on the east. This basin 
experiences a seasonal reversal of winds; from June to Sep-
tember, the winds are southwesterly and from November 
to March are northeasterly (Fig. 1a, b). The SW monsoon 
period is also the primary rainy season and accounts for 
more than 80% of India’s annual rainfall. Other major wind 
systems active in this region are Summer Shamal winds 
(from mid-May to mid-August) which flow from the Medi-
terranean Sea through the Middle-East to the Arabian Sea 
(Pease et al. 1998; Yu et al. 2016) and the Levar winds (mid-
May to mid-September) which flow from central Asia to the 
northern Arabian Sea through the mountain gap between 

the Palanghan and the Hindu Kush mountains (Alizadeh-
Choobari et al. 2014; Rashki et al. 2019). From November 
to March, western disturbances, mainly originating in the 
Mediterranean Sea, propagate toward the Himalayas and last 
for short periods (1–5 days) (Madhura et al. 2014; Thoppil 
and Hogan 2010). These wind systems are strong enough to 
raise dust from the source regions and transport it to large 
distances. Apart from the above wind systems, several tropi-
cal cyclones form, before and after the SW monsoon in the 
Arabian Sea and Bay of Bengal, which have the potential to 
transport dust over the Arabian Sea depending on their loca-
tion (Badarinath et al. 2009; Ramaswamy 2014).

Based on the available literature, major clay minerals 
present in the dust source regions have been compiled and 
are shown in Fig. 1c (Debrabant et al. 1991; Sirocko and 
Lange 1991; Alizai et al. 2012; Purnachandra Rao et al. 
2015; Avinash et al. 2016; Yu et al. 2019; Kumar et al. 2020; 
Suresh et al. 2021). Northeast Africa is characterized by 
abundant smectite due to weathering of flood basalts and 
volcanic ejecta in the African Rift Valley; however, Somali 
Plains contain a significant amount of palygorskite (Alaily 
1995; Singer et al. 1998). The Arabian Peninsula is charac-
terized by high illite and palygorskite (Suresh et al. 2021 
and references therein). The SW Asia, Indus Plains, and the 
Thar Desert are rich in illite and chlorite, due to sediments 
derived from mechanical weathering of rocks and sedimen-
tary formations in snow-clad mountains (Vögeli et al. 2017; 
Alizai et al. 2012). The Indian Peninsula has high smectite 
and chlorite due to the weathering of Deccan Trap basalts 
(Purnachandra Rao et al. 2015). The characteristic composi-
tion of the major clay minerals in different source regions 
can be compared with those observed in the collected dust 
samples at the study site to assess the contribution from vari-
ous sources.

Materials and methods

Sampling and X‑ray diffraction analysis

Rainwater was collected using plastic trays during the SW 
monsoon period of 2013 (June to September) (Table 1) to 
obtain the dust settled through the wet deposition (Suresh 
et al. 2021). The trays were washed thoroughly before and 
after each sampling. The collected rainwater was filtered 
using polycarbonate filters (0.4 μm) to obtain wet depos-
ited dust samples (WDS). The filtered WDS was dried, and 
the mass difference in the filter before and after filtration 
was obtained by weighing. The wet deposition flux is calcu-
lated by measuring the weight of the wet deposition sample 
obtained for  1m2 area for one sampling day of the precipita-
tion (Ramaswamy et al. 2017). Sixteen wet deposition sam-
ples, one sample per week, were chosen as representative 
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for clay mineralogical studies throughout the SW monsoon 
period. Slides for X-Ray diffraction of WDS were prepared 
by taking an aliquot of the samples collected, which were 
pretreated with 5 ml of  H2O2 to remove organic matter if 
any. The samples were made into a thick slurry and directly 
pipetted onto glass slides. After drying, the glass slides were 
glycolated for 12 h at 60 °C using ethylene glycol.

Bulk aerosol samples were collected during 2012–2015 
(Table 2) in the campus of National Institute of Oceanog-
raphy, Goa, India (15.45° N, 73.80° E), which is approxi-
mately 500 m away from the Arabian Sea coast (Aswini 
et al. 2020; Kumar et al. 2020). Whatman® GF/A glass fiber 

filters (size 20 × 25 cm) were used as a substrate for aerosol 
sampling using a high-volume sampler with a flow rate of 
1.0–1.3  m3  min−1. The sampling period was typically vary-
ing between 22 and 24 h. The total suspended particulate 
(TSP) mass concentration was calculated by weighing the 
filters before and after sampling and normalizing with the 
volume of air pumped through the filter. The selection of 
aerosol samples during dusty days was considered with an 
anticipation of getting sufficient mass load on filter which 
can be subsequently used for mineralogical analyses. Major 
dust storms that reached the sampling site are detailed in 
Table 2, and aerosol samples collected during that period 

Fig. 1  Map showing climatological wind data of the seasonal reversal 
of monsoon winds. a SW monsoon wind and Summer Shamal wind 
are consistent over the Arabian Sea and Arabian Peninsula  respec-
tively (June to September). b NE monsoon wind from the Indian sub-
continent are prevalent over the Arabian Sea (January and February). 

c Major clay minerals (I—illite, P—palygorskite, Ch—chlorite, Sm—
smectite, and K—kaolinite) present in the source regions. Also shown 
the mode of Aeolian (dashed line) and fluvial (solid line) transport 
of mineral dust and sediments to the Arabian Sea (Debrabant et  al. 
1991; Sirocko and Lange 1991; Purnachandra Rao et al. 2015)
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were analyzed for clay mineralogy. Oriented slides were 
prepared following the method developed by Kiefert et al. 
(1992). The filters were rinsed with Milli-Q water and 
ultra-sonicated for 30 min. Dust obtained in the tubes was 
subsequently sieved with a 230 ASTM sieve to remove any 
glass fibers present. In almost all filters, adequate dust was 
obtained for the XRD analysis from 1/8th of the filter. Fil-
tered dust was treated with  H2O2 to remove organic matter 
present in the sample if any. The mineral dust was congre-
gated by centrifuging, and excess water was removed from 
the tube. The dust extracted from the filters was used in the 
XRD analyses. The samples were pipetted onto glass slides 

to make oriented slides and dried. The slides were glycolated 
for 12 h at 60 °C using ethylene glycol before XRD analysis.

The glycolated slides were analyzed under Rigaku® 
Ultima IV X-Ray Diffractometer with Cu Kα radiation at 
40 kV and 20 mA between 3° and 30° 2θ at 0.02° 2θ/s. 
Before the analysis of samples by X-Ray diffraction, the 
system was calibrated by using a silicon standard. Semi-
quantitative determinations of relative mineral percentages 
were focused mainly on clay minerals present in the sam-
ples. Major minerals identified were illite, smectite, kaolin-
ite, chlorite, and palygorskite. Peak area was calculated by 
taking the area of a particular mineral above an appropriate 

Table 1  Date of wet deposition 
collection, wet deposition dust 
flux, and the clay minerals 
relative percentages

ND Not detected

Sample ID Date of collection Wet deposi-
tion flux (mg 
 m−2  day−1)

Smectite Palygorskite Illite Kaolinite Chlorite

WD-1 7-10th June 13 170 16 37 28 19 ND
WD-2 12th June 13 434 15 34 21 17 14
WD-3 18th June 13 449 27 33 14 16 10
WD-4 25th June 13 111 30 29 17 13 11
WD-5 30th June 13 166 33 19 23 11 13
WD-6 4th July 13 332 23 28 23 13 13
WD-7 13th July 13 379 38 21 16 13 12
WD-8 18th July 13 949 56 8 11 15 10
WD-9 25th July 13 569 43 18 17 12 10
WD-10 1st Aug 13 519 43 19 14 13 11
WD-11 7th Aug 13 124 20 22 25 18 15
WD-12 13th Aug 13 141 22 18 29 14 18
WD-13 20th Aug 13 76 30 20 15 13 22
WD-14 6th Sep 13 63 16 13 44 10 17
WD-15 20th Sep 13 127 ND ND 50 22 28
WD-16 30th Sep 13 95 ND ND 53 18 29

Table 2  Dry deposition sample 
name, the date of collection, 
dust flux, and the clay minerals 
relative percentages

Dust storm Date of collection Dry deposi-
tion flux (mg 
 m−2  day−1)

Smectite Palygorskite Illite Kaolinite Chlorite

DS-1 5–6 March 2012 132 23 ND 39 15 24
DS-2 24–25 March 2012 93 16 ND 35 12 37
DS-3 27–28 Dec 2012 115 15 ND 40 16 29
DS-4 6–7 Feb 2013 110 9 11 32 16 32
DS-5 10–11 April 2013 111 14 45 18 17 6
DS-6 9–10 May 2013 112 17 25 19 15 24
DS-7 12–15 June 2013 94 7 40 17 16 20
DS-8 10–11 April 2014 62 9 ND 49 15 27
DS-9 4–5 May 2014 62 11 ND 40 21 28
DS-10 14–15 Oct 2014 60 8 ND 62 8 22
DS-11 6–7 April 2015 116 11 38 20 20 11
DS-12 25–26 April 2015 80 20 ND 41 23 15
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baseline using the Rigaku Integral analysis 6.0 software. The 
relative mineral percentages were calculated by using the 
correction factors provided by Biscaye, (1965).

Dust flux determination

To quantify dust concentration in aerosol samples, aluminum 
concentration is measured in the completely digested filters 
using strong acids. A one-eighth portion of the sampled filter 
was digested in Savillex vial (15 ml capacity) using a mix-
ture of supra-pure HF and  HNO3 at 110 °C for 24 h under 
a clean laminar flow bench. The acid digestion process was 
repeated until the filters were completely dissolved. Post-
dissolution, samples were dried and were transferred to pre-
cleaned polypropylene bottles using 2% supra-pure  HNO3. 
The Al concentrations were analyzed using ICP-OES (Agi-
lent 710) following the methodology described in Kumar 
et al. (2020).

The dust fluxes were estimated based on the Al concentra-
tions measured in collected samples. The abundance of Al 
was used as an indicator of the mineral dust in several stud-
ies to calculate the dust concentrations (Duce and Tindale 
1991; Kumar and Sarin 2009; Anderson et al. 2016; Kumar 
et al. 2020), by presuming that the Al in mineral dust is same 
as in the UCC (upper-continental crust with Al content of 
8.04%; McLennan 2001). We used an average settling veloc-
ity of 1000 m  day−1 for the estimation of dry deposition flux, 
following Shelley et al. (2015) and Anderson et al. (2016). 
For wet deposition, it was presumed that particulate col-
lected after filtration is composed of mineral dust and wet 
deposition flux will provide an upper limit of dust deposition 
flux (Ramaswamy et al. (2017).

AOD, satellite images, HYSPLIT backward 
trajectories, and CALIPSO profiles

Aerosol Optical Depth (AOD) and satellite images from the 
Moderate-resolution Imaging Spectroradiometer (MODIS) 
of Aqua and Terra satellites of NASA were used for track-
ing the dust storm regions. Time-averaged map of combined 
dark target and deep blue AOD at 0.55micron for land and 
ocean (https:// giova nni. gsfc. nasa. gov/ giova nni/) was used 
to monitor the dust activity and transport from the source 
region toward the Arabian Sea. Seven-day backward air 
mass trajectories have been computed to identify the pos-
sible dust source regions from where dust can be transported 
following the modeled trajectories. HYBRID Single-Particle 
Lagrangian Integrated Trajectory (HYSPLIT) model was 
used along with the GDAS meteorological dataset from the 
National Oceanic and Atmospheric Administration (NOAA) 
Air Research Laboratory (http:// www. arl. noaa. gov/ ready/ 
hyspl it4. html) (Rolph et al. 2017; Stein et al. 2015) to com-
pute these back trajectories for sampling days. The model 

was simulated for 168 h at different altitude ranges (mainly 
500–1500  m, 1500–2500  m, and 2500–4000  m) above 
ground level during the wet deposition samples and dry 
deposition sampling days, to show the origin of dust-laden 
air mass at different altitudes from different source regions. 
Also, we investigated CALIPSO (Cloud-Aerosol Lidar Infra-
red Pathfinder Satellite Observations) profiles to identify the 
presence of dust in the region (available online https:// www- 
calip so. larc. nasa. gov/) for the satellite passing over or near 
the sampling site for days before/after sampling days.

Results and discussion

Satellite images and AOD over the dust emission 
sources

Based on the AOD, satellite images, back trajectories, and 
CALIPSO profiles obtained over the Arabian Sea, sources 
of dust emissions were identified for the NEAS. Out of six-
teen wet deposition samples collected, Fig. 2a, b is typi-
cal images showing high dust intensity (activity) at or near 
to the source regions (based on high area-averaged AODs) 
for two samples (WD-1 and WD-15) collected during the 
SW Monsoon period. 7-day back trajectories (for sampling 
days) are also superimposed on AOD maps to assess possi-
ble transport of dust from the source region to our sampling 
site (also refer to Fig. S1a to S1g in supplementary material 
S1 for rest of wet deposition sample collection days). These 
AOD maps highlight high dust activity over the western Ara-
bian Sea (mainly the coastal Oman and Yemen), the Gulf of 
Aden, and the southern Red Sea (Fig. 2a). Between June and 
August, wind trajectories at 500–1500 m (Fig. 2a and Fig. 
S1a to S1g of supplementary material S1) follow the path of 
the SW monsoon winds. The major dust sources lying in the 
path of the SW monsoon winds are the Horn of Africa and 
coastal dust sources in the southern Arabian Peninsula. The 
SW monsoon wind also passes over the high AOD regions 
of the Gulf of Aden (Fig. 2a), which can receive dust from 
the Red Sea coastal deserts (Ramaswamy et al. 2017; Rojas 
et al. 2019). Trajectories at higher altitudes (>1500 m) fol-
low the path of summer Shamal winds, which pass over dust 
sources located in Syria, Iraq, and the Arabian Peninsula. 
Ramaswamy et al. (2017) have shown that the dry and dusty 
summer Shamal and the Red sea winds override the moist 
SW monsoon winds and the dust is carried toward the west 
coast of India. The presence of dust is further substantiated 
from the CALIPSO close-pass images which give the verti-
cal distribution of dust at or near to source/receptor region 
during the study period. The closest CALIPSO overpass 
observed near to sampling site (for WD-1 and WD-15) is 
given in Fig. 2c, d, respectively. The presence of dust aero-
sols is clearly visible from the aerosol distribution along the 

https://giovanni.gsfc.nasa.gov/giovanni/
http://www.arl.noaa.gov/ready/hysplit4.html
http://www.arl.noaa.gov/ready/hysplit4.html
https://www-calipso.larc.nasa.gov/
https://www-calipso.larc.nasa.gov/
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track (Fig. 2c, d), as classified by CALIPSO vertical fea-
ture mask which uses an algorithm to classify seven aerosol 
types (Vaughan et al. 2004; Winker et al. 2009). Based on 
these CALIPSO profiles, it can be inferred that majority of 
dust transport occurs at relatively higher altitudes during 
SW Monsoon period, similar to those reported by Ramas-
wamy et al. (2017). As the ITCZ retreats south in September, 
the trajectories are mostly from the northern Arabian Sea, 

which receives most of the dust from the arid landmasses 
in Iran, Afghanistan, and Pakistan (Goudie and Middleton 
2006; Rashki et al. 2019) (Fig. 2b). We also observed rela-
tively polluted dust (numbered as 5 in Fig. 2d) in WD-15 
compared to that in WD-1, as the dominant source is SW 
Asia for DS-15, which has relatively higher anthropogenic 
emissions (Kumar et al. 2020).

