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Production, transport and deposition of mineral dust have significant impacts on different components of
the Earth systems through time and space. In modern times, dust plumes are associated with their source
region(s) using satellite and land-based measurements and trajectory analysis of air masses through time.
Reconstruction of past changes in the sources of mineral dust as related to changes in climate, however,
must rely on the knowledge of the geochemical and mineralogical composition of modern and paleo-
dust, and that of their potential source origins. In this contribution, we present a 13,000-yr record of
variations in radiogenic Sr–Nd–Hf isotopes and Rare Earth Element (REE) anomalies as well as dust grain
size from an ombrotrophic (rain fed) peat core in NW Iran as proxies of past changes in the sources of
dust over the interior of West Asia. Our data shows that although the grain size of dust varies in a narrow
range through the entire record, the geochemical fingerprint of dust particles deposited during the low-
flux, early Holocene period (11,700–6,000 yr BP) is distinctly different from aerosols deposited during
high dust flux periods of the Younger Dryas and the mid-late Holocene (6,000–present). Our findings
indicate that the composition of mineral dust deposited at the study site changed as a function of
prevailing atmospheric circulation regimes and land exposure throughout the last deglacial period and
the Holocene. Simulations of atmospheric circulation over the region show the Northern Hemisphere
Summer Westerly Jet was displaced poleward across the study area during the early Holocene when
Northern Hemisphere insolation was higher due to the Earth’s orbital configuration. This shift, coupled
with lower dust emissions simulated based on greening of the Afro-Asian Dust Belt during the early
Holocene likely led to potential sources in Central Asia dominating dust export to West Asia during
this period. In contrast, the dominant western and southwest Asian and Eastern African sources have
prevailed during the mid-Holocene to modern times.

1. Introduction

West Asia, also referred to as the Middle East, is a climatically
sensitive region that extends across the eastern Mediterranean Sea, 
Syria, Iraq, Iran and the Arabian Peninsula. Major Eurasian synoptic 
systems dominate over this portion of Asia, including the Siberian 
anticyclone (SA), the Indian Ocean Summer Monsoon (IOSM) and 
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the Northern Hemisphere Summer Westerly Jet (NHSWJ) (Fig. 1). 
The convergence of these systems over West Asia and their in-
teraction with external forcing such as solar irradiance and in-
solation, internal climate oscillations and anthropogenic forcing 
mechanisms make this region highly susceptible to abrupt shifts 
in climate regimes (e.g., Liu et al., 2015; McGee et al., 2014;
Nagashima et al., 2011; Sharifi et al., 2015).

Mineral dust is an actively changing component of the biogeo-
chemical (Moore et al., 2002) and hydrological cycles (Arimoto, 
2001) and significantly influences the global radiation budget 
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Fig. 1. Schematic position of major synoptic systems and dust sources over West Asia. Stars denote the location of Neor peat mire (red) and dust collection sites (yellow).
Orange and blue arrows denote the location of Northern Hemisphere Summer Westerly Jet (NHSWJ) in summer and winter respectively (Schiemann et al., 2009). The
approximate current location of the Intertropical Convergence Zone (ITCZ) is also shown (Aguado and Burt, 2012). IOSM refers to Indian Ocean Summer Monsoon. Dashed
circles in orange denote the major dust sources in the region (Ginoux et al., 2012) and are numbered as follow: 1, northeast Sudan; 2, highlands of Saudi Arabia; 3, Empty
Quarter (Rob Al Khali); 4, Jordan River Basin of Jordan; 5, Mesopotamia; 6, coastal desert of Iran; 7, Hamun-i-Mashkel; 8, Dasht-e Lut Desert of Iran; 9, Dasht-e Kavir Desert
of Iran; 10, Lake Urmia of Iran; 11, Qobustan in Azerbaijan; 12, Atrek delta of Turkmenistan; 13, Turan plain of Uzbekistan, and 14, Aral Sea. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

(Choobari et al., 2014; Miller and Tegen, 1998; Tegen and Lacis, 
1996). The vast, arid and semi-arid areas across West Asia are part 
of the Afro-Asian “dust belt” and a major contributor to global 
atmospheric dust emissions (Prospero et al., 2002), with the Ara-
bian Peninsula, Iraq and Syria contributing up to 20% (Hamidi et 
al., 2013) in modern times. Large amounts of dust are delivered 
from these regions to the Persian Gulf, the Red Sea and the north-
ern Indian Ocean (Goudie and Middleton, 2006; Littmann, 1991;
Middleton, 1986; Pourmand et al., 2004; Prospero et al., 2002;
Sirocko et al., 2000).

