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ABSTRACT 13 

 14 

Dust is an important component of Earth’s climate system, directly affecting the global 15 

radiation budget and hydrological cycle. The interaction of aerosols with clouds and its impact 16 

on regional and global energy budgets remains one of the largest sources of uncertainty in 17 

climate model predictions. Records of terrigenous dust accumulation in geological archives 18 

also provide a potentially powerful way to assess past changes in hydroclimate. Western Asia, 19 

including the Arabian Peninsula, is second only to the Saharan Desert in contributing dust to 20 

the global atmosphere. Yet, while satellite-derived maps of dust source activation frequency 21 

(DSAF) provide an increasingly granular understanding of the different dust sources within 22 

these regions today, our ability to fingerprint their windblown contributions to geological 23 

archives is rudimentary, severely limiting the use of dust-based records to reconstruct past 24 

changes in continental hydroclimate. A main limitation is a poor understanding of the 25 

mineralogical and geochemical composition of the bedrock geology and, more importantly, of 26 

the readily deflated unconsolidated sediments in these regions. Here we use published data to 27 
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produce a DSAF map, centred on the Arabian Peninsula and extending from North Africa to 28 

Western Asia (~40-10 °N; ~25-65 °E), and we present new radiogenic isotope (Sr and Nd) data 29 

from unconsolidated surface sediment samples at active dust-producing sites. We combine our 30 

new Sr and Nd data with sparse data on sediments from the literature and the DSAF data to 31 

define three new preferential dust source areas (PSAs) in Westernmost Asia: (i) the central belt 32 

of the Arabian Peninsula, (ii) the Southern Levant and (iii) Mesopotamia. All three of these 33 

PSAs are geochemically distinct from Saharan dust sources. Long-range sediment transport by 34 

the Blue Nile and its tributaries, and the Tigris-Euphrates River system exerts a strong 35 

influence on the geochemical fingerprints of dust sources in the Eastern Sahara and 36 

Mesopotamia, respectively. The isotopic signature of active dust sources in the central belt of 37 

the Arabian Peninsula shows only modest correspondence to underlying bedrock geology 38 

suggesting wide scale mixing by aeolian transport internally and/or a weak imprint of palaeo 39 

humidity (e.g. localized river reactivation) on dust source composition in comparison to the 40 

Eastern Sahara. Our results provide surer foundations for fingerprinting the sources of 41 

continental dust accumulating in marine, lacustrine, speleothem and ice archives, an important 42 

step in improving our understanding of Quaternary rainfall climate in arguably the most water-43 

stressed region on Earth. 44 
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Mineral dust is a major contributor to atmospheric aerosol loading and plays an important role 52 

in Earth’s climate system, directly and indirectly impacting atmospheric processes and 53 

terrestrial and oceanic environments. Dust affects the global radiation budget by absorbing, 54 

scattering and re-emitting solar radiation (Schepanski, 2018) and the hydrological cycle both 55 

directly, by stimulating cloud nucleation and indirectly, by influencing radiative forcing 56 

(Wurzler et al., 2000). As an airborne pollutant, dust exerts a deleterious influence on human 57 

cardiovascular and respiratory health (Khaniabadi et al., 2017; Tam et al., 2012). Long-range 58 

dust transport influences the carbon and nitrogen cycles by providing macro and micro-59 

nutrients to marine and terrestrial ecosystems, driving marine phytoplankton growth in nutrient 60 

limited regions and promoting carbon dioxide drawdown from the atmosphere (Jickells et al., 61 

2005; Moore et al., 2013).  62 

 63 

Remotely sensed data sets provide the means to map dust sources and transport pathways over 64 

large geographical areas. Early work using ultraviolet, infrared and visible imagery identified 65 

the common environmental characteristics of major atmospheric dust sources around the world 66 

(Prospero et al., 2002; Ginoux et al., 2004), marked endorheic basins as dust source ‘hot spots’ 67 

(e.g., Washington et al., 2003) and documented long-range intercontinental transport pathways 68 

(Kaufman et al., 2005). Aerosol optical depth (AOD) data from the Total Ozone Mapping 69 

Spectrometer (TOMS), combined with output from atmospheric circulation models yield 70 

estimates of dust emission fluxes and the contributions to the total global dust load of different 71 

dust producing regions (e.g. Ginoux et al., 2004). These observations show that globally, 72 

atmospheric dust loading is dominated by a northern hemisphere ‘dust belt’ that extends from 73 

North Africa through the Arabian Peninsula and deep into Central Asia (Figure 1) and 74 

palaeoclimate records from the North Atlantic Ocean show that the main engine of dust 75 
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production today, the Sahara, has been rhythmically arid and exporting dust for at least the last 76 

11 million years (Crocker et al., 2022).  77 

 78 

 79 

Figure 1. Global dust aerosol optical depth (AOD) averaged over the ten year period between 2003 and 2012. AOD is taken 80 

from the European Centre for Medium Range Weather Forecasts Monitoring Atmospheric Composition and Climate 81 

reanalysis data set (6-hourly resolution, 550 nm and 0.75° x 0.75° grid spacing). Legend indicates annual dust emission fluxes 82 

in g m−2 year−1. Figure from Schepanski (2018). 83 

 84 

While the overall global pattern of atmospheric dust loading in these data is clear, deflation 85 

events are triggered by events at the synoptic-, meso- and local scale and thus, poorly resolved 86 

by data sets of low temporal- and spatial- resolution because they can conflate dust emission 87 

and dust transport. To tackle this transport bias problem, Schepanski et al. (2012) pioneered 88 

the use of Meteosat Second Generation (MSG) Spinning Enhanced Visible and Infrared Imager 89 

(SEVIRI) dust index images to identify dust emission sources from images collected every 15 90 

minutes. This method provides a way to deconvolve dust emission and dust transport and allow 91 

quantitative mapping of modern dust source activation frequency (DSAF) in North Africa 92 

(Schepanski et al., 2012 and references therein) and dust events in Western Asia, including the 93 

Arabian Peninsula (Hennen 2017). 94 
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 95 

These improvements in our knowledge of dust sources and their activation provide an 96 

important foundation to developing an improved understanding of the causes of temporal 97 

variability in the dust accumulated in marine and terrestrial paleoclimate archives (e.g., 98 

lacustrine, speleothem and ice core records) (Clemens et al., 1996; Kutuzov et al., 2019; Vaks 99 

et al., 2013). However, our ability to build on these improvements is hindered by a rudimentary 100 

capacity to fingerprint different dust sources. Thus, we lack a well-developed source-to-sink 101 

understanding of dust mobilisation and attempts to use dust-based records to reconstruct 102 

changes in past continental climate on geological timescales (e.g. Clemens et al., 1996; 103 

deMenocal, 2004) are often undermined by a persistent attribution problem (poorly constrained 104 

provenance). An improved knowledge of the mineralogical and geochemical composition of 105 

continental dust source regions is needed. This is a far from trivial undertaking given the areal 106 

coverage required and the logistical challenges of working in these field areas. Most of the 107 

early work was undertaken in North Africa (e.g. Abouchami et al., 2013; Palchan et al., 2013; 108 

Scheuvens et al., 2013; Skonieczny et al., 2013 and references therein) and East Asia (e.g. Chen 109 

et al., 2007) but it has tended to rely on data from ad hoc collections of samples and substrates 110 

many of which are not necessarily representative of the dust lofted into the atmosphere. There 111 

is now a growing awareness of the need to work on unconsolidated sediments from active dust 112 

source areas (e.g. Aarons et al., 2017; Jardine et al., 2021; Jewell et al., 2021) and, in a further 113 

step, Jewell et al., (2021) applied weightings to geochemical data for dust source activation 114 

frequency to define three preferential dust source areas (PSAs) in North Africa. However, 115 

information on the geochemistry of unconsolidated sediments from dust-producing regions in 116 