Fig. 2  Map shows area-averaged AOD superimposed with 7-day air 
mass back trajectories ending at the Goa on sample collection date 
for wet deposition samples. a WD-1 and b WD-15 collected at the 
beginning and end of the monsoon, respectively. In a 500-m trajec-
tory follows the Findlater jet path, whereas trajectories > 1500 follow 
the Summer Shamal path over the Arabian Peninsula. In b, the trajec-

tory is mainly from the northern Arabian Sea and over the SW Asian 
sources. CALIPSO passes near the sampling site for the sampling of 
c WD-1 and d WD-15, which shows the presence of dust (yellow is 
dust) over the Arabian Sea region. Also shown the pie chart high-
lighting relative fraction of clay minerals in dust collected
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Among 12 dust samples collected during storm events 
reported in this study, eight were (DS-1, DS-2, DS-3, DS-4, 
DS-8, DS-9, DS-10, and DS-12) backtracked to dust sources 
in SW Asia like the Sistan basin, Makran coast, Jaz Moo-
rian basin, and Indus Delta. However, preliminary sources 
for four (DS-5, DS-6, DS-7, and DS-11) samples collected 
at the study site were found to derive from the Arabian 

Peninsula. The preliminary source identification was car-
ried out using the area-averaged map and 7-day back tra-
jectory analyses, as discussed for wet deposited samples. 
Two dust collection days (for DS-2 and DS-5) AOD maps 
and back trajectories are shown in Fig. 3a, b, respectively. 
Similar AOD maps with back trajectories for other dust col-
lection days are detailed in Supplementary material (Fig. 

Fig. 3  Map shows area-averaged AOD superimposed with 7-day air 
mass back trajectories ending at the Goa on sample collection date 
for samples collected during dust storm period a DS-2 and b DS-5. 
In a, the trajectories pass over the high AOD regions of SW Asia. 
Although high AOD is observed over the Arabian Peninsula, the 
trajectories show that the dust collected during the DS-2 are mainly 

derived from SW Asia. In b, trajectories pass over the high AOD 
regions of the Arabian Peninsula, indicating the dust is from the Ara-
bian sources. CALIPSO passes near the sampling site for the sam-
pling of c DS-2 and d DS-5, which shows the presence of dust (yel-
low is dust) over the Arabian Sea region. Also shown the pie chart 
highlighting relative fraction of clay minerals in dust collected
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S2a–S2e). Unlike the wet deposition collection, where winds 
are constantly from the southwest, large variation in wind 
patterns is observed during the dry period. As discussed 
previously, western disturbances are mainly responsible for 
dust transport; the back trajectories support such transport 
from the dust emission region which is evident from high 
AOD values in the SW Asian Desert region as well as in the 
Arabian Peninsula (Fig. 3a, b). The transport of dust during 
the dry period is also via high-altitude layers as seen from 
the CALIPSO profiles shown in Fig. 3c, d. The CALIPSO 
profile passing through the sampling site (Goa) for DS-2 
and DS-5 clearly shows yellow (representing pure dust) and 
a mix of yellow and brown (representing polluted dust) in 
respective vertical profiles. These observations highlight 
the role and importance of high-altitude long-range trans-
port of aeolian dust which can impact remote pristine ocean 
ecosystem.

Dust deposition fluxes during the wet and dry 
period

The wet deposition fluxes show large variation during SW 
monsoon with values ranging from 63 to 949 mg  m−2  day−1 
(Table 1) and an average of 293 ± 244 mg  m−2  day−1. The 
wet deposition flux is mainly due to the scavenging of the 
dust particles in the atmosphere by precipitation. This pro-
cess is one of the dominant removal processes during the 
SW monsoon season in this region (the Indian sub-con-
tinent). An increasing trend in flux values was observed, 
from the beginning of the monsoon (in June, the average is 
266 ± 163 mg  m−2  day−1) to the middle of monsoon (during 
July and August average is 393 ± 293 mg  m−2  day−1). Sub-
sequently, it decreases at the end of the monsoon period (in 
September, the average is 95 ± 32 mg  m−2  day−1) which can 
be attributed to the reduced rainfall at the end of the mon-
soon as well as the change in the wind systems that supply 
dust to the Eastern Arabian Sea such as the Summer Shamal 
and Red Sea winds (Yu et al. 2016; Rashki et al. 2019).

In the dry season (from October to May), dust storms 
over the Middle-east and SW Asia are the major contributor 
of dust which reaches the sampling site (Goa; Aswini et al. 
2020; Kumar et al. 2020). In this study, out of the twelve 
dust storms that impacted the NEAS, five dust storms were 
during the winter months (October–March) and seven were 
during the summer season (May to June). The dry deposition 
fluxes during the dust storm period show a large variation, 
ranging from 60 to 132 mg  m−2  day−1. The average flux 
of mineral dust during the winter and summer months is 
102 mg  m−2  day−1 and 91 mg  m−2  day−1, respectively, with 
total dust dry deposition of 1147 mg  m−2 during the twelve 
dust storm events to the NEAS. The dust flux during the dry 
deposition period is mainly due to the gravity settling, and 
the large variation in this flux may be attributed to dust storm 

intensity at the source region and associated wind pattern 
over the Arabian Sea. During summer months, the majority 
of dust sources were backtracked to the Arabian Peninsula, 
and estimated dry deposition flux from this source was aver-
aged at 108 ± 8 mg  m−2  day−1. In contrast with this, dust 
sources backtracked to the SW Asia (during summer and 
winter) were found to be relatively lower with an average of 
86 ± 28 mg  m−2  day−1. This indicates the dominant role of 
the Arabian Peninsula in providing dust to the Arabian Sea 
during dry months, which have been highlighted by previous 
studies (Tindale and Pease 1999; Kumar et al. 2008; 2012).

Although the wet deposition flux represents a single-
year data, it is evident that the wet deposition fluxes are 
much higher (more than 4 times) than dry deposition fluxes 
over the NEAS. To get a global perspective of the daily 
dust deposition fluxes, we compared our data with the dust 
fluxes reported at different locations, viz. the coastal sta-
tions of UAE (Hamza et al. 2011), which is near the dust 
source region and a remote location of Kerguelen Island in 
the Southern Ocean (Heimburger et al. 2013). The average 
dust flux in the UAE was reported to be 6380 g  m−2  day−1, 
in comparison with 209 mg  m−2  day−1 (total dust flux) in 
the NEAS, whereas the dust flux in the Kerguelen Island is 
0.66 mg  m−2  day−1. The dust flux in the NEAS is very less 
compared with the UAE (which is one of the major dust 
source regions), as the dust sources in the region are located 
far away from the sampling location. Kerguelen Island which 
is a remote location has very lower dust flux. The settling of 
the dust and the wind speed during long-range transporta-
tion plays a major role in controlling dust flux in the NEAS.

Clay mineralogical characterization of wet 
deposited aeolian dust

The relative clay mineral percentages for the wet deposi-
tion samples collected between June and August (WD-1 and 
13) are dominated by smectite (15–56%), followed by illite 
(11–29%) and palygorskite (8–37%) (Fig. 4a). Palygorskite 
and smectite were absent in the samples collected during 
September (except WD-14 which contains 16 and 13% of 
smectite and palygorskite, respectively), which is domi-
nated by illite (44–53%) and chlorite (28–29%). Kaolin-
ite and chlorite show negligible variations in relative clay 
mineral abundance throughout the monsoon, except the last 
two samples collected during September, where kaolinite 
and chlorite are more than 20%. Illite/kaolinite ratio varied 
between 0.8 and 2.2 from June to August, and in September, 
the ratio increases from 2.2 to 4.5. Palygorskite/illite ratio 
for the samples varied from 0.3 to 2.4.

The presence of illite and palygorskite with an average 
of 19 and 24 %, respectively, indicates mineral dust con-
tribution from the Arabian Peninsula. Several studies on 
the Arabian Sea sediments show that the palygorskite is 
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mainly contributed by the dust from the Arabian Peninsula 
(Debrabant et al. 1991). We find a palygorskite/illite ratio 
of 0.6–2.4, which is similar to that found in the Arabian 
Sea sediments off the Yemen-Oman region (Debrabant et al. 
1991; Sirocko and Lange 1991). The high smectite content 
of the wet deposition samples is due to the contribution 
of dust from the NE African sources, which has abundant 
smectite in the volcanic regions of African Rift Valley’s Afar 
triangle and other coastal plains of northeast Africa (Rojas 
et al. 2019; Sirocko and Lange 1991). The high smectite 
content of the sample WD-8 is due to the dust emitted from 
the NE African sources during the preceding days of the 
sampling, which is evident from the AOD and back trajecto-
ries (Fig. S1d of supplementary material S1). In September, 
the dust is dominated by high illite (44–53 %) and chlorite 

(17–29 %) with smectite and palygorskite are absent, thus 
signifying the change in the dust source region at the end of 
the SW monsoon period.

High AOD and back trajectories from June to August over 
this region indicate the transport of dust from NE Africa and 
the Arabian Peninsula toward NEAS (Fig. 2a). From June to 
September three major wind systems, (i) the SW monsoon 
flows toward the Indian sub-continent through the NE Africa 
(Fig. 1), (ii) summer Shamal winds from the Mediterranean 
Sea flow through the dust source regions of Tigris-Euphrates 
floodplains (Syria, Iraq and Kuwait), Ad Dahna and into 
the Rub Al Khali, picks dust, and flows toward the Arabian 
Sea (Yu et al. 2016), and (iii) the Red Sea wind blows along 
with the coastal dust sources of the Red Sea. The dust to 
the eastern Arabian Sea during the SW monsoon is mainly 

Fig. 4  Relative clay mineral 
percentages of a wet deposi-
tion dust samples and b aerosol 
samples collected during dust 
storms
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carried at 2–5 km altitude, by the dusty continental winds 
like Summer Shamal and the Red Sea winds riding above 
the humid SW monsoon winds (Ramaswamy et al. 2017; 
Suresh et al. 2021).

Clay mineralogical characterization of dry deposited 
aeolian dust

Out of the 12 dust sample collection (DS-1, DS-2, DS-3, 
DS-8, DS-9, and DS-12), six have relatively abundant illite 
(35–49 %), chlorite (15–37 %), with moderate kaolinite 
(12–23 %), smectite (9–23 %), and no traces of palygorskite 
(Fig. 4b). Illite-to-kaolinite ratios for these samples collected 
during dust storm range from 1.8 to 3.2. DS-10 contains 
illite close to 62 % and chlorite 22%. Smectite and kaolinite 
make 8% each, and palygorskite is absent. Illite/kaolinite 
ratio for this dust storm sample is 7.5. Five dust samples 
(DS-4, DS-5, DS-6, DS-7, and DS-11) contain palygorskite 
(11–45 %) with moderate illite (17–32 %) and chlorite (6–32 
%). Illite/kaolinite and palygorskite/illite ratio for these sam-
ples range from 1 to 1.9 and 1.3 to 2.5 (excluding DS-4), 
respectively. In the dry season (from October to May), the 
dust storm events are the major contributor of dust, as many 
dust plumes that originate from the Middle-east and SW 
Asia reach the NEAS (Kumar et al. 2020). Out of the twelve 
dust storms that reached the NEAS, five dust storms were 
during the winter months (October-March) and seven were 
during the summer months (May to June).

Unlike the wet deposition samples collected during the 
SW monsoon period, the clay mineralogy of the twelve dry 
deposition samples is significantly different and varied with 
each dust storm. Dust samples sourced from SW Asia (DS-1, 
DS-2, DS-3, DS-8, DS-9, and DS-12) have high illite (35–49 
%), chlorite (15–37 %), low kaolinite (12–23 %), and smec-
tite (9–23 %), with the absence of palygorskite. Illite-to-
kaolinite ratios of 1.8–3.2 are similar to the sediments off 
the Makran coast, indicating similar clay mineralogy of SW 
Asian source (Sirocko and Lange 1991). Back trajectories 
and AOD for preceding days of sample collection indicate 
that sources of dust emissions were from any of the source 
areas like the Sistan basin, Jaz Murian basin, Makran coast, 
and other endorheic basins of SW Asia. Dust sample (DS-
10) is mainly derived from the Indus Delta flood plains 
which is evident from very high illite (62 %) and chlorite 
content. Illite/kaolinite ratio for this dust storm sample is 
7.5, which is similar to those reported for the Indus sedi-
ments (Alizai et al. 2012). Dust samples (DS-5, 6, 7, and 11), 
which were found to be originated from the Arabian Penin-
sula, have a higher abundance of palygorskite (25–45%) with 
moderate illite (17–20%) and chlorite (6–24 %). Palygor-
skite-to-illite ratio was found to be in the range of 1.3–2.5, 
which is similar to those reported for the sediments off the 
Arabian Peninsula (Sirocko and Lange 1991). Dust sample 

DS-4 shows a mixed signature of the Arabian Peninsula and 
SW Asian sources. This sample contains minor palygorskite 
(11%), moderate illite (32 %), chlorite (32 %), and very low 
smectite with an illite/kaolinite ratio of 1.9. A careful study 
of the AOD map (Fig S2b in Supplementary material S1) 
indicates two dust outbreaks on February 4, 2013, in the 
coastal Oman region (Arabian Peninsula) as well as the 
Helmand basin in the SW Asian Desert region. 7-day back 
trajectories reaching the sampling site were found to traverse 
through these regions (Fig. S2b), possibly picking up dust 
from both outbreaks; thus, a mixed signature of both sources 
was observed. Based on satellite images and clay composi-
tion, seven were found to derive from SW Asian sources, 
four were from the Arabian Peninsula, and one was found 
to be a mixture of both regions.

Seasonal variation in dust characteristics 
over the NEAS

Seasonal variations in the dust to the northeastern Arabian 
Sea are due to the change in the wind systems responsible 
for the transportation of mineral dust from the sources. The 
wind systems during the SW monsoon (June–September) 
are consistent and blow with high speeds over the same dust 
sources for an extended period. Hence, the clay mineralogy 
of wet deposition samples of June to August does not show 
any significant variations, and the wet deposition flux dur-
ing this period is also high. At the end of the SW monsoon 
(September), there is a significant change from high to low 
deposition flux. Also, the clay mineral composition changes 
from palygorskite and smectite dominated (June to August) 
to illite and chlorite dominated samples indicating the sig-
nificant impact of SW Asian source (Fig. 4a note end of 
monsoon samples). By this time, the summer Shamal winds 
have seized (Yu et al. 2016), and the ITCZ starts migrat-
ing south; dust activity in the endorheic basins of SW Asia 
continues till September due to the persistent Levar winds 
(Alizadeh-Choobari et al. 2014; Rashki et al. 2019). The 
back trajectories show the flow of air mass from SW Asia 
toward the eastern Arabian Sea (Fig. 2b) for the samples 
collected during September, suggesting the change in the 
source which is responsible for the change in the mineralogi-
cal characteristics of dust at the end of the monsoon. On the 
other hand, the dust storm samples collected during the dry 
period are episodic and no significant temporal variability 
in characteristic mineralogical composition was observed. 
The clay mineralogy of these dust samples varies consider-
ably depending on the passage of the winter Shamal over 
different source regions, favorable wind pattern as well as 
dust emission intensity in the source region.