Paleo-dust records in lacustrine/marine sediments and ice cores 
suggest a strong link between mineral dust and the climate state. 
These records also indicate systematic variations in dust emission 
and transport in the past, changes in the amount of dust, dust 
typology and shifts in the source areas (Shao et al., 2011). The 
controlling mechanisms on atmospheric circulation and dust emis-
sion during the Holocene and the effect of climate variability on 
introducing new dust source regions in West Asia are poorly inves-
tigated. Previously, we reported a high-resolution, 13,000 record of 
mineral dust deposition at Neor Lake in NW Iran (Sharifi et al., 
2015) that indicated changes in the composition of dust may have 
occurred during the last deglacial and the Holocene. In this contri-
bution, we investigate this possibility by taking a novel approach 
of combining the results from paleo-dust grain size analysis with 
geochemical fingerprinting of modern and paleo-mineral dust us-
ing radiogenic Sr–Nd–Hf isotopes and Rare Earth Element (REE) 
anomalies measured in samples from Neor Lake peat complex. 
We further use climate simulation experiments to examine how 
variations in Holocene insolation influenced the dominant atmo-
spheric circulation regimes over the region. We show changes in 
dust composition and flux in the interior of West Asia were likely 
coincident with changes in soil coverage across the Afro-Asian dust 
belt.

2. Materials and methods

2.1. Study site

Neor Lake (37◦57′37′′ N, 48◦33′19′′ E) is a high-altitude 
(∼2,500 m.a.s.l.), seasonally-recharged lake in NW Iran (Fig. 1) and 
has hosted a peripheral peat complex since at least 13,000 yr ago 
(Sharifi et al., 2015). The mean annual precipitation (30-yr aver-
age) recorded at the nearest meteorological station, 50 km to the 
north east of the lake at 1,332 m.a.s.l., exceeds 300 mm. Mean an-
nual temperature at the station is 15.4 ◦C and the mean maximum 
and minimum temperatures of the warmest and coldest months 
of the year are 25 ◦C (July) and −7.9 ◦C (January), respectively. It 
is expected that Neor Lake experiences higher annual precipita-
tion and lower temperature relative to the weather station since 
its elevation is 1,200 m higher than the station.

2.2. Sampling

A total of 41 samples with masses of about 1 g were taken 
from high and low dust intervals based on the XRF elemental pro-
files of a 7.5 m core from Neor Lake’s peripheral peat complex 
(Sharifi et al., 2015). The samples span the last 13,000 yr accord-
ing to 19 calibrated radiocarbon dates (Sharifi et al., 2015). Modern 
dust samples were collected upwind of Neor site at Abadan and 
Sar Pol Zahab meteorological stations (Fig. 1) from December 2011 
to May 2012 using a Low Volume (LVS) Microcomputer Controlled 
Air Sampler (Micro PNS) at a rate of 2.3 cubic meters per hour for 
168 h (Ahmady-Birgani et al., 2015).

2.3. Radiogenic Sr–Nd–Hf isotope and the REE analyses

Dried samples were homogenized in an agate mortar and ashed 
at 750 ◦C for one hour. Approximately 0.015 to 0.035 g was fused 



Table 1
Details of the three model experiments performed with CCSM4 coupled to the SOM and interactive dust model. The columns describe simulation name, orbital configuration,
greenhouse gas concentrations (GHC), prescribed vegetation, and soil erodibility map used to scale dust emissions.

Simulation Orbital GHG Vegetation Soil erodibility

6 ka Mid-Holocene 6 ka 6 ka PI 6 ka
6 ka + greening Early Holocene 6 ka 6 ka Modified North Africa/Arabian Peninsula

(10◦–31◦N, 20◦W–55◦E)
6 ka with modified North Africa/Arabian
Peninsula (10◦–31◦N, 20◦W–55◦E)

with LiBO2 alkali flux in a high-purity graphite crucible at 1170 ◦C 
for 12 min to ensure complete dissolution of refractory minerals 
(Pourmand et al., 2012; Pourmand and Dauphas, 2010). Stron-
tium, Nd, Hf and the REEs (La–Lu) were separated from the ma-
trix through a three-stage extraction chromatography scheme pre-
viously developed for aerosol analysis (Pourmand et al., 2014). 
Measurements were conducted on a ThermoFisher Scientific Nep-
tune Plus multi-collector inductively coupled plasma mass spec-
trometer at the Neptune Isotope Lab. The measured 143Nd/144Nd 
and 176Hf/177Hf ratios are reported in “ε” notation relative to the 
Chondritic Uniform Reservoir (CHUR) values of 0.512638 ± 25 and 
0.282785 ±11, respectively (Bouvier et al., 2008). Additional details 
of the analytical procedure including high-precision isotope mea-
surements for Sr–Nd–Hf systematics and the REEs can be found in 
(Pourmand et al., 2014).

Model Sm–Nd ages for source rocks were calculated based on 
assuming 143Nd/144Nd = 0.51315 for depleted mantle and a simple 
evolution leading to modern 147Sm/144Nd = 0.2137 (Goldstein et 
al., 1984; Grousset et al., 1988). As a result, relative changes in 
model ages are more meaningful than the absolute ages.

TCHUR = 1

λ

∗ ln

[
(143Nd/144Nd)Sample, today − (143Nd/144Nd)CHUR, today

(147Sm/144Nd)Sample, today − (147Sm/144Nd)CHUR, today
+ 1

]

(1)

where the TCHUR is the model Sm–Nd age and λ is the decay con-
stant (6.25 × 10−12 yr−1).