West Asia are extremely sparse and data from the Arabian Peninsula are particularly limited. 117 

 118 
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Here we present new Sr and Nd radiogenic isotope data on readily deflated unconsolidated 119 

sediments from dust-producing sites from West Asia and combine them with published data 120 

sets. We integrate the dust activation data of Schepanski et al. (2012) and Hennen (2017) to 121 

produce a composite dust source activation frequency map centred on the Arabian Peninsula 122 

extending from North Africa to Western Asia (~40-10 °N; ~25-65 °E). We then follow the 123 

approach of Jewell et al. (2021) by applying weightings to our radiogenic isotope data based 124 

upon dust source activation frequency to estimate the isotopic signature of aeolian material 125 

exported from distinct regional dust-producing areas identified across the region. Using this 126 

DSAF-weighted geochemical fingerprinting approach, we define three PSAs in Westernmost 127 

Asia: (i) the central belt of the Arabian Peninsula, (ii) the Southern Levant and (iii) 128 

Mesopotamia – all of which are isotopically distinct from the PSAs of the Sahara. We also 129 

explore the potential isotopic signature of dust from a fourth PSA, a region in eastern Iran that 130 

incorporates the Sistan and Lut deserts. Our work provides more solid foundations for 131 

geochemically fingerprinting different dust sources and their contributions to marine and 132 

terrestrial climate archives. In this way we help to develop an improved framework for 133 

deciphering changes in palaeo continental aridity and wind systems.  134 

 135 
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 136 

Figure 2. Study region with place names and features referred to in the text: deserts and desiccated inland lake basins labelled 137 

in brown, highland regions in black (bold), major rivers and wadis in blue, seas and gulfs in grey, caves in red. Three letter 138 

International Organisation for Standardisation (ISO) international state codes and boundaries shown in black. Base map from 139 

Google Earth. 140 

 141 

2 STUDY REGION 142 

2.1 Regional Climate and the Importance for Dust Generation 143 

Dust activation is controlled by both wind strength and the availability of deflatable sediment, 144 

which is strongly influenced by hydroclimate. Strong wind gusts are an important driver of 145 

dust entrainment (McGee et al., 2010), however, in arid to semi-arid regions with fine surface 146 

soils, even relatively weak winds can induce dust storm events (Middleton, 2019). The most 147 

active sources of dust today are commonly associated with topographic lows in regions with 148 

very low annual rainfall (less than 200 – 250 mm/yr) (Middleton, 2019 and references therein). 149 
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During long periods of limited to no rainfall, soils become less cohesive and vegetation cover 150 

declines, increasing the availability of readily deflated material, although protective surface 151 

crusts can also develop and hinder deflation (Bullard et al., 2011). Consequently, 152 

unconsolidated, un-armoured and un-incised surfaces are often key to driving dust emissions 153 

on seasonal to geological timescales and dried ephemeral lake- and river- beds  are particularly 154 

important as dust sources (e.g. Bakker et al., 2019; Bullard et al., 2011). The emitted dust can 155 

then be transported downwind over hundreds or even thousands of kilometres. For example,  156 

dust deposits identified in West Asia, India, the Red Sea, the eastern Mediterranean Sea and 157 

the Arabian Sea have all been suggested to be sourced from the Arabian Peninsula (Ben Israel 158 

et al., 2015; Bodenheimer et al., 2019; Hartman et al., 2020; Kumar et al., 2020; Schnetger et 159 

al., 2000; Sharifi et al., 2018; Suresh et al., 2021). 160 

 161 

Located under the descending limb of the Hadley Cell, North Africa, the Arabian Peninsula 162 

and Southwest Asia (Figure 3) are predominantly arid. Today, the interior of the Arabian 163 

Peninsula receives less than 80 mm/year precipitation (Enzel et al., 2015) and features the 164 

Nefud Desert, the Rub’ al Khali (the world’s largest sand sea) and the interconnecting arid 165 

sandy terrain known as the Ad-Dahna (Figure 2). The southernmost parts of the Arabian 166 

Peninsula, such as the Yemen Highlands and Asir Mountains, receive summer monsoon-167 

derived rainfall (Figure 3C). In the north of the region, precipitation is derived by the mid-168 

latitude westerlies, bringing rainfall across the Southern Levant and Mesopotamia during 169 

winter months (Figure 3D) and delivering 500 to 800 mm of precipitation annually (Enzel et 170 

al., 2015). 171 

 172 
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 173 

Figure 3. Top: Schematic wind patterns over Dust Aerosol Optical Thickness map at 550 nm from 2020 Copernicus 174 

Atmosphere Monitoring Service (CAMS) global Atmospheric Composition Reanalysis 4 (EAC4) for (A) boreal summer (July) 175 

and (B) boreal winter (January) (Inness et al., 2019). Darker shades indicate higher aerosol concentrations. Arrows indicate 176 

wind direction at 850 hPa, dashed line represents the intertropical convergence zone (ITCZ) (based on monthly composites 177 

from National Oceanic and Atmospheric Administration (NOAA) data accessed from the IRI Climate Data Library 178 

(iridl.ldeo.columbia.edu)). Bottom: Monthly average precipitation from 2020 using ERA5 global reanalysis dataset (in mm) 179 

for: C. July and D. January. Darker shades indicate higher precipitation (Hersbach et al., 2020). National boundaries in grey. 180 

 181 

Wind directions and rainfall over the Northern Arabian Sea and the surrounding landmasses 182 

are distinctly seasonal (Figure 3). Atmospheric circulation over the region is modulated by the 183 

interaction of the African, Asian, and European climatic systems. The East African monsoon 184 
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is connected to the larger Indo-Pacific-Asian monsoon system and provides rainfall to the 185 

southern Arabian Peninsula and northern to north-western parts of eastern Africa during boreal 186 

summer when the Intertropical Convergence Zone (ITCZ) migrates northwards from 187 

approximately 5°S to 15°N (Nicholson, 2017). It is associated with strong low-level 188 

southwesterly summer monsoon winds blowing across the Horn of Africa and the Northern 189 

Arabian Sea towards Asia (Figure 3). Dry and warm northwesterly Shamal and northeasterly 190 

Levar winds prevail in summer (Figure 3). The northwesterly Shamal winds are driven by the 191 

pressure gradient difference between the Eastern Mediterranean and the low-pressure belt 192 

extending from Northwest India through Pakistan and Afghanistan to Iran and they over-ride 193 

the summer southwest monsoon winds at the ITCZ (Yu et al., 2015). The northeasterly Levar 194 

winds are driven by the pressure differential between Central Asia and the Indo-Pakistan 195 

thermal low associated with the South Asian summer monsoon (Kaskaoutis et al., 2017). In 196 

winter, the ITCZ migrates southwards and the monsoon wind direction reverses with dry 197 

northeasterly winds blowing from the Indian subcontinent across the Arabian Peninsula, 198 

Southwest Asia, and the Horn of Africa (Figure 3). While the details are contested, 199 

palaeoclimate records from the northern Indian Ocean and numerical climate modelling 200 

experiments suggest that this regional pattern of atmospheric circulation was established during 201 

the Middle to Late Miocene (e.g. Betzler et al., 2016; Bialik et al., 2020; Clift et al., 2019; 202 

Huang et al., 2007; Kroon et al., 1991; Sarr et al., 2022; Sepulchre et al., 2006) 203 

 204 

2.2 Quaternary palaeoclimate record of the Arabian Peninsula region  205 

Quaternary climate reconstructions from terrestrial archives (speleothem and lacustrine 206 

deposits) on the Arabian Peninsula and across much of the Middle East show astronomically 207 

paced shifts between arid and humid conditions. Speleothem deposits from across the Middle 208 
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East can record changes in precipitation patterns and dustiness over geological timescales. 209 