Both wet and dry deposition samples of Arabian Pen-
insula origin show the presence of palygorskite; however, 
wet deposition samples collected from June to August have 
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moderate to abundant smectite. In contrast, the dust samples 
collected during the dry period show distinctly lower smec-
tite compared to wet deposition samples collected from June 
to August. This difference in the smectite percentage is due 
to the dust contribution from the active sources of north-
eastern Africa during the SW monsoon (Ramaswamy et al. 
2017). We used a ternary plot (composed of palygorskite, 
illite, and smectite) to further assess the relative contribution 
from different sources (Fig. 5). Overall, 3 different clusters 
were observed: (1) High palygorskite with moderate smec-
tite and minor illite content which highlight the dominant 
Arabian Peninsula source; (2) High smectite with moderate 
palygorskite and minor illite content representing dominant 
NE African source; (3) High illite with negligible palygor-
skite and smectite content representing dominant SW Asian 
sources. In this diagram, most of the wet deposited samples 
(WDS) were found to fall in the 2nd cluster which has rela-
tively high smectite with moderate palygorskite content and 
indicates the dominance of the NE African source contribu-
tion. However, few samples were observed in the 1st cluster 
having higher palygorskite content indicating the signifi-
cant contribution from the Arabian Peninsula end member. 
Interestingly, there was no significant contribution observed 
from SW Asia as insignificant illite content was found for 
the majority of WDS samples except WD-14, 15, and 16 
which were collected at the end of the monsoon period (in 
September). This inference from the ternary diagram cor-
roborates with those preliminary observations from the AOD 
maps, 7-day back trajectory analyses, as well as CALIPSO 

that passes during the SW monsoon months. In the case of 
samples collected during dry months, the majority of them 
were falling in the clusters defined by the Arabian Penin-
sula and SW Asian sources. It is important to highlight here 
that most of the dust samples (in dry period) were collected 
during the summer season (March–June) and around 50 % 
(DS-5, 6, 7, 11) of them were found to fall in the Arabian 
Peninsula cluster with relatively higher palygorskite content 
(Fig. 5). One sample DS-4, which was collected in the win-
ter month, has relatively lower palygorskite and high illite 
content suggesting a mixed contribution from the SWA and 
Arabian Peninsula sources. However, the rest of the samples 
collected in the winter months (DS-3 and DS-10) as well as 
in summer (DS-1, 2, 8, 9, 12) have a dominant contribution 
from the SW Asian sources evident from the high illite con-
tent with negligible palygorskite and smectite content. This 
interpretation of significant contribution from the SWA and 
Arabian sources during the dry period is also supported by 
satellite images/data and back trajectory analyses discussed 
in previous sections.

Based on this ternary plot as well as the remote sensing 
data, overall significant sources contributing to dust over the 
Arabian Sea and their season variability in the mineralogical 
composition are as follows: (1) Arabian Peninsula contribut-
ing during the wet and dry period; (2) the NE Africa which 
is significant during the SW monsoon months only; and (3) 
The SW Asian sources which contribute during summer and 
winter month during the dry period as well as at the end of 
monsoon. These results corroborate with those discussed in 

Fig. 5  Ternary diagram show-
ing clay mineral composition 
indicating the Arabian, mixed 
Arabian–NE African, SW 
Asian, and mixed Arabian–SW 
Asian sources



 International Journal of Environmental Science and Technology

1 3

previous publication wherein radiogenic isotopic (Sr–Nd) 
composition has been used to identify sources of Aeolian 
dust over the Arabian Sea (Kumar et al. 2020; Suresh et al. 
2021). It is important to mention that the temporal variabil-
ity during the SW monsoon months as well as source attri-
bution in the dry and wet periods, reported here, is based 
on one-year data (during the SW monsoon) as well as few 
dust events (during the dry period). The robustness of this 
temporal variability and dust source contribution to the Ara-
bian Sea can be further ascertained by analyzing long-term 
(4–5 years) geochemical proxies of mineral dust at coastal 
locations over the NEAS.

Conclusion and implications

This study reports quantification of dust fluxes during wet 
and dry period over the NEAS, their clay mineralogical com-
position, and its seasonal variation. The following are the 
major outcome from this study:

1. Wet deposition fluxes were found to be significantly 
higher than dry deposition fluxes estimated during the 
dust storm period at this study site.

2. Large variability in deposition fluxes was observed for 
the dry and wet periods and had been attributed to the 
favorable meteorological condition as well as dust emis-
sion intensity at the source region.

3. The wet deposition fluxes were found to show an increas-
ing trend from the beginning of monsoon (June) till mid 
of monsoon (July–August) and subsequently found to 
decline at the end of the monsoon (in September).

4. There was no significant temporal variability observed 
for the dry period; however, higher fluxes were found 
for those samples collected in dust storm events over the 
Arabian Peninsula as compared to those derived from 
the SW Asian desert region.

5. AOD maps, 7-day back trajectories, as well as CALIPSO 
images, were used for preliminary identification of dust 
emission source regions as well as their transport to the 
sampling site via the Arabian Sea during the wet and dry 
period.

6. The clay mineral composition displays significant dif-
ferences for wet and dry deposited aeolian dust. Those 
deposited during SW monsoon have high palygorskite 
and smectite, with moderate illite content; however, dry 
deposited dust is mainly characterized by high illite and 
chlorite content. Palygorskite was also found in some of 
the dry deposited samples. These seasonal variations in 
mineral content point to change in dust emission sources 
over the Arabian Sea.

7. Using clay mineral composition and their ratio, an 
attempt has been made to identify sources of mineral 

dust. Arabian Peninsula and northeast Africa were found 
to contribute significantly during the SW monsoon (wet 
period); however, southwest Asia and Arabian Peninsula 
were major sources during the dry season. These source 
identifications were corroborated with satellite retrieval 
and back trajectory analyses.

The clay mineral composition reported in this study has 
been used as a robust proxy to understand paleo-monsoon as 
well as modern and paleo-dust circulation. This study will 
provide very significant information on the composition of 
clay minerals in the aeolian dust, which will further help in 
assessing relative contribution from fluvial vis-à-vis aeolian 
fluxes to the Arabian Sea. In addition, the clay composi-
tion of dust is critical in assessing the radiative impact due 
to mineral dust, as varying clay minerals have a different 
refractive index. Thus, the reported dataset on clay miner-
als can be used in Earth’s radiative budget models as well 
as biogeochemical models for the projection of processes 
linked with future climate change.
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A B S T R A C T   

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 paly-
gorskite 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/86Sr (0.7090–0.7193) and εNd (− 2.3 to − 9.1) isotopic compositions 
wherein less radiogenic 87Sr/86Sr and relatively more positive εNd 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.   

1. Introduction 

Long-range transport of atmospheric mineral dust and their deposi-
tion 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 (NIO), Arabian Penin-
sula (ARB) and Southwest Asia (SWA) are considered as major dust 
sources (Pease et al., 1998; Goudie and Middleton, 2006; Kumar et al., 
2008; Badarinath 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 
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Legrand, 2003; El-Askary, 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 Mtyr− 1) (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 trans-
ported 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 m− 2 yr− 1. This flux is comparable or rela-
tively 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 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 biogeo-
chemical 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., 2014; Kumar et al., 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 miner-
alogy, 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. Dis-
cussion 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. 

2. 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 
McCreary, 2001). 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 
(Rashki et al., 2019), 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 
MΩ cm) plastic trays during the study period. Rainwater was collected 
for 12–24 h, 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 μm pore size. The filtered WDP was allowed to dry (at room tem-
perature) to remove water content, and subsequently used for process-
ing 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 poly-
carbonate filters (during filtration), to which H2O2 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 miner-
alogy were done using Rigaku® Ultima IV XRD with Cu Kα radiation at 
40 kV and 20 mA between 3◦ - 30◦ 2Ɵ at 0.02◦ 2Ɵ/s. Semi-quantitative 
determination of mineral percentages was focused mainly on the clay 
minerals present in the samples. Illite, 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 fac-
tors 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 
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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 h and subsequently allowed to dryness. The HF-HNO3 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 HNO3 and stored in acid pre-cleaned poly-
propylene 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. 103Rh was used as an internal 
standard for performing the analysis. 

In the silicate fractions of the WDP, pure form of Sr and Nd were 

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). 

Table 1 
Sample name, date of collection, 87Sr/86Sr, 143Nd/144Nd and εNd values, as well as relative percentages (%) of smectite (S), palygorskite (P), illite (I), chrorite (C) and 
kaolinite (K)).  

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

WDP-1 7–10 June 2013 0.713105 13 0.512270 6 − 7.2 16 37 28 19 NDa 

WDP-2 11-12 June 2013 0.711142 11 0.512342 5 − 5.8 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 − 4.4 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 − 5.5 23 28 23 13 13 
WDP-7 12–13 July 2013 0.711285 18 0.512415 5 − 4.3 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 − 4.6 20 22 25 18 15 
WDP-12 12–13 Aug 2013 0.712749 17 0.512377 9 − 5.1 22 18 29 14 18 
WDP-13 17–18 Aug 2013 0.711383 2 0.512396 8 − 4.7 30 20 15 13 22 
WDP-14 10–11 Sep 2013 0.712616 9 0.512172 12 − 9.1 16 13 44 10 17 
WDP-15 19–20 Sep 2013 0.719377 15 0.512178 6 − 9.0 ND ND 50 22 28 
WDP-16 28–30 Sep 2013 0.714931 12 0.512234 6 − 7.9 ND ND 53 18 29  

a ND: not detected. 
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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 1 M ammonium acetate–acetic acid buffer solution at pH = 5 to 
remove the carbonate content. Subsequently, the samples were repeat-
edly washed with MQ water and then digested the silicate fractions 
completely using supra-pure conc. HF-HNO3 acid mixture in PFA vials. 
Using the BioRad AG 50 W-X8, (200–400 mesh) resin, Sr and REEs were 
separated. Eichrome ® LN resin (50–100 μm) 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 III), at National Institute of Oceanography, Goa. The 
obtained isotopic ratios were corrected for the instrumental mass frac-
tionation by normalizing the Sr and Nd isotopic data with 86Sr/88Sr (=
0.1194) and 146Nd/144Nd (= 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/86Sr 
ratio of standard SRM 987 during these measurements was 0.710247 ±

0.000021 (2σ, n = 22) and 143Nd/144Nd for Jndi1 standard solution was 
0.512095 ± 0.000016 (2σ, 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 
143Nd/144Nd of the Chondrite Uniform Reservoir (CHUR) ratio of 
0.512638 (Jacobsen and Wasserburg, 1980) in parts per 10,000, defined 
as εNd = [((143Nd/144Nd)Sample/(143Nd/144Nd)CHUR)) - 1] × 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) 
500-1500 m (lower altitudes), (ii) 1500-3000 m (mid altitude), and (iii) 

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 
(500-1500 m), whereas the trajectories of higher altitude (>1500 m) 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. 

K. Suresh et al.                                                                                                                                                                                                                                  



Atmospheric Research 250 (2021) 105377

5

3000-4500 m (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 Observa-
tions) 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 (AI) map for three wet deposition collection (WDP-1, 10, and 15) 
are shown in Fig. 2 (BT and AI 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 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 tra-
jectories (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 (AI) for all sampling days was examined over the 
different dust source regions, which complement our preliminary 
identification procedure. We observed high AI 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 AI 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 exam-
ined during the study period, along with AI. 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 (Supple-
mentary 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 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 sam-
ples, 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 pe-
riods. 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 Tables 1 and 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 ele-
ments 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 (r2 =

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 re-
gions (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. 

3.4. Sr-Nd isotopic compositions 

87Sr/86Sr ratios and εNd values of the silicate fraction of the dust 
measured are presented in Table 1. The 87Sr/86Sr ratios of WDP range 
from 0.7091 to 0.7193 during the study period. Relatively highly 
radiogenic 87Sr/86Sr 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). εNd 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 εNd is found in BM (average = − 6.0) 
and EM samples (average = − 8.6). The εNd values show an opposite 
trend to that of the 87Sr/86Sr ratios throughout the study period (Fig. 4c). 
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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 mineral-
ogical ratios viz. illite/kaolinite (I/K), kaolinite/chlorite (K/C), and 
palygorskite/illite (P/I) (Supplementary Material S2; Table-ST-1) to 
characterize long-range transported dust (Kumar et al., 2020). An in-
crease 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 re-
ported 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/I 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/I = 0.3). Palygorskite minerals are commonly found in sab-
kha (supratidal, forming along arid coastlines that are characterized 
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/I 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 

Table 2 
The concentrations of major elements and REEs of the wet deposited dust samples collected during the SW monsoon of 2013.  

Sample 
name 

WDP- 
1 

WDP- 
2 

WDP- 
3 

WDP- 
4 

WDP- 
5 

WDP- 
6 

WDP- 
7 

WDP- 
8 

WDP- 
9 

WDP- 
10 

WDP- 
11 

WDP- 
12 

WDP- 
13 

WDP- 
14 

WDP- 
15 

WDP- 
16 

% 
Al 6.0 3.9 5.8 6.3 6.6 7.4 7.5 6.5 5.5 6.1 5.6 4.1 6.2 5.1 7.5 5.9 
Fe 4.2 3.8 4.2 5.0 5.0 5.2 5.2 5.1 4.0 4.9 4.2 3.3 4.1 5.5 4.9 4.0 
Ca 0.5 5.4 0.6 1.7 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 2.5 3.1 2.7 3.0 2.7 2.0 2.0 3.0 2.2 1.8 2.0 1.4 2.3 2.5 
Ti 0.4 0.4 0.4 0.6 0.5 0.6 0.6 0.5 0.5 0.5 0.5 0.3 0.5 0.5 0.5 0.4  

ppm 
La 28.2 21.6 24.2 24.8 27.8 30.9 31.3 25.3 24.5 23.3 24.7 24.4 25.1 24.6 37.1 24.7 
Ce 63.4 47.3 53.0 52.9 61.9 67.8 71.0 57.4 56.4 54.3 58.0 51.7 54.2 52.2 72.9 52.8 
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 25.3 20.7 21.5 23.2 26.6 28.8 28.8 26.0 23.6 24.5 23.9 22.0 23.0 23.1 30.3 22.2 
Sm 4.9 4.1 4.3 4.7 5.3 5.6 5.7 5.4 4.8 5.0 4.7 4.2 4.5 4.5 5.9 4.4 
Eu 1.1 1.0 0.9 1.1 1.2 1.2 1.3 1.3 1.1 1.2 1.1 1.0 1.0 1.1 1.2 0.9 
Gd 4.4 3.7 3.7 4.3 4.7 5.0 5.2 5.0 4.3 4.5 4.3 3.9 3.9 4.1 5.1 3.9 
Tb 0.6 0.5 0.5 0.6 0.7 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 4.2 4.4 4.2 3.7 3.8 3.6 3.3 3.3 3.5 4.2 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 1.7 1.7 2.0 2.2 2.3 2.4 2.3 2.0 2.1 2.0 1.8 1.9 2.0 2.3 1.8 
Tm 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 1.5 1.6 1.8 2.0 2.2 2.2 2.1 1.9 1.9 1.9 1.7 1.8 1.8 2.2 1.7 
Lu 0.3 0.2 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 0.2  

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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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/Ybn 
ratio and Eu/Eu* anomaly displayed in Fig. 4b. 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 

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) 
87Sr/86Sr and εNd for the samples collected during the SW monsoon period of 2013 at our sampling location in Goa. 
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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 pro-
cesses, 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 ma-
terial 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 indi-
cating inherent similarity in Eu anomaly of dust samples. 

Temporal variation in the Sr-Nd isotopic composition shows the least 
radiogenic 87Sr/86Sr (average: 0.7112 ± 0.0011) and highly radiogenic 
εNd (average: − 4.3 ± 0.9) during MM (Table 1). In contrast, relatively 
high radiogenic 87Sr/86Sr is found for BM (average: 0.7118 ± 0.0012) 
and EM (average: 0.7156 ± 0.0034) samples. Similarly, εNd 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/86Sr = 0.709–0.714 and εNd = − 7.8 to 
− 6.0) reported by Kumar et al. (2020) and Sirocko (1995). These sam-
ples also have high Palygorskite content supporting their origin from 
ARB. The characteristic isotopic composition of MM samples shows 
relatively large variability in εNd values, with highly radiogenic εNd 
(− 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 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 εNd values (0 to +10) and relatively low 87Sr/86Sr 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 
87Sr/86Sr (value goes up to 0.7194) and relatively lower εNd values 
(− 9.1). The isotopic signature for EM samples compare with those dust 
derived from the SWA region (87Sr/86Sr = 0.714–0.720 and εNd = − 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 (Grousset and Biscaye, 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; Ayalew et al., 2018; Kumar et al., 2020) are sum-
marized in Table 3. Samples collected at the BM (WDP-1, 2, and 3) show 
highly radiogenic 87Sr/86Sr and less radiogenic εNd, which are found to 
cluster in the ARB field. These compositions found in the range of iso-
topic composition of aerosol sourced from the dust storms over the ARB 
(87Sr/86Sr = 0.7175; εNd = − 7.5) reported by Kumar et al. (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 and Lange, 
1991; Sirocko et al., 1991), without ambiguity. However, relatively 
lower palygorskite content is found for WDP-4, with simultaneous in-
crease 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 in-
ferences 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 εNd associated with a small decrease in 
87Sr/86Sr and tend to plot towards the NEA source. In addition, we 
observed high smectite followed by palygorskite content, which in-
dicates the increased contribution from the NEA sources (Sirocko and 
Lange, 1991; Sirocko et al., 1991; Rojas et al., 2019). Similarly high 
smectite is found for few MM samples, which is identified to be domi-
nantly 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 
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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 εNd (WDP-8 and 10). 