2.4. Grain-size analysis

A total of 23 samples were taken from high and low dust in-
tervals along the core and dried overnight at 105 ◦C. The organic 
component was oxidized using a solution of 30% hydrogen perox-
ide (H2O2) at 200 ◦C. The remaining fraction was then resuspended 
in a 0.3% Hexametaphosphate solution and sub-sampled under 
stirring. The grain-size distribution was measured using a Beck-
man Coulter LS 13320 laser granulometer with a range of 0.04 to 
2000 μm at Aix-Marseille Université, Centre de Recherche et d’En-
seignement de Géosciences de l’Environnement (CEREGE, France).

The particle size calculation model was performed in accor-
dance with the Fraunhöfer and Mie theory, in which water was 
used as the medium (Refractive Index = 1.33 at 20 ◦C). A refrac-
tive index in the range of kaolinite was utilized for the solid 
phase (RI = 1.56) along with absorption coefficients of 0.15 for the 
780-nm laser wavelength, and 0.2 for the polarized wavelengths
(Buurman et al., 1996). Sample size reproducibility based on in-
dependent replicate measurements of the same sample did not ex-
ceed 2% (Psomiadis et al., 2014). Additionally, measurements of the
SRM 1003C NIST standard, certified at a D50 of 32.1 ± 1 μm based
on SEM analysis, returned a D50 of 31.99 μm, which is within the
analytical uncertainty.

2.5. HYSPLIT back-trajectory climate simulations

Three-day air mass back-trajectory ensemble plots at
1000–5000 m starting altitudes were computed for representative 

winter, spring and summer days using the on-line web version of 
the HYSPLIT model (Stein et al., 2016). These windows were cho-
sen to approximately correspond with periods of dust sampling at 
Abadan and Sar Pol Zahab meteorological stations, as well as times 
of minimum precipitation during winter and summer seasons at 
Neor Lake (Sharifi et al., 2015). The starting altitude range for the 
HYSPLIT model was chosen at 1000–5000 m to provide maximum 
coverage for the aerosol bearing air masses that reach Neor Lake, 
which is located at an average altitude of 2500 m.a.s.l. We used 
the Global Data Assimilation System (GDAS) to provide a compre-
hensive meteorological dataset for the HYSPLIT models. The GDAS 
incorporates diverse instrumental data (e.g., surface observations, 
balloon data, wind profiler data, radar observations, etc.) into grid-
ded, 3-D model space.

2.6. Climate simulations

Here we describe the simulations analyzed and performed us-
ing two versions of the National Center for Atmospheric Research 
(NCAR) Community Climate System Model (CCSM). We analyzed 
the Transient Climate Evolution of the last 21 ka (TraCE), which 
used CCSM version 3 (CCSM3) (He et al., 2013; Liu et al., 2009). 
Trace was forced with time-varying changes in orbital parameters, 
greenhouse gases, ice-sheet orography and extent, solar forcing, 
freshwater forcing, and interactive vegetation dynamics. We use 
this simulation to examine how the large-scale circulation varies 
through time in response to these changing conditions. However, 
aerosols were prescribed at pre-industrial (PI) conditions and held 
constant in time.

To examine the role of the greening of North Africa on dust 
emissions we perform three time slice experiments using CCSM 
version 4 (CCSM4; Gent et al., 2011) coupled to a slab ocean model 
(SOM) and interactive dust aerosol model (Albani et al., 2014) (Ta-
ble 1). The CCSM4 consists of atmosphere, ocean, land, and sea ice 
components that are linked through a coupler that exchanges state 
information and fluxes between the components. The atmospheric 
model is the Community Atmosphere Model version 4 (CAM4), 
which uses the Lin-Rood finite volume core with a 1.25◦ × 0.9◦
uniform resolution, and 26 levels in the vertical. The land model 
is the Community Land Model version 4 (CLM4) (Lawrence et al., 
2011), which uses the same horizontal resolution as CAM4. In 
SOM, ocean heat transport convergence is prescribed as a Q-flux, 
which maintains the climatological sea surface temperatures based 
on the fully coupled version of CCSM4 (with the dynamic ocean 
model) (Bitz et al., 2012). Q-flux is calculated using output from 
the last 20 yr of the 1300 yr-long fully coupled mid-Holocene 
(6 ka) simulation and is used in all our SOM experiments per-
formed here. This is done so that we can focus on the atmospheric 
changes associated with the surface boundary conditions, though 
it has been argued that ocean dynamics can provide a modest 
positive feedback to changes over Africa (Braconnot et al., 2007;
Kutzbach and Liu, 1997). We initialized our SOM experiments from 
their equilibrated 6 ka (Otto-Bliesner et al., 2009) and Preindustrial 
(1850 A.D., PI) fully coupled climate model simulations that were 
performed for the Paleoclimate Modeling Intercomparison Project 
phase 3 (PMIP3) and Coupled Modeling Intercomparison Project 
phase 5 (CMIP5), respectively, and integrated for 50 yr, which is 
sufficient for the slab model to reach equilibrium. The last 20 yr



of each slab model simulation is used to calculate the seasonal 
and annual means. Summer means are based on the climatological 
June–July–August (JJA) average and spring means are based on the 
climatological March–April–May (MAM) average.