Stalagmite deposits in the Negev Desert, Israel (Figure 2) reveal wet conditions at ~3.1, 1.7 210 

and 1.25 Ma, followed by short intermittent humid intervals (Vaks et al., 2013). In Mukalla 211 

Cave, Yemen, a total of 21 pluvial events are recorded from ~1.1 Ma, with four pluvial events 212 

occurring during the last 150 ka (during marine isotope stages (MIS) 5e, 5c, 5a and 1) (Figure 213 

2) (Fleitmann et al., 2011; Nicholson et al., 2020). These events correspond to speleothem 214 

growth recorded in the Negev Desert and Hoti cave in Northern Oman (Figure 2), suggesting 215 

that more humid conditions were widespread across the Arabian Peninsula during boreal 216 

summer insolation maxima (Fleitmann et al., 2011; Nicholson et al., 2020; Vaks et al., 2013). 217 

Further evidence for past rainfall comes from dated lacustrine deposits with humid intervals 218 

identified at around 410, 320, 200, 130-70, and 10 ka (Matter et al., 2015; Petraglia et al., 2012; 219 

Rosenberg et al., 2013, 2012, 2011; Sharifi et al., 2018). During these intervals, the landscape 220 

changed from desert to grasslands with shallow marshes and lakes providing a “window of 221 

opportunity” for early hominin dispersals into Southwest Asia (Enzel et al., 2015; Fleitmann 222 

et al., 2011; Groucutt et al., 2021; Nicholson et al., 2020; Petraglia, 2005; Roberts et al., 2018). 223 

Thus, integration of archaeological, palaeontological, and continental climate data sets 224 

provides an improving context that permist a better understand early hominin migration out of 225 

Africa.  226 

 227 

While lacustrine deposits are generally consistent with speleothem records in identifying past 228 

humid periods the chronological frameworks for these palaeolake deposits are often poorly 229 

constrained (Rosenberg et al., 2013). Moreover, although speleothem records from the 230 

southern Arabian Peninsula reveal spectacular records of past drought conditions caused by 231 

weakening of the summer monsoon (e.g. Fleitmann et al., 2022), lake and speleothem records 232 

from the interior of the region are typically restricted to humid intervals (precipitation rates 233 
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>300 mm yr-1 for speleothems) and thus provide only limited information on aridity because 234 

speleothem formation, which is lithologically-dependent anyway, ceases while lakes are prone 235 

to desiccation and erosion (Vaks et al., 2013, 2010).  236 

 237 

It has long been recognised that dust records from continuous and well-dated marine sediment 238 

archives have the potential to provide information on changes in continental aridity (e.g. 239 

Clemens et al., 1996; deMenocal, 2004) and records from the Red Sea, the Arabian Sea and 240 

eastern Mediterranean document past hydroclimate changes in the region (e.g. Ehrmann and 241 

Schmiedl, 2021; Grant et al., 2017; Hartman et al., 2020; Palchan et al., 2013; Palchan and 242 

Torfstein, 2019; Pourmand et al., 2004; Roberts et al., 2011; Torfstein et al., 2018). However, 243 

our understanding of the provenance of dust supply to these marine archives is weak and 244 

represents a first order limitation on the insight provided on past climate variability. To upgrade 245 

our ability to fingerprint regional changes in aridity and dust supply to the oceans we need to 246 

both (i) ensure that geochemical measurements of the terrigenous fraction in marine sediment 247 

archives are not overprinted by contaminating marine phases (Jewell et al., 2022) and (ii) 248 

improve our understanding of the composition of different dust sources in the region (this 249 

study). 250 

 251 

2.3 Geology  252 

The Arabian Plate is one of the smallest and youngest of Earth’s lithospheric plates, dating to 253 

around 25 Ma when rifting in Northeast Africa formed the Gulf of Aden and the Red Sea (Stern 254 

and Johnson, 2010). The upper crust consists of three main components: (i) the Arabian-Nubian 255 

Shield, (ii) Phanerozoic sedimentary cover and (iii) Cenozoic flood basalts (Figure 4). The 256 

Arabian-Nubian Shield (ANS) is part of a thick resistant crystalline basement that formed in 257 
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the Precambrian during the East African Orogeny (900–500 Ma) located along the north-south 258 

suture zone (Stern and Johnson, 2010). The ANS covers Northeast Africa and the western 259 

Arabian Peninsula and, where exposed, it forms high topographic features up to around 3100 260 

m in elevation. Phanerozoic sedimentary cover stretches eastwards from the ANS (Figure 4), 261 

dominates central and eastern areas of the Arabian Peninsula and is of lower topographic 262 

elevation, with most areas lying below 1000 m above sea level (Stern and Johnson, 2010). 263 

Cenozoic flood basalts (called ‘harrats’) uncomformably overlie the Arabian Shield and the 264 

Phanerozoic sedimentary succession in the western and north-western parts of the Arabian 265 

Peninsula (Stern and Johnson, 2010). In the Southern Levant region, the underlying geology 266 

varies in composition from the Precambrian Arabian Shield crystalline basement to sediments 267 

and volcanic rocks of Cretaceous through Quaternary age (Figure 4). The surface geology of 268 

Mesopotamia is strongly influenced by the Tigris and Euphrates river systems (Figure 2 and 269 

Figure 4). Both rivers originate within the fault zone in Anatolia where they drain the basaltic 270 

rocks of their headwaters. In their lower reaches, as they flow southwards from Turkey into 271 

Syria and Iraq, their flood plains are made up of Neogene sediments composed of limestones, 272 

marls, sandstones, and gypsum (Figure 4). 273 

 274 

The Lut Desert in Eastern Iran features extensive pre-Jurassic metamorphic rocks, Jurassic 275 

sedimentary rocks and Jurassic and Tertiary plutons. It also features Tertiary lava flows and 276 

pyroclastic materials (Arjmandzadeh and Santos, 2014). The Sistan Basin features the Hamoun 277 

dry lake bed, mainly composed of Quaternary silt and clay material and Holocene fluvial sand, 278 

silt and clay (Rashki et al., 2015). The Makran accretionary wedge, exposed in SE Iran and SW 279 

Pakistan, is 1000 km long and consists of Cretaceous to Miocene marine sediments, Pleistocene 280 

fluvial sandstones and siltstones and Quaternary sabkhas  (Burg, 2018).   281 

 282 
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Overall, the underlying bedrock geology of Northern Africa becomes younger from west-to-283 

east (Begg et al., 2009; Van Hinsbergen et al., 2011). The Western Saharan region is strongly 284 

influenced by the West African Craton where bedrocks are of Paleoproterozoic age while the 285 

Central Saharan region is characterized by younger basement rocks of Neoproterozoic age, and 286 

the Saharan Metacraton. The Eastern Saharan region features the Precambrian Nubian Shield 287 

but it is otherwise much younger, including post-orogenic igneous complexes, Tertiary 288 

volcanic rocks and Phanerozoic sedimentary deposits which include the Nubian sandstone 289 

formation, unconsolidated clays, and silts as well as aeolian sands, fluvial deposits and gravel 290 

(Figure 4). The Nile River flood plain in Sudan contains material derived from upstream 291 

regions originating from the Blue Nile and Atbara rivers (Padoan et al., 2011). These rivers 292 

drain the basalts of the Ethiopian Highlands that formed between the Miocene and the Pliocene 293 

(Figure 4). Eastern Sudan also features volcanic rocks (basaltic and andesitic composition) and, 294 

to a lesser extent, a variety of metamorphic rocks (mainly schists, gneisses and quartzites) 295 

overlying the Nubian Shield (Figure 4). 296 
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 297 