WDP samples (WDP-14, 15 and 16) collected in September 2013 
exhibit relatively highly radiogenic 87Sr/86Sr (average 87Sr/86Sr =
0.7156) and relatively less radiogenic εNd (average εNd = − 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, sug-
gesting a decreased and/or negligible contribution from ARB source. In 
addition, we found a high abundance of illite and chlorite, a charac-
teristic 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 compo-
sition 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 paly-
gorskite and smectite abundance suggesting variation in dust sources 
impacting the NEAS during SW Monsoon. High palygorskite and mod-
erate smectite are found in BM and the majority of MM samples. How-
ever, few MM samples show high smectite and 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. 

Fig. 5. Nd vs. Sr isotopic compositions of the WDP samples plotted along with potential source region isotopic fields inferred from the literature data (see text and 
Table 3 for detail). Mixing line between ARB and NEA, SWA, Thar Desert are also shown. The ticks on each mixing line correspond to relative contribution of Arabian 
Peninsula end-member to the mixture. 

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 87Sr/86Sr St.dev Sr (ppm) εNd 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 Ayalew et al. (2018)  
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In addition to clay mineralogy and REEs pattern, we assessed var-
aiation in radiogenic istotopic (Sr and Nd) composition for wet depos-
ited dust and a significant temporal variation is observed for isotopic 
ratios with less radiogenic 87Sr/86Sr and relatively more radiogenic εNd 
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 composi-
tion at the receptor region. We further attempted to assess the relative 
contribution from different sources using endmember mixing calcula-
tions 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 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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Major impact of dust deposition on the productivity of the Arabian Sea. Geophys. 
Res. Lett. 46 (12), 6736–6744. 

Haywood, J., Francis, P., Osborne, S., Glew, M., Loeb, N., Highwood, E., Hirst, E., 2003. 
Radiative properties and direct radiative effect of Saharan dust measured by the C- 
130 aircraft during SHADE: 1. Solar spectrum. J. Geophys. Res.-Atmos. 108 (D18). 

Honjo, S., Dymond, J., Prell, W., Ittekkot, V., 1999. Monsoon-controlled export fluxes to 
the interior of the Arabian Sea. Deep-Sea Res. II Top. Stud. Oceanogr. 46 (8–9), 
1859–1902. 

Jacobsen, S.B., Wasserburg, G.J., 1980. Sm-Nd isotopic systematics of chondrites and 
achondrites. Meteoritics 15, 307. 

Jickells, T.D., An, Z.S., Andersen, K.K., Baker, A.R., Bergametti, G., Brooks, N., 
Kawahata, H, 2005. Global iron connections between desert dust, ocean 
biogeochemistry, and climate. Science 308 (5718), 67–71. 

Kedia, S., Kumar, R., Islam, S., Sathe, Y., Kaginalkar, A., 2018. Radiative impact of a 
heavy dust storm over India and surrounding oceanic regions. Atmos. Environ. 185, 
109–120. 

K. Suresh et al.                                                                                                                                                                                                                                  

http://www.ready/noaa.gov
https://doi.org/10.1016/j.atmosres.2020.105377
https://doi.org/10.1016/j.atmosres.2020.105377
http://refhub.elsevier.com/S0169-8095(20)31314-4/rf0005
http://refhub.elsevier.com/S0169-8095(20)31314-4/rf0005
http://refhub.elsevier.com/S0169-8095(20)31314-4/rf0005
http://refhub.elsevier.com/S0169-8095(20)31314-4/rf0005
http://refhub.elsevier.com/S0169-8095(20)31314-4/rf0010
http://refhub.elsevier.com/S0169-8095(20)31314-4/rf0010
https://doi.org/10.1007/s12517-016-2741-y
http://refhub.elsevier.com/S0169-8095(20)31314-4/rf0020
http://refhub.elsevier.com/S0169-8095(20)31314-4/rf0020
http://refhub.elsevier.com/S0169-8095(20)31314-4/rf0025
http://refhub.elsevier.com/S0169-8095(20)31314-4/rf0025
http://refhub.elsevier.com/S0169-8095(20)31314-4/rf0025
http://refhub.elsevier.com/S0169-8095(20)31314-4/rf0030
http://refhub.elsevier.com/S0169-8095(20)31314-4/rf0030
http://refhub.elsevier.com/S0169-8095(20)31314-4/rf0030
http://refhub.elsevier.com/S0169-8095(20)31314-4/rf0035
http://refhub.elsevier.com/S0169-8095(20)31314-4/rf0035
http://refhub.elsevier.com/S0169-8095(20)31314-4/rf0035
http://refhub.elsevier.com/S0169-8095(20)31314-4/rf0035
http://refhub.elsevier.com/S0169-8095(20)31314-4/rf0040
http://refhub.elsevier.com/S0169-8095(20)31314-4/rf0040
http://refhub.elsevier.com/S0169-8095(20)31314-4/rf0040
http://refhub.elsevier.com/S0169-8095(20)31314-4/rf0045
http://refhub.elsevier.com/S0169-8095(20)31314-4/rf0045
http://refhub.elsevier.com/S0169-8095(20)31314-4/rf0045
http://refhub.elsevier.com/S0169-8095(20)31314-4/rf0045
http://refhub.elsevier.com/S0169-8095(20)31314-4/rf0050
http://refhub.elsevier.com/S0169-8095(20)31314-4/rf0050
http://refhub.elsevier.com/S0169-8095(20)31314-4/rf0050
http://refhub.elsevier.com/S0169-8095(20)31314-4/rf0055
http://refhub.elsevier.com/S0169-8095(20)31314-4/rf0055
http://refhub.elsevier.com/S0169-8095(20)31314-4/rf0055
http://refhub.elsevier.com/S0169-8095(20)31314-4/rf0060
http://refhub.elsevier.com/S0169-8095(20)31314-4/rf0060
http://refhub.elsevier.com/S0169-8095(20)31314-4/rf0065
http://refhub.elsevier.com/S0169-8095(20)31314-4/rf0065
http://refhub.elsevier.com/S0169-8095(20)31314-4/rf0065
http://refhub.elsevier.com/S0169-8095(20)31314-4/rf0070
http://refhub.elsevier.com/S0169-8095(20)31314-4/rf0070
http://refhub.elsevier.com/S0169-8095(20)31314-4/rf0070
http://refhub.elsevier.com/S0169-8095(20)31314-4/rf0070
http://refhub.elsevier.com/S0169-8095(20)31314-4/rf0075
http://refhub.elsevier.com/S0169-8095(20)31314-4/rf0075
http://refhub.elsevier.com/S0169-8095(20)31314-4/rf0075
http://refhub.elsevier.com/S0169-8095(20)31314-4/rf0080
http://refhub.elsevier.com/S0169-8095(20)31314-4/rf0080
http://refhub.elsevier.com/S0169-8095(20)31314-4/rf0080
http://refhub.elsevier.com/S0169-8095(20)31314-4/rf0085
http://refhub.elsevier.com/S0169-8095(20)31314-4/rf0085
http://refhub.elsevier.com/S0169-8095(20)31314-4/rf0090
http://refhub.elsevier.com/S0169-8095(20)31314-4/rf0090
http://refhub.elsevier.com/S0169-8095(20)31314-4/rf0095
http://refhub.elsevier.com/S0169-8095(20)31314-4/rf0095
http://refhub.elsevier.com/S0169-8095(20)31314-4/rf0095
http://refhub.elsevier.com/S0169-8095(20)31314-4/rf0095
http://refhub.elsevier.com/S0169-8095(20)31314-4/rf0100
http://refhub.elsevier.com/S0169-8095(20)31314-4/rf0100
http://refhub.elsevier.com/S0169-8095(20)31314-4/rf0105
http://refhub.elsevier.com/S0169-8095(20)31314-4/rf0105
http://refhub.elsevier.com/S0169-8095(20)31314-4/rf0105
http://refhub.elsevier.com/S0169-8095(20)31314-4/rf0110
http://refhub.elsevier.com/S0169-8095(20)31314-4/rf0110
http://refhub.elsevier.com/S0169-8095(20)31314-4/rf0115
http://refhub.elsevier.com/S0169-8095(20)31314-4/rf0115
http://refhub.elsevier.com/S0169-8095(20)31314-4/rf0120
http://refhub.elsevier.com/S0169-8095(20)31314-4/rf0120
http://refhub.elsevier.com/S0169-8095(20)31314-4/rf0120
http://refhub.elsevier.com/S0169-8095(20)31314-4/rf0125
http://refhub.elsevier.com/S0169-8095(20)31314-4/rf0125
http://refhub.elsevier.com/S0169-8095(20)31314-4/rf0125
http://refhub.elsevier.com/S0169-8095(20)31314-4/rf0130
http://refhub.elsevier.com/S0169-8095(20)31314-4/rf0130
http://refhub.elsevier.com/S0169-8095(20)31314-4/rf0130
http://refhub.elsevier.com/S0169-8095(20)31314-4/rf0135
http://refhub.elsevier.com/S0169-8095(20)31314-4/rf0135
http://refhub.elsevier.com/S0169-8095(20)31314-4/rf0140
http://refhub.elsevier.com/S0169-8095(20)31314-4/rf0140
http://refhub.elsevier.com/S0169-8095(20)31314-4/rf0140
http://refhub.elsevier.com/S0169-8095(20)31314-4/rf0145
http://refhub.elsevier.com/S0169-8095(20)31314-4/rf0145
http://refhub.elsevier.com/S0169-8095(20)31314-4/rf0145


Atmospheric Research 250 (2021) 105377

11

Koehler, K.A., DeMott, P.J., Kreidenweis, S.M., Popovicheva, O.B., Petters, M.D., 
Carrico, C.M., Shonija, N.K., 2009. Cloud condensation nuclei and ice nucleation 
activity of hydrophobic and hydrophilic soot particles. Physical Chemistry Chemical 
Physics 11 (36), 7906–7920. 

Kolla, V., Kostecki, J.A., Robinson, F., Biscaye, P.E., Ray, P.K., 1981. Distributions and 
origins of clay minerals and quartz in surface sediments of the Arabian Sea. 
J. Sediment. Res. 51 (2), 563–569. 

Kumar, A., Sarin, M.M., 2009. Mineral aerosols from western India: Temporal variability 
of coarse and fine atmospheric dust and elemental characteristics. Atmos. Environ. 
43 (26), 4005–4013. 

Kumar, A., Sarin, M.M., Sudheer, A.K., 2008. Mineral and anthropogenic aerosols in 
Arabian Sea–atmospheric boundary layer: sources and spatial variability. Atmos. 
Environ. 42 (21), 5169–5181. 

Kumar, A., Sudheer, A.K., Goswami, V., Bhushan, R., 2012. Influence of continental 
outflow on aerosol chemical characteristics over the Arabian Sea during winter. 
Atmos. Environ. 50, 182–191. 

Kumar, A., Abouchami, W., Galer, S.J.G., Garrison, V.H., Williams, E., Andreae, M.O., 
2014. A radiogenic isotope tracer study of transatlantic dust transport from Africa to 
the Caribbean. Atmos. Environ. 82, 130–143. 

Kumar, A., Abouchami, W., Galer, S.J.G., Singh, S.P., Fomba, K.W., Prospero, J.M., 
Andreae, M.O., 2018. Seasonal radiogenic isotopic variability of the African dust 
outflow to the tropical Atlantic Ocean and across to the Caribbean. Earth Planet. Sci. 
Lett. 487, 94–105. 

Kumar, A., Suresh, K., Rahman, W., 2020. Geochemical characterization of modern 
aeolian dust over the Northeastern Arabian Sea: Implication for dust transport in the 
Arabian Sea. Sci. Total Environ. 138576. 
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through aeoliandust depositionwhichhave potential tomodulate surfacewater biogeochemical processes. Iden-
tification of dust sources is important to assess role of dust deposition to surfacewater biogeochemistry. Herewe
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is the first attempt that provides important information to understand present and past dust emission and depo-
sition over the Arabian Sea.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

The deposition of aeolian dust, derived from arid/semi-arid region,
plays an important role in modulating surface ocean biogeochemical
processes (Jickells et al., 2005). For example, Fe content in dust is one
of the important limiting micronutrients, which can contribute to new
production in open oceanic regions (Martin and Fitzwater, 1988;
Jickells et al., 2005; Gabric et al., 2010; Grand et al., 2014; Guieu et al.,
2019). The North Indian Ocean (NIO), being surrounded by desert re-
gion from three sides, on an average receives 29–154 Mt. of mineral
dust annually (Shao et al., 2011 and references there in). Middle East
(the low-lying flat lands along the Persian Gulf and the Ad Dahna and
the Rub-al-Khali deserts; the Oman coastal area; Syrian Desert) and
South West Asia (the Great Salt Desert in the basin to the south of the
Reshteh-ye Kuhha-ye Alborz mountains; Sistan Basin and Registan bor-
dering Iran, Afghanistan and Pakistan;Makran coastal area; Thar Desert
together with the arid regions of the Indian Rajasthan Desert) are possi-
ble major contributor of dust to the NIO (Prospero et al., 2002; Shao
et al., 2011; Goudie and Middleton, 2006) with occasional fluxes from
Horn of Africa (Léon and Legrand, 2003; El-Askary et al., 2006). The
emission and transport of dust from these regions are strongly associ-
ated with monsoonal wind forcing which reverses seasonally (Schott
and McCreary, 2001).

Arabian Sea (AS; north-western part of NIO), one of themost biolog-
ically productive oceanic regions, is vulnerable to dust deposition from
surrounding arid/semi-arid regions under favorable meteorological
conditions (Shao et al., 2011; Aswini et al., 2020). However, the trans-
port and deposition of dust exhibit strong seasonality owing to seasonal
monsoon setting (south-west monsoon in summer during June–
September and north-east monsoon in winter during December–
March) which dominates the regional climatology (Nair, 2006; Tindale
and Pease, 1999 and references therein). Various regional oceanic pro-
cesses, which include wind driven coastal upwelling during summer
monsoon (Barber et al., 2001) and convective mixing in winter period
(Madhupratap et al., 1996), drives nutrient supply (nitrate, phosphate
and Fe) to surface water of the Arabian Sea and significantly impact
on primary productivity (Barber et al., 2001). In addition, very few stud-
ies have reported on the supply of nutrients via dust deposition (Kumar
et al., 2008, 2012; Srinivas et al., 2014). In recent years, several model-
ling studies have highlighted on the role of dust (containing Fe) in fuel-
ling and enhancing primary productivity in the Arabian Sea (Banerjee
and Prasanna Kumar, 2014; Guieu et al., 2019).