The interactive dust model includes an active emission scheme, 
dust transport, and wet and dry deposition processes. Dust emis-
sion is a function of wind speed, vegetation and snow cover, soil 
moisture, and soil erodibility. Soil erodibility accounts for differ-
ences in soils’ susceptibility to erosion, and is applied as a spatially 
varying scale factor for dust emissions, which were constrained 
by particle size-resolved dust mass accumulation rates data and 
provenance fingerprinting for the 6 ka and PI (see Albani et al., 
2015, 2014). Consequently, dust source regions in the PI experi-
ment are different from the mid-Holocene experiments.

We perform two model simulations of the mid-Holocene: 6 ka 
and 6 ka + greening. These experiments have the same continen-
tal configuration, ice sheets, and topography as the PI experiment, 
however, greenhouse gases and orbital forcing follow the PMIP3 
protocol, and dust source regions differ. Our 6 ka experiment uses 
the same vegetation cover as the PI experiment. To take into ac-
count the “greening” of North Africa in the early Holocene we per-
form an additional simulation (6 ka + greening) where we use the 
same 6 ka orbital forcing, but modify the PI vegetation cover to in-
clude the early Holocene North African lake and wetland distribu-
tion based on Hoelzmann et al. (1998), and account for the conver-
sion of desert to savanna biomes by replacing bare ground over the 
North Africa and the Arabian Peninsula (10◦N–31◦N, 20◦W–55◦E) 
with 70% C3 grasses, 10% broadleaf deciduous tropical tree, and 
20% broadleaf deciduous temperate shrub (Castañeda et al., 2009;
Jolly et al., 1998). We removed the dust sources by setting the soil 
erodibility to zero where we modified the vegetation. In CLM4, the 
soil color is spatially fixed and derived based on the current veg-
etation distribution. The albedo effect has been shown to increase 
the precipitation-vegetation feedback (Levis et al., 2004) and alter 
the sign of the dust-climate feedback (Tegen and Lacis, 1996). Since 
we replaced the bright Saharan desert with darker savanna, we 
darkened the soil color in a spatially uniform way, by setting it to 
values similar to the nearby Sahel. To facilitate comparisons with 
previous mid-Holocene climate simulations performed for PMIP3, 
we use 6 ka orbital conditions in all simulations presented here. 
Although our 6 ka + greening is meant to represent conditions in 
the early rather than the mid-Holocene (6 ka), additional simula-
tions using 9 ka orbital conditions are needed.

3. Results and discussion

3.1. Geochemical fingerprinting of paleo-dust from West Asia

A multi-proxy, high-resolution (decadal-centennial) reconstruc-
tion of changes in aeolian input and paleoenvironmental conditions 
at Neor Lake (Fig. 2a and c) has shown that dust fluxes were ele-
vated prior to the onset of the Holocene, dropped significantly and 
abruptly during the early Holocene (EH, 11,700–6,000 yr BP) but 
increased again during mid-late Holocene (M-LH, 6,000-present) 
(Sharifi et al., 2015). In a recent study, Kylander et al. (2016)
demonstrated that calculation of the net dust deposition in peat 
can vary based on the choice of a particular element. While this 
can potentially influence the absolute flux calculations, the relative 
changes in dust deposition measured from the input of a specific 
element (Ti) remains unaffected throughout the record (Sharifi et 
al., 2015).

We interpreted variations in hydrogen isotopic composition 
(δD) of C28 n-alkanoic acid (Fig. 2e), total organic content (TOC), 
bulk stable isotope composition of organic carbon (δ13CTOC), 
n-alkane enrichment ratios (Paq), to indicate the early Holocene
(EH) was wet in West Asia, consistent with records from Iran

(Mehterian et al., 2017), Africa (Berke et al., 2012; Costa et 
al., 2014; Tierney et al., 2008) and the eastern Mediterranean 
(Rossignol-Strick, 1999, 1995) region. In contrast, the M-LH was 
drier and punctuated by at least eight abrupt episodes of elevated 
dust fluxes, several of which impacted early human civilizations 
from the Mesopotamia (Sharifi et al., 2015) and coincide with 
the ending of the African Humid Period (deMenocal et al., 2000;
Gasse, 2000).

In addition to changes in dust fluxes, the elemental composi-
tion of paleo-dust from Neor peat suggested that the sources of 
dust likely changed throughout the record (Sharifi et al., 2015). The 
mean grain size values of dust measured on the lithogenic frac-
tion of 23 samples (an average resolution of ∼600 yr per sample), 
ranged from 3.3 to 7.4 μm throughout the record. The smallest and 
largest particle sizes measured in all samples ranged from <0.1 μm 
to 11.4 μm (Table SI-1). We should note that, on average, 86.7 vol-
ume % of particles measured in all samples fall below 10 μm with 
only 13.3 volume % exceeding this threshold (Table SI-1, Fig. SI-1a). 
The origin of this bimodal distribution (Fig. SI-1b) remains unre-
solved and we speculate that it may be attributed to contribution 
from proximal sources, considering the pattern persists throughout 
the record. These measurements suggest that in spite of signifi-
cant centennial-millennial scale changes in dust fluxes since the 
last deglaciation, most part of the dust deposited at Neor Lake was 
likely transported from range sources (Fig. 2d).