Figure 4. Simplified regional surface geology of the study region. Volcanic and intrusive rocks are shown in pink, Precambrian 298 

Arabian-Nubian Shield in brown, Phanerozoic sedimentary cover in green and Quaternary sediments in yellow.. Note the 299 

commonalities between Northeast Africa and the Arabian Peninsula (adapted from: Pawlewicz et al., 2002; Persits et al., 300 

1997, 1999; Pollastro et al., 1997, 1999). Stars (this study) and crosses (previous work) show locations where unconsolidated 301 

sediments from active dust-producing sites were sampled for geochemical analysis (see supplementary tables 2 and 3 for 302 

details). Labelled samples (J6, SHRS54, RS31, DW1 and MUN4) are discussed in more detail in section 4.2.2. Major rivers 303 

and wadis are shown in blue. Inset shows locations of sediment samples (published and this study), coloured by their respective 304 

PSA: central belt of the Arabian Peninsula (Arabian Pen., red), Southern Levant (S Levant, yellow), Mesopotamia (Mes., 305 

green), Easten Sahara (E Sah., purple) and Sistan-Lut Desert (Sistan-Lut, grey).  306 

 307 

2.4 Sample Descriptions 308 
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Our sampling targeted substrates and regions associated with high dust production, guided by 309 

our DSAF maps. We analysed 46 samples from several areas of the Kingdom of Saudi Arabia 310 

– the Nefud and Shuwaymis (Ha’il and Al Madinah provinces), Mundafan (Najran province), 311 

Dawadmi and Rawdat Tinhath (Riyadh province), and from Southern Jordan and the Lut 312 

Desert, Iran (Figures 2 and 4; Supplementary Table 2). Most of these samples come from 313 

desiccated lakes (n=32 samples) and riverbeds (n=9). Also included were samples from 314 

palaeosoils and fluvial wash surfaces (n=3), listed as ‘other’ in Supplementary Table 2. 315 

Volcanic rock samples (n=2) of a basaltic flow and a lava tube were also analysed from the 316 

Cenozoic volcanic field located within the Ha’il Province.  317 

 318 

3 METHODS 319 

3.1 Dust activation frequency mapping of Eastern Sahara and Westernmost Asia 320 

We produced a regional map of dust activation frequency by integrating published data for 321 

North Africa (Schepanski et al., 2012), Southwest Asia and the Arabian Peninsula (Hennen, 322 

2017) that were developed using high-resolution satellite observations from Meteosat Second 323 

Generation (MSG) Spinning Enhanced Visible and Infrared Imager (SEVIRI) instrument 324 

(Figure 5). Those studies used ultra-violet (UV), near-UV (deep blue) and infra-red (IR) 325 

wavelengths to separate dust from underlying terrain. Detected dust storms were then 326 

investigated and the dust traced to its source and the source location documented. 327 

 328 

In his study, Hennen (2017) reports the total number of dust events occurring over an eight-329 

year interval (2006-2013) (all observed events per day per 0.1° x 0.1° grid cell) while 330 

Schepanski et al. (2012) used a study interval spanning between March 2006 and February 331 

2010 and report dust source activation frequencies (DSAF) with a maximum frequency of one 332 
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dust event per day per 1° x 1° grid cell. Therefore, to integrate the two datasets, we only count 333 

a maximum of one activation event per day per 1° x 1° grid cell from the dataset of Hennen 334 

(2017), discounting additional dust events if more than one occurred in a day within the 1° x 335 

1° grid cell. All data are presented as DSAF (in %) values following the method of Schepanski 336 

et al. (2012), and are calculated by the equation:  337 

 338 

𝐷𝑆𝐴𝐹	(%) = (𝑁!/𝑁") × 100 339 

 340 

𝑁! = 𝑡𝑜𝑡𝑎𝑙	𝑛𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝑑𝑎𝑦𝑠	𝑐𝑜𝑛𝑡𝑎𝑖𝑛𝑖𝑛𝑔	𝑜𝑛𝑒	𝑜𝑟	𝑚𝑜𝑟𝑒	𝑑𝑢𝑠𝑡	𝑒𝑣𝑒𝑛𝑡𝑠 341 

	𝑖𝑛	1°	𝑥	1°	𝑔𝑟𝑖𝑑	𝑐𝑒𝑙𝑙	𝑤𝑖𝑡ℎ𝑖𝑛	𝑎	𝑔𝑖𝑣𝑒𝑛	𝑚𝑜𝑛𝑡ℎ, 342 

𝑁" = 𝑛𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝑑𝑎𝑦𝑠	𝑜𝑓	𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒	𝑠𝑎𝑡𝑒𝑙𝑙𝑖𝑡𝑒	𝑜𝑏𝑠𝑒𝑟𝑣𝑎𝑡𝑖𝑜𝑛	𝑖𝑛	𝑡ℎ𝑒	𝑠𝑎𝑚𝑒	𝑚𝑜𝑛𝑡ℎ 343 

 344 

The data used to produce our combined DSAF map of North Africa and Southwest Asia covers 345 

the interval from March 2006 to February 2010 (Supplementary Table 1). Our maps of annual 346 

and seasonal DSAFs are shown in Figures 5 and 6, respectively. Seasonal DSAFs were defined 347 

as follows i) spring (March 1 to May 31), ii) summer (June 1 to August 31), iii) autumn 348 

(September 1 to November 30) and iv) winter (December 1 to February 28/29) (Supplementary 349 

Table 1). 350 

 351 

3.2 Radiogenic isotope analysis352 

Sr and Nd radiogenic isotope compositions of lithogenic material were determined on 41 353 

unconsolidated surface sediment samples (mostly sourced from dried river and lake beds) and 354 

2 samples of volcanic bedrock (Supplementary Table 2). All sediment samples were dry sieved 355 

to isolate the less than 32 μm fraction, except for three coarse grained samples for which we 356 
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analysed bulk sediment (see Supplementary Table 2). Five sediment samples were also split 357 

into five narrower size fractions (63-45 μm, 45-32 μm, 32-15 μm, 15-4 μm and <4 μm) to 358 

investigate the influence of grain size on Sr and Nd isotope composition. Dry sieving was used 359 

to isolate grain size fractions larger than 32 μm and a two-step centrifugation method (see 360 

Bayon et al., 2015 for details) was used to separate samples at 32-15 μm, 15-4 μm and <4 μm 361 

grain size fraction. Volcanic samples were first ground to a fine powder and then analysed 362 

following the same method. Calcium carbonate was removed from all samples by adding 363 

excess 10% (v/v) acetic acid and shaking overnight (Bayon et al., 2002). Samples were then 364 

rinsed in Milli-Q water three times. From each carbonate-free sample, approximately 10 mg of 365 

sediment was digested overnight in HF-HNO3-HClO4 mixture at 130°C.  366 

 367 

Chromatographic column separations were carried out in a clean chemistry laboratory at the 368 

University of Southampton’s Waterfront Campus, NOCS. Sr and Nd were separated using 369 

cation columns (Bio-Rad AG-50W-X8 resin). The Nd fraction was then extracted by a reverse 370 

phase column (Ln-spec resin) (Bayon et al., 2002). The total column Nd blanks were negligible 371 

(10 pg and 18 pg) compared to the 200 ng Nd used for analysis of samples. Nd isotope data 372 

were analysed by multi-collector inductively coupled plasma mass spectrometry (MC-ICP-373 

MS, Thermo Scientific Neptune). Adjustment to a 146Nd/144Nd ratio of 0.7219 and a secondary 374 

normalisation to 142Nd/144Nd = 1.141876 was used to obtain corrected Nd isotopic 375 

compositions (Vance and Thirlwall, 2002), which were then converted to εNd notation 376 