As highlighted above, aeoliandust deposition have an important role
in surface oceanbiogeochemistry of the Arabian Sea.Most of these stud-
ies have focused on distribution and quantification of dust over the Ara-
bian Sea. However, nutrient content in dust particles largely depend on
the source from which it is derived. It is thus necessary, to decipher
sources of transported dust and their composition (e.g. trace element),
which can have temporal as well as spatial variations, to constrain the
impacts of dust deposition. Source identification can be done by charac-
terizing the potential source regions by geochemical tracers and com-
paring these characteristics signature with that of dust/aerosol
collected at receptor region. There are several tracers which can be
used to characterize dust, for example, elemental composition and
their ratios (Kumar et al., 2008; Kumar and Sarin, 2009); mineralogical
composition (Caquineau et al., 1998; Stuut et al., 2005; Skonieczny et al.,
2011, 2013) and radiogenic isotopic composition (Abouchami et al.,
2013; Kumar et al., 2014, 2018). Among these, naturally-occurring ra-
diogenic isotope systems (e.g. Sr, and Nd isotopes) are robust tracers
of dust source (Grousset and Biscaye, 2005; Meyer et al., 2011, 2013;
Skonieczny et al., 2011, 2013; Abouchami et al., 2013) and have been
used to fingerprint African dust across Atlantic (Pourmand et al., 2014;
Kumar et al., 2014, 2018; Zhao et al., 2018), East Asian (Chinese and
Mangolian) dust at Greenland (Svensson et al., 2000; Bory et al., 2003)
and Australian dust in Eastern Equatorial Pacific (Xie and
Marcantonio, 2012).While several studies have been undertaken to fin-
gerprint dust sources in Atlantic and Pacific Oceans (Xie and
Marcantonio, 2012; Zhao et al., 2015; Zhao et al., 2018; Kumar et al.,
2018), so far, not a single attempt has beenmade to geochemically char-
acterize aeolian dust over North Indian Ocean. This study is possibly the
first attempt that aims to characterize aeolian dust and their possible
source regions using geochemical (elemental, mineralogical and isoto-
pic) tracers.

We report here major and trace element, Sr and Nd isotopic as well
as clay mineralogical compositions of atmospheric mineral dust col-
lected, in two different seasons over a span of 3 years (2012–2014), at
a coastal location in the Northeastern Arabian Sea (NEAS) in order to
characterize dust depositing over the Arabian Sea. These collected
dust/aerosol samples are mainly resulted from dust storms in the Mid-
dle East and South West Asian desert region. We have also attempted
geochemical characterization based on elemental, isotopic andmineral-
ogical compositions of the clay sized (b2 μm) sediments/soils collected
from the potential source areas to better constrain the sources and
transport dynamics of dust deposition over the Arabian Sea.

2. Synoptic meteorological setting over the Arabian Sea

Major wind system prevailing in the Arabian Sea region are season-
ally reversing southwest (SW)monsoonwinds from June to September
and north east (NE)monsoonwinds fromNovember to February. Apart
from above two, other regional and localwind systems in this region are
Summer Shamal winds, Levar winds, Red Sea winds, tropical cyclones
and Western disturbance or Winter Shamal. All these major wind sys-
tems are shown Fig. 1, which is 12 year climatology (2003–2014) of
the wind vectors at 850 hpa over the northern Indian Ocean during
summer and winter monsoon periods.

During summer, due to intense heating, low pressure system de-
velops over the Tibetan plateau and northwestern India leading to
formation of SW monsoon. SW monsoon winds flow from the
Indian Ocean over elevated east African coast and intensifies into
Low Level Jet (LLJ) or Findlater Jet. Concurrently, high pressure sys-
tems over the eastern Mediterranean and central Asia produces a
strong northwesterly winds over the Arabian Peninsula and SW
Asia namely Summer Shamal (from mid-May to mid-Aug) (Yu
et al., 2016) and Levar winds (from mid-May to mid-September) re-
spectively. These northwesterly winds flow over the dust source re-
gions and intensified by the topographic channeling of Zagros
(Summer Shamal), Palanghan and Hindu Kush mountains (Levar
winds) reaching very high speed (15–28 m s−1) which is strong
enough to raise dust (Ramaswamy et al., 2017).

During winter, cooling of Asian landmass leads to the development
of high pressure system. NE monsoon winds flow from the Indian
Sub-continent towards the Arabian Sea. The NE monsoon winds are
not strong enough to raise dust but they transport the dust raised by
the other events like western disturbances towards the Western Ara-
bian Sea and Arabian Peninsula. Western disturbances or Winter
Shamal that passes from theMediterranean Sea towards the Himalayas
whichusually develops behind a cold front passage (Thoppil andHogan,
2010). These western disturbances are short lived episodic events
which lasts from 1 to 5 days and creates dust storms on their path.



Fig. 1. Seasonal variation of wind pattern during the (a) southwest and (b) northeast Monsoon. Additional wind systems prevailing over Arabian Sea and surrounding arid/semi-arid
region. The wind vectors are 12 year average (2003–2014) at 850 hpa. Also shown aerosol collection site (Goa) in the Northeastern Arabian Sea and site location for surface soil samples
collection from Arabian Peninsula, Iran (Makran coast) and Thar Desert.
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During this periodmany tropical cyclones form in the Bay of Bengal and
eastern Arabian Sea. These cyclones have a major role in transport and
dispersion of dust dependingon their position anddynamics.Whenever
a dust event coincides with the tropical cyclone in the Bay of Bengal or
the eastern Arabian Sea, mineral dust are transported towards the
Indian Peninsula (Ramaswamy, 2014; Badarinath et al., 2009).
3. Materials and methods

3.1. Sampling site and aerosol collection

The sampling site is located at Goa, on the west coast of India,
surrounded by the Arabian Sea on western side and Western Ghats on
its eastern side. The Goa state is mainly a tourist destination with long
coastline on west. Apart from tourism, iron ore extraction, open cast
mining and small scale industrial sectors are sources of anthropogenic
aerosols (Gaonkar et al., 2020). Total suspended particulate (TSP) sam-
ples were collected on terrace of a lab building (15 m above ground
level) at the National Institute of Oceanography, Goa, India (15° 45′ N,
73° 80′ E). The sampling site, which is 500 m away from Arabian Sea
coast, is located in the Northeastern part of the Arabian Sea (Fig. 1).
There are no industries located in the proximity of our sampling site,
however, it is situated in region with moderate population and vehicu-
lar movement. During transport of dust from source region towards the
Arabian Sea, characteristic source signature carried by dust would be
observed at our sampling site located in theNEAS. This is the basis offin-
gerprinting dust sources using radiogenic isotopes of Sr and Nd, al-
though isotopic fractionation may take place during transport due to
grain size sorting (Aarons et al., 2013). While transport, same dust
would be deposited in the Arabian Sea, thus, dust collected at NEAS
would be a better representative of dust over the Arabian Sea.

TSP samples were collected on pre-combusted glass micro fiber fil-
ters (Whatman grade GF/A and EPM2000) and stored individually in
Ziploc bags. Bulk aerosols were sampled using a high volume sampler
(Envirotech, APM430) with flow rate between 1 and 1.3 m3 min−1 hav-
ing a brushless electrical blowermotor. Sample collection time typically
varied from 22 to 26 h. All samples were collected post active dust
storms in the Middle East or South West Asian region. Samples were
typically collected after 2–3 days of high dust activity in the source re-
gions, which was also monitored through UV-Aerosol index (Table 1).
Information of active source region and/or potential source area (PSA),
their activity periods and sample collection dates are mentioned
Table 1.

Apart from aerosol samples, soil samples were collected from vari-
ous possible source regions located in the Arabian Peninsula, Iran
(Makran coast) and Thar Desert (Fig. 1 and Table 1). It is logistically dif-
ficult to collect samples from other source regions to give a comprehen-
sive picture of source characterization. This is one of the limitations for
this study and need to be addressed in future work. Sampling sites for
soil collection were located far away from roadways or residential
area to avoid any local anthropogenic interference. Top 5 cm of the sur-
face sediments were removed, to avoid any local contamination, and
then samples were collected using plastic spatula and stored in ziplock
bags. The samples collected from Iran (SR-5, 6, 7 and 8) were mostly
from the coastal plains along the Persian Gulf and Makran coast
(Chabahar), where many Wadis drains the Zagros mountain range
which are main coastal dust sources. Sample SR-1 was collected from
the sand dunes in the U.A.E., whereas the sample SR-4 was collected
from the flat lands located northwest of the Kuwait city where the sed-
iments represent the Tigris-Euphrates floodplains. Thar Desert samples
were collected from relatively flat land with less vegetation cover (SR-9
and SR-10) as well as from sand dunes in Jaisalmer (SR-11 and SR-12).
These soil samples were subjected to clay mineral separations which
were analyzed for Sr-Nd isotopic compositions.
3.2. Mineralogical analyses

Dust sample collected on filters were processed to analyze clay min-
eral abundances following the method adopted from Caquineau et al.
(1996). Briefly, filters were cut into 1/8th of the length and kept in a
centrifuge tube. The filters were rinsed with Milli-Q water and ultra-
sonicated for 30 min. Dust obtained in the tubes were subsequently



Table 1
Aerosol collection dates, active period of storm at potential source region identified using satellite image and data, UV-aerosol index and dust concentration calculated using amount of Al
present in each aerosol sample. Location site (latitude and longitude) of surface soil collection in the arid/semi-arid region of Iran, Arabia and Thar Desert.

Aerosols Dust storm active period Date of collection Potential source area (PSA) UV-aerosol index Dust concentration (μg m−3)

DS- 1 2–9 March 2012 5–6 March 2012 Sistan basin ˃4 132
DS- 2 18–27 March 2012 24–25 March 2012 Sistan basin ˃4 93
DS- 3 27–30 Dec 2012 27–28 Dec 2012 Sistan Basin 1.5–2 115
DS- 4 3–7 Feb 2013 6–7 Feb 2013 Sistan Basin & Makran 2–3 110
DS- 5 5–12 April 2013 10–11 April 2013 Arabian Peninsula 3–4.5 111
DS- 6 5–13 May 2013 13–14 May 2013 Arabian Peninsula 3–4 112
DS-7 Continuous from 4 June,2013 12–15 June 2013 Arabian Peninsula 3–4 94
DS-8 6–12 April 2014 10–11 April 2014 Makran Coast nd 62
DS-9 3–7 May 2014 4–5 May 2014 Makran coast 2–2.5 62
DS-10 13–18 Oct 2014 14–15 Oct 2014 Indus delta 1.5–3 60
DS-11 2–10 April 2015 6–7 April 2015 Arabian Peninsula ˃4 116
DS-12 22–30 April 2015 25–26 April 2015 Makran coast 2–3.5 80

Sediments Latitude Longitude Sample location

SR 1 25°10′50.0″N 55°41′16.5″E UAE
SR 4 29° 18′ 42.84″N 47° 35′ 56.76″E Kuwait
SR 5 25° 29′ 36.24″N 60° 32′ 0.24″E Chabhar
SR 6 31° 14′ 15.80″N 48° 48′ 41.40″E Iran
SR 7 28° 40′ 76.40″N 54° 17′ 60.30″E Iran
SR 8 26° 24′ 43.10″N 57° 13′ 45.60″E Iran
SR 9 25° 00′ 22.74″N 71° 35′ 57.54″E Thar
SR 10 26° 49′ 31.80″N 70° 31′ 41.46″E Thar
SR 11 28° 07′ 56.52″N 73° 22′ 13.86″E Thar
SR 12 29° 40′ 56.04″N 73° 52′ 28.52″E Thar
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sieved with 230 ASTM sieve to remove any glass fibers present. Hydro-
gen peroxide was added to remove the organic matter present in the
sample. The mineral dust was congregated by centrifuging, and excess
water was removed from the tube. The samples were pipetted on to
glass slides to make oriented slides and dried. Clay fraction was sepa-
rated from the soil samples by pipette analysis (Rao et al., 2015). Prior
to the separation of clay fraction, the soil samples were treated with
acetic acid and hydrogen peroxide to remove carbonates and organic
matters respectively. The clay fractions obtained were used to prepare
the oriented slides. Both aerosol and soil sample slides were glycolated
for 12 h at 60 °C using Ethylene glycol and analyzed for clay minerals.

The slides were analyzed under Rigaku® Ultima IV X-Ray Diffrac-
tometer with Cu Kα radiation at 40 kV and 20 mA between 3° - 30°
2Ɵ at 0.02° 2Ɵ/s. Semi-quantitative determinations of mineral percent-
ages were focused mainly on the clay minerals present in the samples.
Illite, smectite, kaolinite, chlorite, and palygorskite were themajormin-
erals identified. The relative mineral percentages were calculated using
correction factors provided by Biscaye (1965).

3.3. Sr and Nd isotope analysis

A portion of filters (~30–60 cm2)were cut using ceramic scissors de-
pending upon the dust loading and were rinsed with Milli-Q (Merck
Millipore) water to remove sea salt, a potentially important source of
strontium. Subsequently, the carbonate fraction was removed using an
ammonium acetate buffered acetic-acid solution (pH = 5) by shaking
for 2 h (Kumar et al., 2018). The leaching step was repeated to assure
that the samples were carbonate-free. Following leaching, the filters
were washed with deionized water and then dissolved completely
using a mixture of concentrated HF and HNO3 acids in Savillex® PFA
vials, which represents pure silicate fraction of dust. Clay fraction ob-
tained from the soil samples (~50 mg) were decarbonated during sepa-
ration. This represent silicate fraction of soil and were completely
dissolved using same method adopted for aerosols.

Following dissolution, chemical separation of Sr and Nd were per-
formed under clean laboratory conditions. Blanks were also processed
along with samples following same procedure. Sr from each sample
was separated using cation-exchange chromatography (BioRad
AG50W-X8, 200–400 mesh, H+ form) using HCl as eluent. Eluent con-
taining REEs fractions were collected at the end of this column
separation procedure. This REE fraction was used to extract pure Nd
using Eichrome ® LN resin (50–100 um). Sr and Nd isotopic composi-
tions were measured using the multi-collector ICPMS (Neptune Plus;
Thermo Scientific) facility at National Centre for Polar and Ocean Re-
search (NCPOR), Goa, India. Themeasured 86Sr/88Sr ratios were normal-
ized to its natural value (86Sr/88Sr= 0.1194) to correct for instrumental
mass bias through exponential fractionation lawand subsequently, they
were normalized with the reported value 0.71025 of NBS-987 (Weis
et al., 2006). The NIST SRM987standard were measured several times
at certain interval during the course of measurements which yield an
average 87Sr/86Sr = 0.710270 ± 20 ppm (2σ, ppm, n = 5). Similarly,
the measured 146Nd/144Nd ratios were normalized to its natural value
(146Nd/144Nd= 0.7219) for instrumental mass bias correction through
exponential fractionation law and subsequently normalizedwith the re-
ported value 0.512115 of JNdi-1 143Nd/144Nd ratio (Tanaka et al., 2000).
The La Jolla Nd standard was measured several times during the course
of measurements yielded an average value of 143Nd/144Nd =
0.512100 ± 5 ppm (2σ, n = 3). Long-term measurements of NBS 987
and JNdi yield an average value of 0.71028 ± 10 ppm (2σ, n = 363)
and 0.512104 ± 5 ppm (2σ, n = 238) respectively (Subha Anand
et al., 2019).

The 143Nd/144Nd ratios are expressed in terms of εNd, the relative de-
viation from the Chondrite uniform reservoir (CHUR) 143Nd/144Nd ratio
of 0.512638 in parts per ten thousand. Carefully monitored analytical
blanks were b0.1% of typically total Sr and Nd analyzed in samples and
therefore blank corrections were not applied. However, significant filter
blanks were observed for aerosol samples due to the glass-fiber sub-
strate. The issue of blank contribution from the glass-fiber filtermedium
is addressed in detail in Supplementary material S1, along with a de-
scription of how the blank correction procedure was performed. A sim-
ilar approach had been successfully used in Kumar et al. (2014) which
highlights on transatlantic dust transport from Sahara/Sahel Desert to
the Caribbean Islands. In the following discussions, only the blank-
corrected isotopic composition will be considered further.

3.4. Major element and trace metal analyses

We have also analyzedmajor elements (Al, Fe, Ca andMg) and trace
metals (V, Cr, Mn, Co, Ni, Cu, Cd, La, Ce, Sm and Pb) in an aliquot of acid
digested silicate fraction of aerosol as well as soil sample (clay fraction
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discussed above in Section 3.2). All samples were suitably diluted using
2% supra-pure HNO3 (savillex distilled) and concentrations were mea-
sured using Quadrupole inductively coupled plasmamass spectrometer
(Agilent model 7700 Series ICP-MS; Subha Anand et al., 2019). A refer-
ence standard BCR-2 (rock standard) was also digested in Savillex vial
following the same procedures and measured along with the samples.
The concentrations of crustal elements of dust aerosols were corrected
for procedural blanks (comprising of blank filters and analytical re-
agents). The reproducibility in the analytical data for measured concen-
tration is within 10% based on the repeat analysis of number of samples
and standards.