We analyzed 41 dust samples in this record with an average 
resolution of ∼320 yr per sample for radiogenic Sr (87Sr/86Sr), 
Nd (143Nd/144Nd), Hf (176Hf/177Hf) isotopic composition and REE 
anomalies (LaN/LuN, normalized to Post Archaean Australian Shale; 
Pourmand et al., 2012). These isotope systematics paired with the 
REE relative abundances and anomalies have proven among the 
most distinctive geochemical proxies for the source provenance 
of sediments in modern and ancient deposits (Abouchami et al., 
2013; Grousset et al., 1988; Muhs et al., 2014; Pourmand et al., 
2014; Scheuvens et al., 2013).

As shown in Fig. 2f–g and Table SI-1, the onset of the Holocene 
is marked by a large shift to distinctly less radiogenic εNd and 
εHf values. We also note this abrupt shift that took place within 
∼300 yr in the geochemical composition of mineral dust was coin-
cident with a large reduction in dust fluxes. The 87Sr/86Sr isotope
ratios become more radiogenic during the same transition from the
YD to EH (Fig. 2i). In general, the Sr and Hf isotope ratios show
more variability during the entire record and this is likely due to
heterogeneity within the source materials and the sensitivity of
Rb–Sr and Lu–Hf systematics to changes in grain size (Feng et al.,
2009). The Sm–Nd model ages (Fig. 2h), which are based on ideal-
ized crustal residence ages of the potential source rocks (Goldstein
et al., 1984; Grousset et al., 1988) also suggest that contribution
from relatively younger sources of aerosols dominated during the
EH compared with the YD and M–LH. By 6,000 yr BP, all isotope
systematics gradually return to values more akin to pre-Holocene.
This transition coincides with a gradual decrease in solar insolation
over the northern hemisphere (Fig. 2b).

In order to examine whether the mineral dust in the Neor peat 
record may have come from local andesitic sources, we analyzed 
the geochemical signature of several pieces of gravels recovered 
from the bedrock at the base of the core and a sample from the 
Sabalan volcanic complex to the west of the study area (Fig. 1). 
The average isotopic composition of mineral dust from Neor during 
the last deglacial and Mid-late Holocene is close to, albeit distinct 
from the values measured in the andesitic bedrock and Sabalan 
volcanic complex (Figs. 3 and 4). Early Holocene Sr–Nd–Hf val-
ues, in contrast, are distinctly different in a regime of reduced dust 
fluxes, indicating the possibility that early Holocene mineral dust 
originated from sources with geochemical signatures different from 
local sources.



Fig. 2. Multi proxy record from Neor peat core. a) Core image (750-cm), 19 radiocarbon dates (cal. kyr BP) and Ti (×103 cps) XRF intensity profile, arrows refer to 4.2
and 8.2 events; b) Summer solar insolation (W m−2) at 60◦N; c) Dust flux based on Ti concentration (μg cm−2 yr−1) (solid line) and 2,000 yr-averaged flux (dashed line); 
d) Mean grain size (μm) of major dust intervals; e) Compound-specific leaf wax δD (�); f, g) downcore variation of Nd and Hf isotopic ratios expressed as εNd and εHf;
h) Sm–Nd model age (Ga) for dust intervals, values for Neor bedrock and Sabalan volcano (NW Iran) as the regional volcanic end-members are shown in red and green
triangles respectively. i) Downcore variation of 87Sr/86Sr; j) A Hovmöller plot of the mean June–July–August (JJA) zonal wind maximum at 250 h Pa (U250_max) averaged
longitudinally between 30–60◦E in the Trace experiment. The time series of U250_max is smoothed by applying a 121-point running temporal average, the dashed line
indicates the latitude of the study site. (a–c and e adopted from Sharifi et al., 2015). (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

It can be argued that the geochemical transitions observed 
in Fig. 2 between the EH and M-late Holocene occurred due 
to higher soil coverage over the volcanic complex (i.e., proxi-
mal sources) during the early Holocene that led to lower dust 
fluxes and less contribution from these sources. Indeed, the Sr–
Nd–Hf isotopes measured in modern dust samples from West 

Asian sources (Figs. 3–4) are closer to values observed during 
the early Holocene period than the rest of the record, indicat-
ing that sources in West Asia may have contributed to deposi-
tion of mineral dust to this site during this time. This argument, 
however, is compounded by the observation that the geochemi-
cal composition of mineral dust at Neor has remained relatively 



Fig. 3. Radiogenic Hf and Nd isotopes in aerosols from Neor compared to African and
Asian source regions. Colored boxed represent clusters of Neor paleo-dust samples
for the Younger Dryas (YD), early Holocene (EH) and mid-late Holocene (M–LH).
Colored lines denote sediment, and igneous arrays (Bayon et al., 2009). Areas in red,
purple, blue and green represent data for Trans-Atlantic Saharan Dust (Pourmand et
al., 2014), Chinese Loess (Chen and Li, 2013), Central Asian Orogeny Belt (SAOB)
and Sino-Korean-Tarim Craton (SKTC)/Gobi Desert source regions (Zhao et al., 2014)
respectively. Uncertainties from this study are 95% confidence interval. (For inter-
pretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