(Jacobsen and Wasserburg, 1980) using the standard formula: 377 

 378 
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After the initial cation column separation, Sr was isolated using Sr-spec resin, dried down and 381 

loaded onto an outgassed tantalum (Ta) filament with 1 μl of Ta activator solution and 1.5 μl 382 

of HCl (Bayon et al., 2002). The total column Sr blanks were insignificant (38 pg and 6 pg) 383 

compared to the 1 μg Sr used for analysis of samples. Analysis was conducted using a 384 

ThermoScientific Triton Thermal Ionisation Mass Spectrometer using a multi-dynamic 385 

procedure and 88Sr beam of 2 V.  Exponential correction normalised to 86Sr/88Sr = 0.1194 was 386 

used to correct for fractionation. NIST987 (Yobregat et al., 2017) was run as a standard in each 387 

turret yielding a mean of 0.710244 ± 0.000006 (2SD) over 22 analyses during the course of 388 

this work. The long-term average for NIST987 on this instrument is 0.710243 ± 0.000020 389 

(2SD) over 464 analyses. 390 

 391 

3.3 Compilation of published surface sediment radiogenic isotope data  392 

We compiled published radiogenic isotope values of surface sediments from across our study 393 

region. Our compilation includes a range of substrates and grain size fractions ranging from <4 394 

µm to bulk sediment (see Table 3 in Supplementary Materials) reflecting the paucity of 395 

published data from the region. We focused on data from decarbonated samples so that our 396 

results can be compared with data from marine sediments, where removal of biogenic 397 

carbonate is necessary to isolate the lithogenic fraction from marine carbonate (Jewell et al., 398 

2022). Various protocols were used to generate the published data that we compiled (see 399 

original references). In most cases methods followed similar procedures to the ones that we 400 

used on our samples. An exception is the case of the data from Henderson et al. (2020) where 401 

bulk samples were digested for analysis without carbonate removal. From that study, therefore, 402 

we included data from fine-grained Quaternary fluvial sands but excluded data from coarser-403 

grained Neogene sediments with anomalously unradiogenic εNd compositions (between -13.1 404 
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and -11.4) and highly variable 87Sr/86Sr (0.70778 to 0.71037). The data compiled are available 405 

in Supplementary Table 3. The influence of grain size on dust source composition on our new 406 

data set is evaluated in section 0. 407 

Our compilation of isotope data from the Southern Levant region includes samples of sand, 408 

Terra Rosa (reddish soil occurring in the Mediterranean climates) and valley loess surface soils 409 

(Supplementary Table 3; Haliva-Cohen et al., 2012; Palchan et al., 2018a). Note that low 410 

87Sr/86Sr values of sediment deposits (on average 0.7094) are also reported from the Southern 411 

Levant region (Supplementary Table 3; Henderson et al., 2020; Palchan et al., 2018a), but those 412 

data come from dust inactive areas (DSAF % = 0) so do not influence our calculated PSA 413 

values.   414 

Published data from the Mesopotamian region include samples from Iraq, Kuwait, and Syria 415 

(Supplementary Table 3; Henderson et al., 2020; Kibaroğlu et al., 2017; Kumar et al., 2020; 416 

Sharifi et al., 2018). In the southern part of the Mesopotamian region, published data include 417 

soil samples from the Abu Zirig Wetland (Iraq) and sediment samples from Baghdad and flat 418 

lands located northwest of Kuwait City, representing the Tigris-Euphrates floodplains 419 

(Supplementary Table 3). In Northern Mesopotamia, samples of fine clay and fine sands from 420 

the Euphrates floodplain show isotope values consistent with those from Southern 421 

Mesopotamia (Supplementary Table 3). Sediments along the modern Euphrates channel and 422 

its palaeo-channel originate from the Eastern Anatolian Plateau, which consists of Neogene 423 

basalts (Pawlewicz et al., 2002).  424 

Data from active dust producing sites in Iran are particularly sparse. We know of only a single 425 

published sample from the coastal plain where many wadis drain the Makran region (Kumar 426 

et al., 2020).  427 
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 428 

3.4 DSAF-weighted isotope fingerprints for our PSAs  429 

Isotope signatures for PSAs are commonly defined using the average and/or range of all 430 

available data within a specified region. That method provides a reasonable first order approach 431 

but gives equal weighting to all substrate isotope compositions regardless of their relative 432 

contribution to the total atmospheric dust load. To obtain more representative isotope 433 

compositions, we followed Jewell et al. (2021) in applying a dust source activity weighting to 434 

individual data points before calculating mean isotopic compositions for our PSAs. We used 435 

the 1° x 1° grid cell DSAF map shown in Figure 5. Where more than one sample was available 436 

within a single 1° x 1° grid cell, the mean isotopic composition of those samples was used. The 437 

weighted means were calculated as follows: 438 

 439 

�̅�234 =
∑(𝑥5 	× 	𝑤5)

∑ 	𝑤5
 440 

 441 

𝑥5 = individual/mean sample isotope signature, 𝑤5 = DSAF 442 

 443 

The weighted mean standard deviation for each PSA is given by: 444 

 445 
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 447 

𝑥5 = sample isotope signature, 𝑤5 = DSAF, N = number of samples 448 

 449 
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Thus, our approach reduces aliasing by excluding data from non-dust producing regions and is 450 

sensitive to spatial variability in DSAF between the geochemical datapoints.  451 

 452 

4 RESULTS AND DISCUSSION 453 

 454 

On geological timescales, mineral dust accumulated in marine and terrestrial climate archives 455 

provides a way to reconstruct long, continuous, well-dated proxy records of changing 456 

continental aridity and wind strength (e.g. Clemens et al., 1996; Crocker et al., 2022; 457 

deMenocal, 2004; Skonieczny et al., 2019; Tiedemann et al., 1994). However, to unlock the 458 

full potential of these archives, we must determine dust provenance. This is a far from 459 

straightforward task, particularly in the northern Arabian Sea where wind directions change 460 

dramatically by season with the potential to bring dust from different sources on the encircling 461 

arid and semi-arid landmasses (Figure 3). Radiogenic isotope signatures (e.g., Sr and Nd) of 462 

lithogenic material provide a powerful way to address this problem. But first, we must improve 463 

our knowledge of the isotopic composition of dust sources (Jewell et al., 2021; Scheuvens et 464 

al., 2013). Once the dust sources are identified and fingerprinted, this knowledge can be 465 

coupled to an understanding of both the seasonality of dust generation in the source region(s) 466 

and the relevant transport pathways between source and sink to provide a much more powerful 467 

and holistic understanding of past climate variability (e.g. Crocker et al., 2022). 468 

 469 

4.1 Four main dust producing regions and the causes and seasonality of their 470 

activation  471 

East of ~25 °E, our composite DSAF map shows four main geographically extensive regions 472 

of dust generation: (i) the Eastern Sahara, (ii) the central belt of the Arabian Peninsula, (iii) 473 
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Mesopotamia, (iv) the Sistan-Lut Desert region in eastern Iran and a fifth geographically less 474 

extensive region in the Southern Levant, which borders the Mesopotamian dust source region 475 

(Figures 4 and 5) but lies west of the watershed that defines the Tigris-Euphrates River 476 

catchment as shown by the surface hydrology in Figure 5b. 477 

 478 

 479 
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Figure 5. Annual dust source activation frequency (DSAF) map: A. North Africa and Westernmost Asia and B. Eastern Sahara 480 

and Westernmost Asia from March 2006 and February 2010 (Hennen, 2017; Schepanski et al., 2012) overlain with active 481 

river channels (blue) and palaeoriver reconstruction (brown) (Breeze et al., 2015). Intensity of coloured pixels indicates DSAF 482 