3.5. Satellite data and back-trajectory analyses

CALIPSO (Cloud Aerosol Lidar Infrared Pathfinder Satellite Observa-
tions) and MODIS (Moderate Resolution Imaging Spectroradiometer)
images were retrieved during the dust storm as well as sampling pe-
riods (available online https://www-calipso.larc.nasa.gov/). Seven-day
back-trajectories of air masses at 500 m starting altitude were com-
puted for the days of sampling, using the HYSPLIT model (Draxler and
Rolph, 2003) with the GDAS meteorological dataset. These trajectories
alongwith satellite imagery,were helpful in assessing the storm activity
at source and transport of dust plume from source region to the sam-
pling site. In addition UV-Aerosol Index (https://giovanni.gsfc.nasa.
gov/giovanni/) were also monitored at the source region to identify
the intensity of dust storms at the source region. The UV aerosol index
is a qualitative indicator of near-UV absorbing aerosol particles, such
as mineral dust (Prospero et al., 2002).

4. Results and discussion

4.1. Identification of dust storm using satellite data and trajectory-analyses

Dust storms are frequent phenomenon over large area of the arid
and semi-arid regions of Middle East (ME) and South West Asia
(SWA), especially during April to August months (Goudie and
Middleton, 2006). However, intensity of dust storm activity and subse-
quent dispersal of dust depend on variety of factors including surface
temperature and favorable wind pattern. We have classified April to
June months as summer and October to March as winter to assess sea-
sonal variability in dust characteristics and abundances. Although, sum-
mer season is active dust stormperiod, several low intensity activity had
been reported in the source regions during winter months (Goudie and
Middleton, 2006; Badarinath et al., 2010). In this study, we have identi-
fied12dust storms, in theMiddle East and SouthWest Asia (typical dust
source region for Arabian Sea), which had impacted ambient aerosol
concentration at our sampling site in the NEAS. The dust activity (emis-
sion intensity and its dispersal) were monitored using satellite derived
data (UV Aerosol index and CALIPSO) and images (MODIS). The UV
aerosol index (AI) semi-qualitatively indicate near-UV absorbing aero-
sol particles, such as mineral dust and smoke (biomass burning prod-
ucts) (Prospero et al., 2002). A high AI is indicative of high dust
activity, presuming that there is no significant biomass burning emis-
sion near dust source region. The dust activity at possible source region
was monitored by AI values for several days and its duration as well as
activity of dust storm was assessed for each dust event (details are in
Table 1). Fig. 2 a and b, are typical images for summer and winter
months respectively, showing high dust activity at or near to the source
regions for collected sample at our sampling site. An approximate range
of aerosol index for active source regions corresponding to each dust
samples are given in Table 1. High dust activity at various identified
source region is evident from high AI values (N3). MODIS images for
same dust episodes are shown in Fig. 2c and d, which demonstrate dis-
persal of dust towards the Arabian Sea. We have also computed 7 days
air-mass back trajectory (AMBT; superimposed on MODIS images) at
500 m altitude for the days of sampling at our sampling site in the
NEAS. Wind trajectory shows movement of air-parcel from active
source region to our sampling location (Fig. 2c and d). Using, both
AMBT and satellite images, possible or potential source regions (PSAs)
for dust samples collected at NEAS were identified and detailed in
Table 1 (also refer to supplementarymaterial S2 for rest of dust events).
It is important to mention here, while identifying PSA for collected dust
samples, we have also observed high AI at other source region. For ex-
ample, during DS-2, high AI (2.5–3) were observed for Arabian region,
however, back-trajectory indicate movement of air parcel fromMakran
coast (Fig. 2a and c) and sowe have identified it as PSA. These classifica-
tions of PSAs are further corroborated by CALIPSO close-pass images
which gives vertical distribution of dust at or near to source/receptor re-
gions during dust storm periods. The closest CALIPSO overpass near to
sampling site (for DS-2) and in the Arabian Sea (for DS-11) is given in
Fig. 2e and f respectively. Presence of dust aerosols are clearly visible
from the aerosol distribution along the track (Fig. 2g and h), as classified
by CALIPSO vertical feature mask which uses an algorithm to classify
seven aerosol types (Vaughan et al., 2004).

Based on the identification of PSAs, aeolian dust collected during
summer months were mostly sourced from Arabian Peninsula region
(DS-5, 6, 7, and 11). DS-7 may have partial contribution from horn of
Africa as evident from images. In contrast, dust samples (DS-1, 2, 3, 4,
and 10) collected during winter months are dominated by South West
Asian sources (Sistan Basin and Makran Coast). Three samples (DS-8,
9, and 12) collected during summer, is found to originated fromMakran
coast (Table 1). While transport of dust towards receptor regions, there
is possibility of mixing dust from other active source en-route, and thus
it is very difficult to precisely pinpoint sources based on satellite images
and AMBTs. For example, in case of DS-8, we observe high AI near Sistan
Basin with back-trajectory traversing over same region. However,
CALIPSO close pass shows dust near Arabian Desert (Supplementary
material S2). Thus, there is a chance of mixing Arabian dust with dust
derived from SWA sources. Apparently, dust samples collected in this
study, can be classified into three categories viz., (1) Arabian summer
(ARS); (2) South West Asian summer (SWAS) and (3) South West
Asian winter (SWAW). This classification is mainly based on emission
of dust from distinct active sources and their dispersal in different
seasons.

4.2. Geochemical characterization of aerosols and sediments

4.2.1. Major element and trace metal composition
The concentration of major elements and trace metals in aerosols

collected during dust storm and those of sediments from source region
are presented in Table 2. Dust storm samples are classified based on
their source region identified in the previous section. A correlation ma-
trix, between major and trace element, is provided in supplementary
material S3 to identify their natural and/or anthropogenic origin. It is
observed that major elements (Fe, Ca and Mg) are significantly corre-
lated with Al for aerosol samples suggesting their common source
from natural mineral dust. However, except Fe, negative correlation is
found for Ca andMg in clay fraction of sediments.We estimated amount
of dust using Al concentration measured in aerosol samples. The abun-
dance of Al is typically used as an indicator of mineral aerosols (Duce
and Tindale, 1991; Kumar and Sarin, 2009). Presuming the ratio of Al
in mineral aerosols to be the same as in UCC (upper-continental crust
with Al content of 8.04%; McLennan (2001)), the concentration of min-
eral dust found to vary from 60 to 132 μgm−3, during dusty period over
Goa. These are relatively higher values as compared to the average total
suspended mass concentration measured at this site (Agnihotri et al.,
2015). This further corroborate to the influence of dust storms (derived
fromMEand SWA) on aerosol concentration atNEAS. Average dust con-
centration in winter (102 ± 27 μg m−3) is relatively high compared to
summer loading (91 ± 23 μg m−3) at our sampling site. This represent
only dusty day conditions and the high dust duringwinter can be attrib-
uted to strong activity in the source as well as proximity of dust source

https://www-calipso.larc.nasa.gov/
https://giovanni.gsfc.nasa.gov/giovanni/
https://giovanni.gsfc.nasa.gov/giovanni/
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Table 2
Major and trace element concentration of TSP samples and surface soil samples collected at Goa and potential source area respectively.

Samples Mg Al Ca Fe V Cr Mn Co Ni Cu Rb Sr Cd La Ce Nd Sm W Tl Pb

Aerosol μg m−3 ng m−3

ARBS
DS-5 2.31 8.96 8.21 4.11 26.6 20.1 92.0 4.2 37.7 14.4 12.7 92.7 0.2 4.5 6.6 4.3 0.7 0.3 0.1 18.2
DS-6 6.76 9.03 13.97 4.12 25.8 18.6 80.3 4.0 33.3 18.9 15.9 118.4 0.3 5.0 9.6 5.2 0.9 0.6 0.1 30.0
DS-7 6.13 7.58 37.51 3.55 18.5 36.5 161.6 3.8 59.8 20.3 7.0 308.3 0.6 7.3 17.2 7.0 1.4 1.3 0.1 38.7
DS-11 6.95 9.29 10.28 3.21 17.8 18.1 108.6 2.7 21.0 14.3 17.1 56.6 0.5 4.0 8.8 3.9 0.7 0.1 0.1 40.0

SWAS
DS-8 bdl 5.01 0.19 2.14 12.8 16.7 34.5 1.1 17.2 12.9 26.5 14.7 1.2 0.8 1.0 0.7 0.3 0.1 0.0 6.8
DS-9 0.08 4.96 0.21 1.37 10.8 17.5 29.6 0.9 15.0 9.0 15.3 69.5 1.7 1.1 1.6 0.8 0.7 0.1 0.0 5.6
DS-12 bdl 6.44 10.33 2.46 6.8 6.6 36.2 0.6 6.9 7.6 0.8 43.4 0.4 2.2 4.3 2.1 0.4 0.0 0.0 33.8

SWAW
DS-1 11.47 10.61 27.95 6.98 54.2 38.4 213.1 5.6 42.1 34.6 57.2 1266.3 2.7 12.2 25.9 10.2 1.9 0.9 0.4 210.9
DS-2 bdl 7.48 17.72 4.11 44.1 33.6 215.4 4.6 33.4 19.9 59.9 950.0 1.1 10.0 20.9 8.5 1.5 0.8 0.3 96.9
DS-3 0.40 9.24 7.63 5.35 8.1 9.9 53.7 0.3 5.0 6.0 14.8 530.2 1.3 2.6 3.1 1.6 0.3 0.1 0.1 41.5
DS-4 2.28 8.88 8.80 3.41 19.0 20.4 123.6 2.7 22.7 25.8 11.9 83.4 0.8 2.0 1.9 1.6 0.2 0.6 0.1 48.3
DS-10 bdl 4.83 1.00 1.69 13.5 28.4 37.2 1.0 23.5 10.7 18.5 58.5 2.8 1.1 1.4 1.3 0.5 0.2 0.1 16.5

Samples Mg Al Ca Fe V Cr Mn Co Ni Cu Rb Sr Cd La Ce Nd Sm W Tl Pb

Surface soil % ppm

SR-1 4.56 3.80 9.01 1.90 40.8 219.0 393.1 9.4 119.6 87.0 32.1 534.9 0.8 5.4 9.8 5.6 1.2 0.5 0.1 40.1
SR-4 4.36 4.58 10.96 1.93 50.0 66.4 262.0 6.6 57.1 24.1 45.5 3005.6 0.3 6.9 13.2 7.1 1.5 0.4 0.1 16.8
SR-5 3.10 8.60 1.19 5.44 165.2 154.0 315.7 14.3 116.5 30.0 36.4 90.6 0.4 1.8 10.4 3.0 0.9 0.8 0.4 12.0
SR-6 3.53 8.24 0.48 5.44 89.1 216.1 284.0 11.7 100.6 71.2 70.0 127.0 0.4 15.6 36.8 15.7 3.2 0.7 0.2 52.6
SR-7 2.79 7.62 0.36 3.61 78.9 154.7 330.7 10.2 86.0 56.1 46.2 93.6 0.3 10.2 26.7 10.3 2.1 0.7 0.3 21.6
SR-8 3.13 7.54 0.38 3.49 76.8 162.4 259.3 11.1 100.9 35.0 33.8 103.4 0.2 7.5 19.9 9.0 2.0 0.6 0.2 17.1
SR-9 1.93 9.11 0.72 5.09 87.9 83.4 1258.5 16.5 66.6 61.7 10.8 93.0 0.4 4.3 14.7 5.3 1.3 1.4 0.4 204.4
SR-10 2.31 8.00 0.95 5.47 107.7 87.9 687.9 15.3 52.9 50.5 12.7 117.9 0.4 6.8 20.4 6.6 1.5 1.2 0.3 90.2
SR-11 2.19 10.63 1.32 4.00 78.7 74.0 1638.9 21.1 63.5 119.8 59.7 113.2 0.4 23.2 60.6 28.9 7.0 1.4 0.2 364.2
SR-12 2.10 9.35 1.78 4.43 91.7 77.3 1097.8 14.8 56.3 47.1 69.7 96.4 0.4 22.6 42.1 26.1 5.6 1.7 0.4 113.3
SR-12 R 2.47 11.23 1.77 4.62 94.1 79.3 1170.0 15.3 57.1 47.8 109.5 122.6 0.4 19.3 65.9 21.8 4.7 1.8 0.3 122.9
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regions from our sampling location. The concentration of elements in
aerosol at receptor region depends on various factors including meteo-
rology, transport pattern, sorting of coarser dust during transport. Thus,
these values does not represent characteristic composition of any par-
ticular source region, however, their ratios can furnish relatively better
information of their source region (Kumar and Sarin, 2009). Weight
ratio of major elements w.r.t Al, has been used to characterize dust
over Indian region (Kumar and Sarin, 2009; Srinivas and Sarin, 2013;
Gaonkar et al., 2020). Fe/Al ratio for dust derived from ARBS, SWAS
and SWAW samples are 0.43 ± 0.06, 0.36 ± 0.08 and 0.50 ± 0.13 re-
spectively (Table S2), not significantly different from upper continental
crustal (UCC) value (0.44; McLennan (2001)). A similar Fe/Al ratio of
0.51 ± 0.05 has been reported by Kumar et al. (2008) for dust over
the Arabian Sea during inter-monsoon period. The Ca/Al and Mg/Al ra-
tios show large variations in dust samples derived from same source re-
gion (SupplementaryMaterial S4) and significantly different from those
reported in previous study by Kumar et al., 2008. We also observe large
variations in Ca/Al andMg/Al ratios in clay fraction of the soils from po-
tential source regions (Table S2). In contrast, Fe/Al ratio averaged
around 0.51± 0.11 for source sediments collected for this study, similar
to those observed in aeolian dust. Although, a characteristic signature of
dust over the Arabian Sea can be identified using Fe/Al ratio, however,
this proxy cannot decouple various source regions as similar Fe/Al
ratio is found for sources identified using satellite images and back-
trajectory analyses.

We also investigated trace metal compositions of dust, which can
significantly impact surface water productivity by acting as co-limiting
nutrients (Moore et al., 2013). Trace metals concentration were found
Fig. 2.Map showing averageUV-aerosol index over source region during dust stormperiod for d
respectively. MODIS image of a day during dust episodes which resulted in collection of (c) D
MODIS image which is ending at Goa on aerosol collection day. CALIPSO pass available (du
aerosol type determined in the CALIPSO vertical feature mask (yellow is “dust”) in (g) and (h)
with orange box in (g) and (h). (For interpretation of the references to colour in this figure leg
to positively correlate with Al in aerosol samples indicating their origin
from mineral aerosols. Their concentrations are very low in mineral
dust, however, contribution from anthropogenic emissions may enrich
these metals during transport. We calculated enrichment factor (w.r.t.
UCC; Arimoto et al., 1989; Gaonkar et al., 2020), for trace metals to as-
sess contribution of thesemetals from non-crustal sources (see Supple-
mentary Material S4). Interestingly, we observe very low enrichment
for most of the metals (Cr, Mn, Co, Ni, Cu, Cd and Pb) suggesting negli-
gible influence of anthropogenic emissions during dusty periods
(Table S2). Studies over marine region (in Bay of Bengal) have reported
very high enrichment factors for Cd, Cu and Pb, highlighting role of an-
thropogenic sources (fossil fuel and biomass burning) to continental
outflow (Srinivas and Sarin, 2013). In addition, a significant positive cor-
relation (r ≥ 0.5) between most of trace metals and Al indicate their
common source from mineral dust. We find very high enrichment for
V (N100) for most of the aerosol samples. Clay fraction of sediments
from source region shows similar E.Fs of V, clearly indicate inherent
characteristic nature of dust derived from these sources. The reported
concentration, possibly presentfirst comprehensive data of tracemetals
in aerosols over the Northeastern Arabian Sea. Such data set are impor-
tant to understand biogeochemical cycling of trace metals in ocean.