Fig. 4. Radiogenic Sr and Nd isotopes in aerosols from Neor compare to the world’s
source regions. Colored boxes represent ranges of values measured in surfacial sam-
ples of North Africa and East Asia (Abouchami et al., 2013; Chen et al., 2007;
Chen and Li, 2013; Scheuvens et al., 2013). Dashed box denotes the Neor paleo-dust
samples. Uncertainties from this study are 95% confidence interval. (For interpreta-
tion of the references to color in this figure legend, the reader is referred to the
web version of this article.)

constant from mid Holocene to modern times, even though the 
export of West Asian sources of mineral dust to the interior of 
the Middle East presumably emerged as the region got drier and 
dustier (Sharifi et al., 2015). Modern satellite observations show 
our study area receives significant amounts of dust from these 
western and southwestern sources (Goudie and Middleton, 2006;
Prospero et al., 2002), indicating that long-range dust transport 
from West Asian potential sources must have played an important 
role throughout mid-late Holocene. The observation that mean par-
ticle size of mineral dust measured in Neor peat samples (Fig. 2d, 
Table SI-1 and Fig. SI-1a-b) remained below 8 μm throughout the 
record, irrespective of dust flux and changing geochemical com-

position, lends strong support to the long range nature of eolian 
deposition at this location.

3.2. Dominant regimes of dust emission and transport

The circulation regime over the study area during NH sum-
mers is dominated by a gradient established between a high-
pressure system over the Arabian Peninsula and the Iranian Plateau 
and a low pressure system over higher latitudes of Eurasia. This 
gradient drives low-level, north-northwesterly winds along the 
Persian Gulf and over the Arabian Peninsula towards the north-
ern Indian Ocean. During the summer months, the upper level 
NHSWJ that extends across the entire continent is at its north-
ernmost position (Schiemann et al., 2009). In contrast, the jet 
is displaced to lower latitudes with sustained westerly directions 
(Fig. 1) and penetrates eastward from the North Atlantic and across 
the Mediterranean during winter months. Today, dust storm ac-
tivities are elevated during spring and summer months across 
West Asia (Goudie and Middleton, 2006; Kutiel and Furman, 2003;
Prospero et al., 2002). Although the origin of most dust storms in 
the region is from within West Asia, occasional winter and spring 
outbreaks from NE Africa have also been observed (Goudie and 
Middleton, 2006; Littmann, 1991) (Figs. 5 and 6). Total Ozone Map-
ping Spectrometry (TOMS) of atmospheric dust content and Mod-
erate Resolution Imaging Spectroradiometer Deep Blue Level 2 of 
dust optical depth (M-DB2 DOD) shows areas between the Tigris-
Euphrates basin and the Arabian Peninsula as the main sources 
of modern dust to the interior of West Asia (Ginoux et al., 2012;
Prospero et al., 2002).

While it is clear that a change in the geochemical composi-
tion of paleo-dust occurred throughout the YD and the Holocene 
at our study area, linking the aerosols to specific sources is chal-
lenging. A comparison between the Sr–Nd–Hf isotope composition 
of paleo-dust from Neor and the available data from sources in N. 
Africa and deserts in Mongolia and China (Abouchami et al., 2013;
Chen et al., 2007; Chen and Li, 2013; Scheuvens et al., 2013) ren-
der these areas as unlikely sources (Fig. 4). Some overlap is ob-
served between Sr–Nd isotopic composition of the EH samples and 
sources in Egypt and Sudan. Nevertheless, the geochemical compo-
sitions of potential sources in North Africa are far from being fully 
constrained (Scheuvens et al., 2013).

A marginal overlap is observed between some of the εNd–εHf 
values from Neor and those of clay-sized particles (<2.0 μm) from 
Central Asian Orogeny Belt in China (Zhao et al., 2014) (Fig. 3). 
However, approximately 3,700 km longitudinal distance and the 
general West–East trend of the NHSWJ make significant contri-
bution from these distant eastern sources to West Asia unlikely. 
Nevertheless, the potential for circumpolar, long-range transport of 
clay-size particles from the Chinese and Mongolian deserts dur-
ing the early Holocene when dust fluxes were low cannot be ruled 
out, considering evidence for transport of these particles has been 
found in the Greenland ice records (Biscaye et al., 1997).

Aerosol and soil samples collected over SW Iran and soil sam-
ples from the Abu Zirig wetland in Iraq analyzed in this study plot 
close to 87Sr/86Sr–εNd values of the EH samples (Fig. 1 and 4). 
A dust sample from Sar Pol Zahab, located 470 km southwest of 
Neor, (Figs. 1 and 6) also falls within the cluster of samples from 
the EH with respect to εNd–εHf composition (Fig. 3). In contrast, 
the fractionation of light/heavy REE (LaN/LuN) as a function of Sm–
Nd model ages (Fig. 7) set modern samples distinctly apart from 
the paleo-dust. Although we now have a relatively high resolution 
record of dust composition over the Holocene from Neor Lake, the 
paucity of information on the geochemical and mineralogical com-
position of potential sources of mineral dust in West Asia make it 
difficult to establish a definitive linkage between sources and the 
receptor site(s).