% with higher DSAF % values in darker shades (note different scales between panels A. and B.). Labels in panel B. indicate 483 

the main PSAs introduced in Figure 4B.  484 

 485 

The highest DSAFs in the modern-day Eastern Sahara are found in the Nubian Desert in central 486 

Sudan between about 14° and 22°N (Figure 5). Seasonal DSAF maps reveal that the Eastern 487 

Sahara PSA is active all year-round with the lowest DSAF % occurring in summer (Figure 6). 488 

The most active sources of deflatable dust in this region are alluvial deposits within the Nubian 489 

Desert (Bakker et al., 2019) that formed during past intervals of higher net-precipitation, most 490 

recently the mid-Holocene African Humid Period (Tierney et al., 2011). Dust from this region 491 

is deflated and transported by the north-easterly winds that are active all year and by meso- to 492 

micro-scale winds such as haboobs, dust events that form when cold air outflows from deep 493 

convective clouds (Figure 6D). The region is estimated to produce approximately 7.5 % of the 494 

total of the North African wintertime dust (Bakker et al., 2019). 495 

 496 
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 497 
Figure 6.  Seasonal DSAF (%, darker shades indicate higher DSAF): A. Spring (March 1-May 31), B. Summer (June 1-August 498 

31), C. Autumn (September 1-November 30) and D. Winter (December 1-February 29) calculated from the recorded years 499 

between 2006 and 2010. Dust activity intensifies in Mesopotamia in spring and peaks in summer when it becomes the most 500 

active area within the study region, with lower activities in autumn and winter. The central belt of the Arabian Peninsula is 501 

most active from spring to autumn, while Eastern Sahara remains active throughout the year with highest DSAF in the winter. 502 

The Sistan-Lut Desert region of Iran is most active in summer. National boundaries in grey and major active rivers and wadis 503 

in blue. 504 

 505 

Extensive dust-producing regions with high annual DSAFs are also observed in westernmost 506 

Asia, notably on the Arabian Peninsula, in Mesopotamia and in eastern Iran (Figure 5). Our 507 

combined regional DSAF map reveals that the highest annual DSAFs  across the study area are 508 

reported in northern Mesopotamia (22.5 %), which exceeds peak DSAF in the Eastern Sahara 509 
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(15.1 %). The Mesopotamian region of high dust generation includes the entire drainage basin 510 

of the Euphrates and Tigris rivers and their tributaries (Figure 5) and is bounded by the Zagros 511 

Belt to the east. This region is most active in summer and least active in autumn (Figure 6), 512 

whereas the Eastern Sahara is least active in summer and most active in winter. Dust from 513 

Mesopotamia originates from fine alluvial sediments of the Tigris and Euphrates river basins 514 

and local sabkhas (salt flats) together with anthropogenically generated dust from agricultural 515 

practises, particularly in Syria (Ginoux et al., 2012; Hennen, 2017). High summer DSAF zones 516 

are identified in Northern and Southern Mesopotamia, with summer DSAF peaking at 45.9 % 517 

compared to 19.0 % in Eastern Sahara (Figure 6B). Our DSAF maps also show elevated dust 518 

activity (peaking in spring) in the Southern Levant, where most dust activity occurs in a region 519 

close to, but outside of, our Mesopotamian region as defined by the Tigris-Euphrates River 520 

basin, and most dust activity here occurs between spring and autumn. 521 

 522 

The highest dust activation frequencies in the central belt of the Arabian Peninsula are 523 

concentrated in a band with a roughly northeast-southwest direction, extending from the 524 

Persian Gulf to the Asir Mountains. This region is most active in spring through autumn (Figure 525 

6A-C) and least active in winter. Evidence of palaeorivers and palaeolake basins (which have 526 

also been interpreted as shallow marshes) is widespread across the Arabian Peninsula (Breeze 527 

et al., 2015; Enzel et al., 2015). These features play an important role in dust generation, with 528 

the Al Batin and Al Sahba wadis (Figure 2) among the major sources of dust (Ginoux et al., 529 

2012; Hennen, 2017). In contrast, very low DSAFs are recorded in the world’s largest sand sea 530 

(the Rub’ al Khali), emphasising that it is the availability of finer-grained sediments, especially 531 

from the beds of ephemeral and palaeo river and lake systems, that drive deflation (Figures 2 532 

and 5). 533 

 534 
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The Sistan-Lut Desert region, located in southern and eastern Iran, is a further prominent 535 

geographically extensive dust source region (Figure 5). This region is most active in summer 536 

(with seasonal DSAF as high as 41.3 %) and least active in winter (Figure 6B and D). The 537 

major dust-producing areas within this region are the ephemeral lakes (Lake Hammoun) in the 538 

Sistan Basin (Figure 2) (Rashki et al., 2015). High DSAFs within the Sistan-Lut Desert region 539 

also occur in the Lut Desert, the southern coast near the Makran Mountains and areas with 540 

large saline lakes (e.g. Hamun-e Jaz Murian) (Figure 2) (Gherboudj et al., 2017; Ginoux et al., 541 

2012).  542 

 543 

4.2 Geochemical signature of dust sources  544 

4.2.1 Isotopic signatures of four PSAs 545 

 546 
Our data show that dust sources in Westernmost Asia are isotopically distinct from those of 547 

North Africa (Figure 7). The Western and Central Sahara PSAs are more radiogenic in Sr and 548 

more unradiogenic in Nd than the PSAs of Western Asia while the Eastern Saharan PSA is 549 

readily distinguished from the PSAs of Western Asia (including the Arabian Peninsula) by its 550 

distinctly non-radiogenic Sr isotope composition and typically more radiogenic Nd isotope 551 

composition (Figure 7). In some ways, the offset between the West Asian and Eastern Saharan 552 

PSAs is an unexpected result because there are strong commonalities in geology between the 553 

Eastern Sahara and Arabian Peninsula, particularly around the Red Sea in the form of the 554 

Arabian Nubian Shield (Figure 4). We attribute this isotopic offset in part to overprinting by 555 

long-range fluvial transportation of sediments in the Eastern Sahara. Here, the Nile River acts 556 

as a powerful mechanism to transport lithogenic material over long distances, supplying 557 

sediment with very distinctive isotopic signatures. The Blue Nile and Atbara rivers drain the 558 

Ethiopian Highlands, contributing material to the Eastern Sahara with a radiogenic Nd (εNd ≈ 559 
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0) isotopic signature. The White Nile drains the Central African craton, which has a much more 560 

unradiogenic Nd isotopic signature (εNd ≈ -30) but it was responsible for less than 10% of the 561 

sedimentary load to the mid- and lower Nile prior to the construction of the Aswan Dam 562 

(Bastian et al., 2021; Padoan et al., 2011 and references therein). We see strong evidence of 563 

sediment transport by the Blue Nile and Atbara river system influencing dust source signatures 564 

in the Eastern Sahara, with samples taken along the Nile flood plains downstream of the 565 

Ethiopian Highlands showing particularly radiogenic Nd isotopic signatures (Fig 8B).  566 

 567 
East of the Nile River, nine sites in Sudan overlying the Precambrian Arabian-Nubian Shield 568 

also show Sr and Nd isotopic signatures (0.70514 to 0.70746 and -4.1 to -1.6 for 87Sr/86Sr and 569 

εNd, respectively, Jewell et al., 2021) that are distinct from both the reported regional intrusive 570 

and extrusive rocks from within the Nubian Shield in Northeast Sudan (0.7019 to 0.7030 571 

and 5.1-7.7, Stern and Kroner, 1993) and the shield data compiled by Palchan et al., (2013) 572 

(0.708-0.730 and -2.5 to -0.5). This observation suggests control by sediment supply down 573 

local palaeoriver channels draining basic volcanic rock sources (see for example the work of 574 