4.2.2. Mineralogical composition
The composition of clay assemblage extracted from aerosols as well

as sediments from someof the PSAs (whichmay contribute to dust over
the Arabian Sea) are given in Table 3 and shown in Fig. 3. Mineralogical
compositions are expressed in weighted peak area percentages of vari-
ous clay minerals, following Biscaye (1965), and their ratios were
ust samples (a)DS-2 and (b) DS-11 collected in twodifferentmonths;winter and summer
S-2 and (d) DS-11 aerosols samples. 7-days air mass back trajectory is superimposed on
ring storm period) for (e) DS-2 and (f) DS-11 which shows vertical profile of different
, respectively. Orange box in CALIPSO pass is the location whose vertical feature is shown
end, the reader is referred to the web version of this article.)



Table 3
Clay mineralogical and Sr and Nd isotopic composition of aerosols collected at Goa and surface soil samples from potential source regions.

Weighted peak area percentage I/K K/C P/I 87Sr/86Sr ±2σ 143Nd/144Nd ±2σ εNd

Sample id Collection date Illite Kaolinite Chlorite Smectite Palygorskite

Aerosols
ARBS
DS_5 10–11 April 2013 18 17 6 14 44 1.1 2.6 2.5 0.712527 ±5 0.512265 ±16 −7.3
DS_6 13–14 May 2013 20 15 24 17 25 1.3 0.6 1.3 0.714251 ±5 0.512264 ±4 −7.3
DS_7 12–15 June 2013 17 15 20 7 40 1.1 0.8 2.3 0.714100 ±5 0.512237 ±7 −7.8
DS_11 6–7 April 2015 20 20 11 11 38 1.0 1.8 1.9 0.729092 ±29 0.512255 ±12 −7.5

SWAS
DS_8 10–11 April 2014 50 15 26 9 0 3.2 0.6 0.714316 ±5 0.511607 ±31 −20.1
DS_9 4–5 May 2014 39 20 28 12 0 1.9 0.7 0.720612 ±18 0.511966 ±18 −13.1
DS_12 25–26 April 2015 41 24 15 20 0 1.8 1.6 0.719476 ±3 0.512260 ±7 −7.4

SWAW
DS_1 5–6 March 2012 38 15 24 23 0 2.5 0.6 0.705197 ±4 0.511984 ±34 −12.8
DS_2 24–25 March 2012 34 12 37 16 0 2.8 0.3 0.705261 ±4 0.512062 ±21 −11.2
DS_3 27–28 Dec 2012 40 16 29 15 0 2.5 0.6 0.704938 ±3 0.512093 ±4 −10.6
DS_4 6–7 Feb 2013 32 17 32 9 11 1.9 0.5 0.3 0.714789 ±5 0.512214 ±20 −8.3
DS_10 14–15 Oct 2014 62 8 22 8 0 7.3 0.4 0.714509 ±4

Weighted peak area percentage I/K K/C P/I 87Sr/86Sr ±2σ 143Nd/144Nd ±2σ εNd

Sample id Sample Location Illite Kaolinite Chlorite Smectite Palygorskite

Surface soil
SR_1 UAE nda nd nd nd nd 0.708898 ±5 0.512365 ±6 −5.3
SR_4 KUWAIT 32 9 17 26 15 3.7 0.5 0.5 0.709088 ±3 0.512379 ±5 −5.0
SR_5 CHABHAR 43 0 53 4 0
SR_6 IRAN 30 8 10 11 41 3.8 0.8 1.3 nd nd
SR_7 IRAN 27 8 11 23 31 3.4 0.7 1.2 0.713512 ±7 0.512259 ±10 −7.4
SR_8 IRAN 27 0 21 26 26 0.0 0.9 0.710935 ±14 0.512338 ±11 −5.8
SR_9 THAR 42 20 29 9 0 2.1 0.7 0.716968 ±7 nd
SR_10 THAR 28 29 26 17 0 1.0 1.1 0.713495 ±17 nd
SR_11 THAR 38 22 24 16 0 1.7 0.9
SR_12 THAR 67 8 25 0 0 8.2 0.3

a nd: not detected.
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calculated (see Section 3.2 for detail). Illite (range: 17–62%) and chlorite
(6–37%) are the major clay minerals found in all dust sample followed
by kaolinite (8–24%) and smectite (7–23%) (Fig. 3). This observation is
in agreement with the previous studies by Sirocko and Lange (1991)
and references therein, which reported high accumulation rate for illite
and chlorite in the Northwest Arabian Sea, mainly due to dispersal of
Fig. 3. Relative contribution of different clayminerals in aeolian dust samples and surface soil sa
Asian –summer and winter (SWAS and SWAW respectively) and Arabian summer (ARBS). (Se
dust from near desert region. These minerals are intensive physical
weathering product and highly abundant in arid/semi-arid regions of
SWA. SWAS and SWAW dust samples have high illite and moderate
chlorite content compared to ARBS samples which have moderate illite
and chlorite composition (Fig. 3). It is further observed that SWAWdust
have relatively high chlorite compare to dust from SWAS (Fig. 3). These
mples collected from source region. Atmospheric dust samples are classified as SouthWest
e text for detail of sample classification).



9A. Kumar et al. / Science of the Total Environment 729 (2020) 138576
observations hint to dominance of Pakistan (Makran coast and Sistan
basin) and Persian Gulf sources to dust from SWA, similar to the obser-
vation made by Sirocko and Lange (1991). A clear distinction in ARBS
and SWA sourced dust is evident from abundance of palygorskite.
ARBS dust have high palygorskite (25–44%) content compared to SWA
dust wherein no traces of this mineral is found except in one sample
(DS-4). Palygorskite is fibrousmineral commonly formed in high saline,
alkaline and semi-arid condition, typically found in sabkah andwadi de-
posits in the Arabian Peninsula region aswell as in the northeast African
Desert (Debrabant et al., 1991 and references therein).Moreover,Meso-
zoic rocks in Arabian region contribute significantly to detrital
palygorskite (Muller, 1961). Kolla et al. (1981), had reported high
(N1) palygorskite/illite ratios, for surface sediments off the Arabian Pen-
insula and Horn of Africa-Gulf of Aden, significantly different from other
regions in the Arabian Sea. The dispersal and deposition of this mineral
can be explained only by aeolian transport from Arabia and/or horn of
Africa. We have observed very high, palygorskite to illite ratio
(1.3–2.5) in our ARBS samples. The air mass back trajectory indicates
movement of air-parcel mainly from the Arabian Peninsula, except for
DS-7 where high dust activity was observed over the northeastern
Africa. These observations distinctly characterize dust from the Arabian
and SWA sources.

Smectite is another clay mineral which is mainly formed by
weathering process of volcanic glasses (Singh et al., 2008). However,
they are also common in semi-arid and semi-humid regions (Sirocko
and Lange, 1991).We observed low tomoderate abundance of smectite
in our samples. Although, Sirocko and Lange (1991), had reported rela-
tively high accumulation rate of smectite along the coast of Arabia com-
pared to coastal region of Makran and Iran and attributed its source to
Arabia. However, no significant differences were observed for ARBS
and SWA sourced samples. Similarly, a uniform abundance is observed
for kaolinite content in all dust samples. This is in parallel with the ob-
servation made by Sirocko and Lange (1991), which shows very little
variation in kaolinite content over entire Arabian Sea except in the con-
tinental slope of Southwestern India (Das et al., 2013). Accordingly, il-
lite/kaolinite ratio may not be successfull to decouple potential source
areas for dust over the Arabian Sea as it was used for Saharan dust
over theAtlantic Ocean (Caquineau et al., 1998). Kaolinite ismainly pro-
duced via intense chemical weathering and leaching of rocks in tropical
humid climate (Chamley, 1989; Rajamani et al., 2009). However, both,
Arabia and South West Asian desert have typical arid/semi-arid envi-
ronment and hence low abundance of kaolinite. However, our data
demonstrate a higher I/K values for SWA (range: 1.8–7.3) samples com-
pared to ARBS (Range: 1.0–1.3). A similar latitudinal increasing trend of
I/K had been observed for Saharan dust, wherein, Northwestern Saha-
ran dust shows higher (2.2–2.4) values compared to Central and south-
ern Sahara (0.4) and Sahel (0.1) (Caquineau et al., 2002). K/C (kaolinite/
chlorite) ratio in our collected dust display an opposite trend with
higher average value of 1.45 for ARBS compared to 0.67 for SWA dust
(Table 3). The value of SWA compares well with those reported by
Svensson et al. (2000) for Pakistan sediment sample (0.73).

To determine the provenance of dust over the Arabian Sea, it is
necessary to characterize potential source area accountable for
dust emission and dispersal. Here, we characterize clay fraction of
surface soil collected from the Arabian Peninsula, coastal region of
Persian Gulf up to Makran Coast as well as from the Thar Desert. All
soil samples shows high illite and chlorite content, followed by
smectite and kaolinite, except Thar sediments which have relatively
high kaolinite contribution (Table 3). It is surprising to observe high
palygorskite content in samples collected from Iranian coast (SR7, 8,
and 9) resembling to signature of dust from Arabian Peninsula
(discussed previously). This anomalous observation can be possibly
due to aeolian deposition of Arabian dust at the sampling site. I/K
ratio have large variation (1.0–8.2) for sediment samples while K/C
ratio demonstrates a narrow band with all (except one) sample
showing value b1.
4.2.3. Sr-Nd isotopic composition
The Sr and Nd isotope compositions of aerosols and selected soil

samples from source area are reported in Table 3. The 87Sr/86Sr and
εNd values (in silicate fraction) in collected dust samples, show large
variations (range: 0.7049 to 0.7291 and−7.3 to−20.1 respectively) in-
dicating contribution of multiple sources to dust reaching at the NEAS
(Fig. 4). Dust sourced from Arabian Peninsula (ARBS) has relatively uni-
form 87Sr/86Sr composition (average = 0.7136 ± 0.0009), with one
sample (DS-11) showing exceptionally high radiogenic Sr (0.7291;
Fig. 4), compared to dust tagged to SWA sources (range:
0.7049–0.7206). Such high radiogenic 87Sr/86Sr suggests either two dis-
tinct dust source regions are activewithin ArabianDesert or a possibility
of grain size fractionation during long-range transport. Enrichment in
fine grain size (clay) particle increases progressively with distance
from the source region during long range transport (Schulz et al.,
1998). It has been also shown that 87Sr/86Sr increases with decreasing
grain size in sediments (Dasch, 1969; Meyer et al., 2011). However, no
such grain size related fractionation is observed in 143Nd/144Nd ratio
(Meyer et al., 2011; Kumar et al., 2018). For all ARBS samples we ob-
served a narrow range of εNd (−7.3 to −7.8) which indicate that they
aremostly derived from a common source. Thus, such highly radiogenic
Sr isotope ratiomay be attributed to the grain size effect. Sirocko (1995)
had reported Sr-Nd isotopic composition of surface sediments collected
fromwestern Arabian Seawith an εNd of around−6 and 87Sr/86Sr values
ranging from 0.709–0.710. Our values for Arabian dust are somewhat
higher for 87Sr/86Sr (mean = 0.714 excluding DS-11) and less radio-
genic εNd (mean = −7.5) compared to those reported in Sirocko
(1995). It is important to reiterate here, that these dust samples are
very distinct in mineralogical composition with high palygorskite con-
tent, a typical signature observed from the Arabian Desert.

In contrast to Arabian dust, dust sourced from SWA shows large var-
iability in 87Sr/86Sr, ranging from a highly non-radiogenic signature of
0.7049 to more radiogenic value 0.7206 (Fig. 4). Similarly, large varia-
tion is observed for εNd (−7.4 to −20.1), with a relatively less radio-
genic Nd isotope composition, typical of crustal sources, than ARBS. A
uniform and less radiogenic Sr signature (87Sr/86Sr = 0.705) with less
radiogenic εNd (−10.6 to −12.8) are observed for DS-1, 2, and 3
(Fig. 4). This observation is not consistent with the general trend (in-
verse relationship) between the 87Sr/86Sr and εNd reported elsewhere
(Rahaman et al., 2009; Subha Anand et al., 2019). Trajectory analyses in-
dicate its origin fromSistan Basinwhich is an endorheic basin, located in
the southeastern Iran near to the Iranian borders with Pakistan and
Afghanistan (Rashki et al., 2013). This region is enriched in alluvial
clay material due to supply from Helmand river discharge (United
Nations Environment Programme (UNEP), 1976–2005). Due to extreme
aridity and high temperature, nearby ephemeral lake (Hamouns) gets
completely dried and leave behind fine clay minerals which can be eas-
ily uplifted and transported to longer distance (United Nations
Environment Programme (UNEP), 1976–2005). Recently, Kaskaoutis
et al. (2015), have reported high dust storm days (N350 per year) in
this region which has increased significantly from last decades (Rashki
et al., 2013). Dust from this basin can be characterized with average
87Sr/86Sr of 0.7051 and εNd of −11.5. Dust collected during other two
events (DS-4 andDS-10) duringwintermonths have relativelymore ra-
diogenic Sr and less radiogenic εNd signature. Satellite imagery and
back-trajectories (supplementary material 2) suggest a shift in source
from Sistan region to Makran coast (for DS-4) and Indus delta (for DS-
10) during winter collection. This shift in dust sources is also captured
in our isotope data of the samples collected after the dust events
attesting to the strength of radiogenic isotopes in recording shift in
provenance. In winter, we observed variability of source within South
West Asia with different isotopic composition.

We further investigated dust collected during summer season
which are mainly derived from South West Asia. A highly radiogenic
Sr with variable εNd composition is found for the dust samples col-
lected during summer. Interestingly, all three are found to be



Fig. 4. Variation in of Sr andNd isotopic compositions of aeolian dust collected during dust storm identified to be sourced fromArabian Peninsula and SouthWest Asia during summer and
winter months.
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sourced from Makran coast, with possibly minor contribution from
Sistan region in DS-8 (Supplementary Material 2). In general, all of
these samples exhibit highly radiogenic 87Sr/86Sr composition with
large variability in εNd values. These signatures resemble with
those from SWAW during winter except those derived from Sistan
basin. Back-trajectories for DS-9 and DS-12 is also observed to pass
through Thar Desert or nearby area and possibly capture dust from
this region during transport. Yadav and Rajamani (2004) had re-
ported radiogenic 87Sr/86Sr (0.715–0720) ratio for particulate matter
collected in northern India which were possibly derived from dust
storm in Thar Desert. These values were from bulk aerosol sample
which contain significant amount of carbonates with less radiogenic
Sr as evident from leached sample signature (1.3 N HCl leached sam-
ple gives value range: 0.728–0.733). All our collected dust samples
were leached with buffer to remove carbonates and isotopic compo-
sition reported here are that of silicate fraction (see Section 2.3).
Thus, SWAS dust sample, having Sr signature (0.714–0.720) much
less than that observed in silicate fraction of Thar dust, may have
minor to negligible contribution from the Thar Desert. However,
air-mass back trajectories does not support this inference, thus the
contribution from Thar cannot be ruled out. Furthermore, based on
these 3 dust samples, it is inappropriate to characterize conclusively
dust source in Makran coastal region.

Overall, we observed three different dust sources contributing to-
wards the Arabian Sea, based on the limited dust sample analyzed dur-
ing this study: (1) Arabian Peninsula, showing high palygorskite
content with moderate 87Sr/86Sr and relatively more radiogenic εNd;
(2) Sistan Basin in SWA having very low 87Sr/86Sr and low radiogenic
εNd; and (3)Makran coast in SWAwith radiogenic 87Sr/86Sr and varying
εNd value. The characteristic isotopic signature for each source is com-
prehensively shown in Fig. 5.