Fig. 5. Back-trajectory and general seasonal wind direction over SW Iran. Three-day air mass back-trajectory ensemble plots for the sampling days at Abadan (black star) during
winter and spring at different altitudes (1000–4500 m above ground level). The back-trajectories indicate transport of air parcels from North Africa, NE of Arabian Peninsula,
Syria and Iraq to SW Iran. The 59-yr (1951–2010) monthly average wind direction (http :/ /www.irimo .ir) for the winter and spring, recorded at Abadan meteorological station,
indicates the northwesterly dominant wind regime.

Fig. 6. Back-trajectory and general seasonal wind direction over W Iran. Three-day
air mass back-trajectory ensemble plots for the sampling days at Sar Pol Zahab
(black star) during winter at various altitudes (500–4500 m above ground level).
Based on this back-trajectory, air parcel passes over Jordan, NE of Arabian Penin-
sula and Iraq through a westerly wind and reaches to Sar Pol Zahab in W Iran via
a southwesterly wind. Furthermore, the 24-yr (1986–2010) monthly average wind
direction (http :/ /www.irimo .ir) for the winter, recorded at Sar Pol Zahab meteoro-
logical station, is in good agreement with the model output and indicates that the
southeasterly winds are dominant during the winter season.

Fig. 7. Difference in Sm–Nd model ages compare to normalized LaN/LuN ratios. Col-
ored boxed represent clusters of Neor paleo-dust samples for the Younger Dryas
(YD), the early Holocene (EH) and the mid-late Holocene (M–LH). Colors and sym-
bols are same as in Fig. 3. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

3.3. Simulations of atmospheric circulation and dust emission and 
deposition

To help interpret the observed changes in the geochemical com-
position of paleo-dust from Neor peat, we analyzed changes in 
atmospheric circulation and dust emission rates in a transient cli-
mate model simulation that covers the last 21,000 yr (TraCE) and 
in three time slice simulations of the EH (6 ka + greening), MH 
(6 ka), and Late Holocene (PI) (Table 1).

Orbital-driven changes in insolation can drive shifts in the 
NHSWJ and thereby impact atmospheric circulation and large-

http://www.irimo.ir
http://www.irimo.ir


Fig. 8. Back-trajectory and general seasonal wind direction over Neor Lake, NW Iran. Three-day air mass back-trajectory ensemble plots for representative (Schiemann et al.,
2009) days in winter (left) and summer (right) at Neor Lake (black star). Shift in back-trajectory results from summer to winter follows the 29-yr (1975–2005) monthly
average prevailing wind direction recorded at Ardabil meteorological station (located 50 km NE of the Neor Lake), see text for discussion.

scale precipitation patterns over the eastern Mediterranean region 
(Brayshaw et al., 2010), Tibetan Plateau (Schiemann et al., 2009)
and East Asia (Chiang et al., 2015; Nagashima et al., 2011). The 
position of NHSWJ in the TraCE simulation moved equatorward 
throughout the Holocene, and followed the NH June insolation 
curve (Fig. 2b and j). Analysis of the maximum in zonal wind 
at 250-hPa averaged over June–July–August (JJA) indicates a clear 
poleward (equatorward) shift in the NHSWJ when boreal summer 
insolation was high (low). Additionally, the YD cold period shows 
a significant equatorward shift in the JJA NHSWJ, whereas the 
Bølling-Allerød warm interval indicates a poleward shift in the jet 
(Fig. 2j). These results highlight the importance of orbital forcing 
and the Northern Hemisphere temperature on the NH mid-latitude 
circulation.

The location and high elevation of Neor Lake makes it ideal 
to record the migration in the NHSWJ from a northernmost po-
sition of ∼39◦N in the EH to a southernmost position of ∼37◦N 
in the LH. Previous studies have shown how the migration of the 
main axis of the NHSWJ from higher latitudes during the sum-
mer to lower latitudes in winter modulates air mass circulation 
and precipitation patterns over West Asia and the Tibetan Plateau 
(Nagashima et al., 2011; Schiemann et al., 2009). Three-day HYS-
PLIT back-trajectory ensembles for selected days (Schiemann et 
al., 2009) during winter (M–LH analog) and summer (EH analog) 
over Neor Lake indicate a distinct shift in the direction of air 
masses due to changes in the position and intensity of the NHSWJ 
(Fig. 8). The shift from N-NW sources in the summer to west-
ern sources of air masses during winter months is also supported 
by records of wind direction (29-yr monthly average, 1976–2005) 
from the nearest meteorological station located 50 km NE of our 
study area (Fig. 8). Together, these results suggest that contribu-
tions from the Mesopotamian source regions in Iraq, Syria and the 
Arabian Peninsula to atmospheric dust deposition over the Neor 
Lake are higher during the winter, whereas contributions from 

Central Asian sources such as Qobustan in Azerbaijan, Atrek delta 
of Turkmenistan, Turan plain of Uzbekistan, and the region around 
the Aral Sea (Fig. 1) become more pronounced during the summer.