Kröner et al., (1991) in the Red Sea Hills. In contrast, the isotopically distinctive (87Sr/86Sr = 575 

0.702-0.704; εNd = 3 to 7, this study, Altherr et al., 2019 and references therein) Cenozoic flood 576 

basalts or ‘harrats’ that overlie the Arabian Shield appear to exert little control on the Arabian 577 

dust sources there because our data from the palaeo-lacustrine sediments sampled from the 578 

harrats of the Shuwaymis region show very different compositions (0.71051-0.71368, 579 

87Sr/86Sr; -10.1 to -4.2 εNd, Figure 9). This observation suggests that the palaeoriver channels 580 

that fed these ancient water bodies were reactivated less recently or extensively than the ones 581 

sampled in the Eastern Sahara. 582 

 583 
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Our calculated DSAF-weighted mean isotopic compositions for the central belt of the Arabian 584 

Peninsula (0.7115 ± 0.0012 and -6.4 ± 1.8 for 87Sr/86Sr and εNd, respectively) and the Southern 585 

Levant (0.7116 ± 0.0011 and -6.8 ± 0.7) are isotopically indistinguishable from one another 586 

(Figure 7). These two PSA values also show good agreement with samples of dust deposited 587 

in Jerusalem (0.71225 and -6.8 to -7.2 for 87Sr/86Sr and εNd, respectively, Palchan et al. 588 

(2018b)), aerosols collected in Eilat (-9.9 to -6.7 in εNd, Hartman et al. (2020)) and dust 589 

suggested to originate from the Arabian Peninsula collected in Goa, India (0.71253 to 0.72909 590 

for 87Sr/86Sr  and -7.8 to -7.3 εNd, Kumar et al. (2020) and -6.6 in εNd, Hartman et al. (2020)) 591 

(Figure 7). Within the Arabian PSA, we find no strong isotopic distinction between sediments 592 

overlying shield- versus non-shield bedrock (Figure 8). This lack of spatial heterogeneity 593 

suggests that the dust sources of the Arabian Peninsula and Southern Levant are influenced by 594 

the homogenizing effects of aeolian mixing probably through a combination of the recycling 595 

of ancient sand deposits as reported from the Sahara (Pastore et al., 2021) and longer range 596 

transport of finer grained desiccated palaeolake and river-bed deposits as documented in the 597 

Mojave Desert (e.g. Jardine et al., 2021; Reynolds et al., 2006).  598 

 599 

 600 

 601 

 602 

 603 

 604 

Table 1. Weighted mean isotopic signature with 1 weighted mean standard deviation of the Eastern Sahara (Jewell et al., 605 

2021), the central belt of the Arabian Peninsula (Arabian Peninsula), Southern Levant, Mesopotamia and Sistan-Lut Desert 606 

PSAs (see Figure 8 for spatial definition), defined using new and published data of unconsolidated sediments. For more detail 607 

on data and references used see Supplementary Tables 2 and 3. 608 

PSA 87Sr/86Sr 1 sd εNd 1 sd 

Arabian Peninsula 0.7115 0.0012 -6.4 1.8 

Southern Levant 0.7116 0.0011 -6.8 0.7 

Eastern Sahara 0.7059 0.0017 -1.1 2.7 

Mesopotamia 0.7087 0.0017 -3.5 1.8 

Sistan-Lut Desert 0.7098 0.0005 -7.6 0.7 
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Figure 7. Sr and Nd isotopic composition of the preferential dust source areas (PSAs) in westernmost Asia and northeast 611 

Africa (A.) as defined in Figures 4 and 5B. Data shown are measurements of unconsolidated sediments from the central belt 612 

of the Arabian Peninsula (Arabian Peninsula, red) (this study), the Southern Levant (yellow, this study and Haliva-Cohen et 613 

al., 2012; Palchan et al., 2018),, Mesopotamia (green,  Henderson et al., 2020; Kibaroğlu et al., 2017; Kumar et al., 2020; 614 

Sharifi et al., 2018)), Eastern Sahara (purple,  Jewell et al., 2021; Padoan et al., 2011) and Sistan-Lut Desert (grey, this study 615 

and Kumar et al., 2020). See Supplementary Table 3 for further details of data used.  Symbol size corresponds to the annual 616 

DSAF of the locality sampled (see Figure 8). Mean isotopic compositions weighted for DSAF with standard deviation bars 617 

are plotted for each PSA. Lower panel (B.) shows the same data as panel A compared to the western and central Sahara PSAs 618 

from Jewell et al. (2021), highlighting the difference in isotopic signatures of dust exported from some of Earth’s most 619 

important dust producing regions.  620 

 621 

Radiogenic isotope data on unconsolidated sediments from active dust source areas in 622 

Mesopotamia are sparse but there is some coverage (Figure 8, Supplementary Table 3). More 623 

data are needed to accurately characterise this region but, based on the information available, 624 

our DSAF-weighted mean Sr and Nd isotopic compositions for the Mesopotamian PSA 625 

(87Sr/86Sr 0.7087 ± 0.0017; εNd -3.5 ± 1.8) fall between those of the Eastern Sahara and of the 626 

central belt of the Arabian Peninsula and Southern Levant (Figures 7, 8 and 9). We find that, 627 

despite its proximity to northern Mesopotamia, the geochemical signature of surface sediment 628 

samples from Southern Levant PSA more closely resembles that of the more distant Arabian 629 

Peninsula PSA (Figures 7, 8 and 9). This result emphasises the strong imprint of the Tigris-630 

Euphrates River system on dust source composition in Mesopotamia. This result supports our 631 

decision to define separate PSAs (Mesopotamia and Southern Levant, Figure 4) even though, 632 

at the spatial scale of the remotely sensed data, they appear as one contiguous region in the 633 

DSAF data (Figure 5). 634 

 635 
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 636 
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Figure 8. Spatial coverage of new and previously published isotope data from unconsolidated surface sediment samples 637 

overlain on annual DSAF maps. Isotope composition of individual data points is indicated by colour (scale bar shown): 638 

⁸⁷Sr/⁸⁶Sr (A) and εNd (B). Dust source activation frequency (DSAF) as in Figure 5.  Major rivers and wadis are shown in blue.  639 

 640 

The isotopic signature of a surface soil sample from the Iranian Persian Gulf coast (SR-8, 641 

0.71094 and -5.8 for 87Sr/86Sr and εNd, respectively) reported by Kumar et al., (2020) (Figure 642 

8) aligns well with the composition that we report for a yardang sample from the Lut Desert 643 

(0.70965 and -7.7 for 87Sr/86Sr and εNd, respectively). However, to our knowledge, there are no 644 

other published radiogenic isotope data on unconsolidated sediments from active dust source 645 

areas in Iran. The coastal sample is not optimally located for our purposes (Figure 8) but, due 646 

to the sparsity of available data, we combine it with our yardang sample to define a preliminary 647 

signature for the Sistan-Lut Desert PSA. These two measurements of unconsolidated sediments 648 

are isotopically distinct from the majority of data of volcanic rocks in the region, which range 649 

between 0.70389 and 0.70836 (mean, 0.7056) in 87Sr/86Sr and between -5.9 to 3.7 in εNd (mean, 650 

0.4). They also lie just outside the range of aerosols collected in Goa, India which have been 651 

used to infer dust sourced from the Sistan-Lut basin region: 87Sr/86Sr between 0.70494 and 652 

0.71938 and εNd between -7.9 and -12.8 (Supplementary Table 3 and Supplementary Figure 1) 653 