In order to constrain sources, we have done isotopic characterization
of clay fraction of soils/sediments collected from source region in the
Middle East and South West Asian region. 87Sr/86Sr and εNd values for



Fig. 5. Range of Sr and Nd isotopic ratios for aeolian dust collected at the Northeastern Arabian Sea derived from Arabian Peninsula and SouthWest Asian desert. Also, shown the possible
potential pathways of dust transport with characteristic dust signature over the Arabian Sea.
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all soil samples are shown in Table 3. Unfortunately, we could not ex-
tract significant amount of clays from various samples for isotopic anal-
yses as they were mainly composed of coarse sand. SR-1 and SR-4
samples collected from Arabian Peninsula show less radiogenic Sr com-
position (~0.709) and more radiogenic Nd isotopes (εNd = −5). How-
ever, dust from ARBS have relatively more radiogenic Sr and relatively
less radiogenic εNd values (Table 3). SR-7 and 8, collected from Iran
coast along Persian Gulf and Gulf of Oman, show more radiogenic Sr
than Arabian Desert soils with similar εNd values (Table 3). We could
not observe Nd signal for Thar Desert samples, however relatively
more radiogenic 87Sr/86Sr was found for these samples (Table 3).
These values are lower than those reported by Yadav and Rajamani
(2004) for silicate fraction (0.7275–0.7332) of aerosols in different
size fraction, mainly derived from Thar Desert. The Sr isotopic composi-
tions reported in present study indicate a large variation in Thar Desert.

4.3. Provenance of aeolian dust at NEAS

The unavailability of Sr-Nd isotopic composition of soil/sediment at
source region (Middle East, SouthWest Asia and Horn of Africa) hinder
in identifying or pinpointing the provenance of dust over the Arabian
Sea. We use published Sr-Nd data (Sirocko, 1995; Tripathi et al., 2004)
as well as soil sample isotopic composition (reported in this study), to
possibly decipher sources of dust collected during this study.

The dust transport and its deposition to surface water of the Arabian
Sea mainly depends on prevailing meteorology over source region sur-
rounding the Arabian Sea (Goudie and Middleton, 2006). Major source
areas which can supply aeolian dust to Arabian Sea are, the northern
tip of Persian Gulf near Iraq and Kuwait (Herman et al., 1997), Thar de-
sert (Ackerman and Cox, 1989), inner desert and coastal regions of the
Arabian peninsula (Herman et al., 1997) as well as Horn of Africa
(Léon and Legrand, 2003; El-Askary et al., 2006). North-westerlies are
major wind which drives dust from Middle East towards Arabian Sea
(Nair, 2006); (also see Fig. 1 showing major wind system). In addition,
winter and summer Shamal Winds (Perrone, 1979; Hubert et al.,
1983; Yu et al., 2016), which has a life time of 2–5 days and 3 months
respectively, blows over the Arabian Peninsula and South West Asian
region which brings significant amount of dust in respective seasons
to the Arabian Sea.

The Sr and Nd isotopic composition of dust aerosols identified as
SWAS, SWAW and ARBS are plotted in Fig. 6, along with soil (clay frac-
tion) samples fromvarious source region.Most of the sample fromARBS
(DS 5, 6, 7) and one sample (DS-4) from SWAW are observed to form a
cluster, however, those classified as SWAW (DS-1, 2, 3) form a separate
cluster. One of the source soil samples from Iran found to fall on this
cluster of Arabian dust. However, those collected from Kuwait and
UAE as well as one from Iran are observed to form a two-end member
hyperbolic mixing line with this Arabian dust cluster. We used Sr-Nd
isotope composition of Arabian Sea surface sediments reported by
Sirocko (1995) as one end member which is defined as Arabian Desert
(Table 4). Thar Desert is another possible sourcewhich can also contrib-
ute to dust over Arabian Sea. The Sr-Nd composition of the Thar Desert
end-member are defined based on those reported for sediments from
various locations in Thar by Tripathi et al. (2004) and their concentra-
tions are reported in Ferrat et al. (2011). The endmember compositions
are summarized in Table 4. Using the Sr andNd concentrations and their
isotopic composition of two end-members (A: Arabian desert and B:
Thar Desert), mix in varying proportions, a mixing model representing
fractional contribution from each end member can be drawn using
mixing equations given below for Sr andNd (Faure andMensing, 2005).

87Sr
86Sr

� �
M
¼

87Sr
86Sr

� �
A
f A SrA þ

87Sr
86Sr

� �
B 1− f Að ÞSrB

� �

SrA f A þ SrB 1− f Að Þ ð1Þ

εNdð ÞM ¼ εNdð ÞA f ANdA þ εNdð ÞB 1− f Að ÞNdB
� �

NdA f A þ NdB 1− f Að Þ ð2Þ



Fig. 6. Sr-Nd isotopic compositions of the aerosols collected post dust storm and surface soil samples collected from potential source region to constrain provenance of atmospheric dust.
Majority of sample analyzed are falling on the mixing line define by two end members defined as Arabian Desert (Sirocko, 1995) and the Thar Desert (Tripathi et al., 2004; Ferrat et al.,
2011). Isotopic compositions and concentrations (ppm) for each end-member are summarized in Table 4.
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Here, M represent mixture ratio and f is the fractional contribution.
The mixing model is shown in Fig. 6, wherein, two parallel hyperbolic
mixing lines are plotted based on maximum spread in εNd values of
the Thar Desert and 87Sr/86Sr of the Arabian Desert end members
(Table 4).

It can be seen in Fig. 6 that majority of ARBS samples and source soil
samples fall on or near the mixing line between the Arabian Desert and
the Thar Desert components, and their isotopic composition can be
readily explained by variable contributions from these two end-
members. The relative contribution from Arabian Desert is marked on
the mixing line (Fig. 6), and based on the mixing calculation, N60–70%
dust contribution is from the Arabian Desert. This inference is also cor-
roborated by the presence of palygorskite in these samples, which is a
proxy for Arabian Peninsula derived dust (discussed previously in
Section 4.2.2). The SWAS samples were found to fall apart from this
mixing line except DS-9, which indicate around 70% contribution from
the Thar Desert. This suggests an unidentified source present in South
West Asia, thus, underscoring the need for characterization of dust
sources in South West Asia.

Three samples from SWAW, form a separate cluster indicating a dis-
tinct source. This is characterized by very low radiogenic Sr (0.705) and
εNd in the range of−10.6 to−12.8. These characteristics signature can
be assigned to dust from Sistan Basin region (see discussion in
Section 4.2.3).We note here difficulties in identifying provenance of ae-
olian dust over the Arabian Sea due to unavailability of isotopic compo-
sition of source soils, thus, it is crucial to characterize soils from source
regions to enhance our understating of Dust cycle, particularly over
the Arabian Sea.
Table 4
Sr andNd isotopic composition and their concentration of twoendmember defined as The
Arabian Desert and the Thar Desert (see Section 4.3 for detail).

End members 87Sr/86Sr Stdev Sr (ppm) εNd Stdev Nd (ppm)

Thar Desert 0.735 0.006 300 −13.9 1.4 35
Arabian Desert 0.708 0.003 750 −4 2.8 20
4.4. Implication to dust transport over the Arabian Sea

4.4.1. Dust source variability and its role in primary productivity
Atmospheric mineral dust contains variety of trace metals (Fe, Mn,

Co, Ni, Cu, and Cd) which act as micro-nutrients and are known to
play significant role in biological productivity (Donat and Bruland,
1995). In particular, Fe is most studied among them and have potential
to modulate primary productivity especially in the oligotrophic region
(Jickells et al., 2005). Very recently, Guieu et al. (2019), have highlighted
on the significance of Fe (frommineral dust) in controlling net primary
productivity (NPP) over theArabian Sea. Using a biogeochemicalmodel,
they have shown that in absence of supply of dissolved Fe content in
dust, a decrease of around 30% in NPP on annual time scale. This de-
crease is further enhanced, N50%, during upwelling season (Guieu
et al., 2019). Prior to this study, it has been highlighted by several
workers on Fe as limiting nutrient in the Arabian Sea (Wiggert et al.,
2006; Moffett et al., 2007; Naqvi et al., 2010). The abundance of Fe (in
particular dissolved Fe) in aeolian dust depend on various factor
which include activity of emission source of dust, their processing
(physical/chemical) as well as transport pathways (Baker and Croot,
2010). Kumar et al. (2010), have shown that abundance of water-
soluble Fe in aerosols over Bay of Bengal, depend on chemical process-
ing (mainly mediated by sulphate) as well as on combustion sources.
However, apart from Fe, other trace metals are equally important and
have biological role as limiting and/or co-limiting nutrients for surface
water productivity (Morel and Price, 2003). A typical case of dust epi-
sode is shown in Supplementary Material 5, wherein an increase in
chlorophyll level (using satellite images) is observed post dust storm
as compared with dusty days. Such increase at various locations of the
Arabian Sea may be attributed to the impact of increased dust deposi-
tion resulted from dust storms.

The distribution and abundance of nutrients from dust deposition
depend on the source region, for example, dust derived fromDeccan ba-
salts (higher Fe) would supply more Fe than the dust from Thar Desert
(granitic/carbonate compositions with less Fe). Nair (2006), had re-
ported on lithogenic fluxes over three distinct region of Arabian Sea
where he found contribution from coarse dolomite particle and fine Fe
oxide material to total flux measured from sediment traps indicating
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role of distinct sources to Fe contribution. It is thus important to charac-
terize dust sources and associated nutrient content and abundance to
understand the impact of dust on surface water biogeochemistry. In
this study, we investigated the variation of micro nutrients (trace
metals) in relation to different dust sources characterized byNd isotopic
composition. Nd isotopes, in contrast to Sr, are least affected by grain
size fractionation during aeolian transport, and thus used as most reli-
able fingerprinting tracer (Kumar et al., 2018). Fig. 7 shows the variation
of average εNd for the three identified sourceswith respect to their aver-
age trace metal (Fe, Mn, Co, Ni, Cu, and Cd) concentration. Most of the
Fig. 7. Variation of trace metal concentrations in dust samples with εNd for three identified sou
trace metals show higher concentration in SWAW samples except for
Ni, and Co. However, they were observed to be significantly enriched
in ARBS (Fig. 7c and e). Such enrichment is not related to anthropogenic
activities (due to low enrichment factor; discussed in Section 4.2.1),
rather represent dust source composition (Supplementary material 4).
These observations suggest varying amount of nutrients (trace metals)
are contributed by distinct sources to the deposition flux over Arabian
Sea. We also observed from Fig. 7 that concentration of each metal are
associatedwith large variability. Thismaybe attributed to limited statis-
tics and due to high temporal variability in collecting samples spreading
rces. The three sources contribute distinctly to the trace metal fluxes over the Arabian Sea.
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over a time span of 3 years. Though, there is large variability in trace el-
ement abundances (Fig. 7), however, based onmean value, we can infer
that SWAW dust supply more iron than other two sources SWAS and
ARBS. A more systematic investigation is further needed for isotopic
and mineralogical composition as well as trace metal concentration of
dust on seasonal as well as temporal scale to better constrain on supply
of these key micro-nutrients to the Arabian Sea. Our reported data on
dust provenance is first step, in regional context of the Arabian Sea, to-
wards the understanding of complex linkage between dust fluxes and
ocean biogeochemical processes.

4.4.2. Dust contribution to Nd isotope budget in the Arabian Sea water
column

Nd concentration and its isotopic composition in seawater is used as
an important tracer for modern (Jeandel, 1993; Goldstein and
Hemming, 2003) and paleo deep oceanic water circulation (Frank,
2002; Wei et al., 2016; Van de Flierdt et al., 2016). In order to use this
tracer effectively, it is important to constrain their sources and fluxes
in surface sea water. So far, not a single study has been undertaken to
constrain Nd isotopic composition of aeolian dust over Arabian Sea
and its contribution to water column. Contribution of Nd from dust in
the Arabian Sea water column could be very significant and thus, before
employing Nd isotope as a water-mass circulation tracer in the Arabian
Sea, it is imperative to have information of Nd isotope composition and
its contribution to the Arabian Seawater column. Amaiden attempt has
beenmade by Goswami et al. (2012), using inversemodelling computa-
tional approach, to assess the role of mineral dust in supplying excess
Nd to water column. Release of dissolved Nd from atmospheric dust to
the inventory of water column have been postulated earlier
(Tachikawa et al., 1999; Rickli et al., 2010) highlighting the need for di-
rect εNd measurements in dust especially over the Arabian Sea
(Goswami et al., 2012). Our εNd data, is first one from this region,
shows large variability (discussed previously) for dust compared to
those estimated by Goswami et al. (2012) as excess εNd (−6.1 ± 2.2
and−5.3±1.9) for two surfacewater samples in theNortheastern Ara-
bian Sea. It is interesting to note that εNd for dust sourced from Arabian
Peninsula (ARBS samples) during summer (−7.5) resemble or near to
estimated excess εNd. As discussed previously, variability in εNd for
dust is largely due to activity of source region as well as prevailing
wind pattern, which actually trigger dust transport towards ocean.
Thus, our study provides vital information to constrain Nd distribution
in surface water of the Arabian Sea which has implication for the appli-
cation of Nd isotopes as a tracer for water mass circulation on different
time scale.

5. Summary

We report geochemical (major element, trace metals, clay mineral-
ogy and Sr-Nd isotopic ratio) composition of aeolian dust, collected at
a costal station, in span of 3 years, located in the Northeastern Arabian
Sea. These dust are mainly derived from storm activity in the Middle
East and South West Asian arid/semi-arid desert regions. In addition,
we also analyzed clay fraction of soil/sediment samples, collected from
some of the potential source region (Arabian Peninsula, Iran and Thar
Desert), for their geochemical compositions. These data, possibly first
reported from this region, were used to geochemically characterize
dust over Arabian Sea and to identify their sources and transport path-
way from Arabia/SWA to the eastern Arabian Sea. Major results are
summarized below:

1. Using satellite imagery and back-trajectory analyses, a preliminary
classification of dust sources were done. Collected dust samples
were classified in 3 category namely (1) ARBS: dust from Arabian
Peninsula during summer (2) SWAS: dust from SouthWest Asia dur-
ing summer and (3) SWAW: dust from South West Asia during
winter.
2. Fe/Al ratio for dust samples averaged around UCC value with no dis-
tinct signature observed for identified source regions.

3. Clay mineralogical data for all dust samples shows high illite and
chlorite content followed by smectite and kaolinite consistent
with the clay mineralogy of soil from source region reported
previously.

4. All dust samples in ARBS have significant amount of palygorskite
make it distinct from other sourced samples. Sediment sample
from source regions shows more or less similar illite and chlorite
composition.

5. A large variation is observed in 87Sr/86Sr and εNd for dust samples
suggesting impact of various sources to dust distribution over the
Arabian Sea. Dust samples sourced from Arabian Peninsula have
very uniform Sr-Nd composition. In contrast, large variability is ob-
served for SWA sourced samples during summer and winter.

6. SWAS samples were found to originate fromMakran coast, however,
they showvariable Sr-Nd isotopic signature indicating strong hetero-
geneity of dust sources in this region.

7. A conspicuous signature with low radiogenic Sr and non-radiogenic
Nd was observed for SWAW samples which were found to originate
from Sistan Basin, a dry lake at Iran-Pakistan border-rich in alluvial
clay material.

8. A two component mixing model was used (with the Arabian Desert
and the Thar Desert as end members) to quantify relative contribu-
tion from different sources. This mixing model indicates N60–70%
of dust contribution fromArabianDesert to ARBS sampleswith insig-
nificant contribution from the Thar Desert in this study. This observa-
tion is consistent with the isotopic signature observed in source soil
samples.

The geochemical composition of soil/sediment data reported in this
study are new addition to literature of source dust characteristics, how-
ever, insufficient to make any conclusive statement on provenance of
dust over the Arabian Sea. More data on signature of soil and dust aero-
sol in the source regions as well as dust aerosols collected over receptor
region are crucial to better understand transport pathways and relative
contribution from different source.
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