This observation is further supported in our equilibrium climate 
model simulations. The differences in dust emissions between our 
6 ka and PI simulations are attributed both to differences in cli-
mate (due to orbital changes and greenhouse gas forcing), as well 
as differences in dust source regions (i.e., soil erodibility). Since all 
boundary conditions are the same in our 6 ka and 6 ka + greening 
experiments, except for the land surface characteristics of North 
Africa and the Arabian Peninsula, changes in dust emissions are 
due solely to changes in climate driven by the greening. There is a 
large reduction in the annual mean atmospheric dust loading over 
North Africa at 6 ka compared to the PI and in the 6 ka + green-
ing experiment compared to the 6 ka (Fig. 9). Consistent with 
the proxy data from Neor Lake, which shows a reduction in dust 
fluxes at Neor Lake in the early to mid-Holocene compared to the 
late Holocene, we also find a decrease in annual mean dust de-
position in our 6 ka + greening and 6 ka experiments (37 and 
33 g m−2 yr−1, respectively) compared to the PI (40 g m−2 yr−1). 
Compared to the 6 ka simulation, the greening of North Africa and 
the Arabian Peninsula in the early Holocene (6 ka + greening) re-
sults in an a slight increase in the simulated annual mean dust 
deposition at the study site, that is driven largely by enhanced 
dust emissions from West and Central Asia in boreal winter (gray 
box in Fig. 10A). In boreal winter, the greening of North Africa 
causes a decrease in precipitation minus evaporation over central 
and Iran (Fig. 10B). This enhances aridity and results in more dust 
mobilization compared to 6 ka conditions. The anomalous east-
erly low level winds in the 6 ka + greening experiment exports 
dust westward towards Neor Lake (Fig. 10A). In boreal summer, 
the greening of North Africa results in wetter conditions (positive 
precipitation minus evaporation, Fig. 10D) over central Asia and 
Iran but dust emissions averaged over this region are similar in 



Fig. 9. Annual mean dust aerosol optical depth anomalies. The change in annual
mean dust aerosol optical depth in our 6 ka simulation compared to our PI simu-
lation (top) and our 6 ka + greening simulation compared to the 6 ka simulation
(bottom). Our simulations show a reduction in the annual mean atmospheric dust
loading over North Africa and the Arabian Peninsula and at the Neor location. Black
star denotes the location of the study site. (For interpretation of the references to
color bar in this figure, the reader is referred to the web version of this article.)

both the 6 ka + greening and 6 ka simulations. We hypothesize 
that the greening of North Africa resulted in greater drying over 
Central Asia in boreal winter and resulted in these regions domi-
nating dust export to Neor Lake during the African Humid Period. 
This is consistent with our new proxy records that show the dust 
deposited during the African Humid Period had a significantly dif-
ferent isotopic and geochemical signature than the dust deposited 
in the LH (Fig. 2f and e, Figs. 3 and 4).

4. Conclusions and implications

Geochemical fingerprinting of paleo-dust from Neor Lake peat 
core with radiogenic Sr–Nd–Hf isotopes and REE anomalies reveal 
sources of dust were different between the dry Younger Dryas, 
when dust fluxes were high, and the wet period of the early 
Holocene when dust fluxes were substantially lower. A poleward 
shift in the westerly jet axis together with less dust emission from 
North African sources covered by vegetation hampered the long-
range transport of African dust to western Asia during the early 
Holocene. At this time, transport from Mesopotamian and Central 
Asian sources of mineral dust may have dominated atmospheric 
deposition over NW Iran, albeit contributing at lower fluxes than 
the late Holocene. The composition of paleo-dust gradually be-
came more similar to the Younger Dryas during the middle-late 
Holocene. Migration of the main axis of the NHSWJ towards the 
equator during the drier middle-late Holocene allowed the jets to 
transport higher fluxes of dust from potential source regions in 
West Asia as well as from the NE African sources. With increased 
temperatures resulting from global warming, it is expected that the 
Middle East will become more arid in the next few decades to cen-
turies (IPCC, 2014). This will likely expose new sources of mineral 
dust available for export from these regions to the interior of West 
Asia.

Fig. 10. Boreal winter (DJF) and summer (JJA) dust emission anomalies and 800-hPa wind vector anomalies and precipitation minus evaporation. Boreal winter (A) and
summer (C) dust emission anomalies (6 ka + greening – 6 ka) in g m−2 yr−1. Wind vector anomalies at 800 hPa are overlaid with a reference vector length of 1 m s−1. Black 
star denotes the location of the study site. Boreal winter (B) and summer (D) precipitation minus evaporation anomalies (given as a percent change). The dark gray box in
panel A shows the location of the West Asian box used to calculate the seasonal and annual mean dust emission anomalies. (For interpretation of the references to color bar
in this figure, the reader is referred to the web version of this article.)
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