(Kumar et al., 2020; Suresh et al., 2021). Suresh et al., (2021) suggest that the isotopic spread 654 

in aerosol samples from the Sistan-Lut basin reflects the heterogeneity of dust sources, but 655 

other factors such as mixing of dust during transport and limitations of tracking dust from 656 

source-to-sink using satellite imagery and air mass back trajectory analyses may also play a 657 

role. More data are needed from Iran to confidently define a PSA signature, but our 658 

observations indicate that non-volcanic sources have a major influence on dust composition in 659 

the Sistan-Lut Desert (Figure 4) and the discrepancies between sediment and aerosol isotopic 660 

values when Sr and Nd are considered together (Supplementary Figure 1) suggest that further 661 

work is needed to better understand provenance of the aerosol samples collected in Goa. 662 
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Figure 9. Simplified geological map overlain with new and previously published radiogenic isotope data. ⁸⁷Sr/⁸⁶Sr (A.) and 664 

εNd (B.) signatures of unconsolidated sediments (circles) are indicated by colour (scale bar shown). Major river systems shown 665 

in blue, national boundaries in grey. Geological map adapted from Pawlewicz et al., 2002; Persits et al., 1997, 1999; Pollastro 666 

et al., 1997, 1999. 667 

 668 
4.2.2 The influence of grain size on radiogenic isotope signatures 669 

Tracing dust provenance relies on matching the isotopic composition of source material with 670 

aerosols and/or terrigenous deposits in marine and lake sediments. Therefore, it is important to 671 

understand the secondary processes that can influence isotopic signatures from source to sink. 672 

These include chemical weathering of source rock as well as grain-size sorting during wind 673 

and fluvial transport (Fralick and Kronberg, 1997). Typically, Nd isotopes are considered not 674 

to undergo major fractionation during weathering and transport (Feng et al., 2009; Grousset et 675 

al., 1992). On the other hand, fractionation during weathering and transport is often inferred 676 

for Sr isotopes and typically results in higher 87Sr/86Sr with increasing weathering intensity and 677 

decreasing grain size (Bayon et al., 2021; Feng et al., 2009; Grousset et al., 1992; Meyer et al., 678 

2011). To assess the importance of these processes, we analysed five different grain size 679 

fractions: <4 μm, 4-15 μm, 15- 32 μm, 32-45 μm and 45-63 μm for five representative samples 680 

from the Arabian Peninsula and Southern Levant (Figure 10, Supplementary Table 2).  681 

 682 
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 683 

Figure 10. The relationship between grain size and isotopic composition of five representative samples from the central belt 684 

of the Arabian Peninsula and Southern Levant (RS31, SHRS5, J6, MUN4 and DW1 for locations see Figure 4). The distribution 685 

of ⁸⁷Sr/⁸⁶Sr (A) and εNd (B) for lacustrine samples (RS31 and SHRS54, blue) and fluvial samples (MUN4, J6 and DW1, red). 686 

Size of the symbol indicates size fraction (<4 μm, 4-15 μm, 15- 32 μm, 32-45 μm and 45-63 μm) from smallest to largest.  687 

 688 

Samples from dried lake beds (RS31 and SHRS54) show less variability in either Sr or Nd 689 

isotopic signature between grain size fractions than those from dried riverbeds (Figure 10). The 690 

riverbed samples (J6, DW1, MUN4) show substantial grain-size dependent isotopic 691 

fractionation in both Sr and Nd, especially in the less than 15 μm fraction (Figure 10). More 692 

data are needed to fully understand these isotopic offsets with grain size, but they are consistent 693 

with the results of Jewell et al., (2021) from Africa and suggest that transport history and 694 

changes in regional geology downstream associated with the chemical maturity of the 695 

sediments (Bayon et al., 2021) play an important role. Regardless, our results underscore the 696 

importance of a consistent approach to sampling and analysis, even for εNd, especially in 697 

regions that are geologically complex and isotopically diverse. 698 
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 699 

Figure 11. Overview of the weighted means (± 1sd) of ⁸⁷Sr/⁸⁶Sr and εNd of unconsolidated surface sediments in preferential 700 

source areas of dust generation: Eastern Sahara (purple, Jewell et al. 2021), central belt of the Arabian Peninsula (red), 701 

Southern Levant (orange) and Mesopotamia (green). Dust map for Eastern Sahara (Schepanski et al., 2012), the Arabian 702 

Peninsula and SW Asia (Hennen, 2017) indicates the DSAF (%) of >5 % (dark colours) and 1-5 % (pale colours). 703 

 704 

5 CONCLUSIONS 705 

 706 

We combine satellite and radiogenic isotope data to identify and geochemically characterise 707 

three preferential source areas (PSAs) of dust generation in Westernmost Asia: i) the central 708 

belt of the Arabian Peninsula, ii) Mesopotamia and iii) the Southern Levant. With further work, 709 

the Sistan-Lut Desert dust producing region in Iran may also be distinguished isotopically. 710 

Following the approach of Jewell et al., (2021), we characterize these PSAs geochemically 711 

using Sr and Nd isotope data, targeting our sampling at dust-producing hot spots in dried river 712 
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and lake beds. We weight our geochemical data by local dust source activation frequency to 713 

produce representative estimates of the isotopic signature of emitted dust. We show that the 714 

main dust sources of Westernmost Asia have geochemical fingerprints that can be readily 715 

distinguished from dust sourced from the Sahara (Figures 7 and 11). More data are needed 716 

from dust-producing sites in Mesopotamia and the deserts of Iran to better constrain the 717 

geochemical fingerprints of those regions. 718 

 719 

We find that sediment transport mechanisms exert differing controls over dust source isotopic 720 

signatures in West Asia and the Sahara. Long-range sediment transport by both the Nile and 721 

its tributaries and the Tigris-Euphrates river system exerts a strong influence on the 722 

geochemical fingerprint of dust sources in the Eastern Sahara and Mesopotamia respectively 723 

(Figure 5 and 11). One consequence of this long-range transport is that the dust sources of 724 

Mesopotamia are readily distinguished geochemically from those of the Southern Levant 725 

despite the proximity of these two PSAs (Figure 5 and 11). Another consequence is the 726 

influence of the Ethiopian Highlands on the geochemical fingerprint of the Eastern Sahara. 727 

Even in the central Arabian Peninsula where there is no major long-range riverine transport of 728 

sediments to consider, the correspondence between dust sources and the underlying bedrock 729 

geology of the Arabian Nubian Shield is not particularly strong. This observation suggests long 730 

intervals of palaeo aridity and spatially extensive and effective mixing by aeolian transport 731 

internally (see Figure 9 and discussion in section 4.2.1). We identify a secondary influence of 732 

grain size on both Sr and Nd isotopes from sediment samples collected in palaeoriver deposits, 733 

but this effect is much smaller in sediments sampled from palaeolakes. Our analysis provides 734 

an improved framework for tracing dust from source-to-sink over long distances, a prerequisite 735 

for successfully interpreting records of palaeoclimate variability. 736 

 737 
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Appendix A. Supplementary material 754 

Supplementary Table 1. Annual and seasonal dust source activation frequency data (DSAF, %). 755 

Supplementary Table 2. List of samples in this study. Samples marked with * were measured at 63-45 μm, 45 -32μm and <32 756 

μm discussed in more detail in section 0. 757 

Supplementary Table 3. A list of published sediment and aerosol samples from Southern Levant, Mesopotami  and Sistan-Lut 758 

Desert  used in our compilation including the Sr and Nd isotopic values, sample descriptions, location and grain size 759 

fraction used for analysis. 760 
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  762 

Supplementary Figure 1. Comparison of Sr and Nd isotopic composition within Sistan-Lut Desert PSA: (i) surface sediments 763 

(pink circles), (ii) volcanic rocks (dark red triangles) (Arjmandzadeh and Santos, 2014; Pang et al., 2014; Saadat et al., 764 

2010) and (iii) aerosols collected in Goa, India (blue diamonds) (Kumar et al., 2020; Suresh et al., 2021) .  765 
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