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a b s t r a c t 

Asian dust comprises a large portion of the northern hemisphere atmospheric dust load, thereby exerting substan- 

tial influence on the Earth’s climate, global biogeochemistry and hydrological cycle through accelerated snow 

and ice melt. Dust deposited on alpine glaciers encodes information on broad scale atmospheric-environmental 

processes. The ( 234 U/ 238 U) values of dust fine particulates can reflect the comminuting time and intermediate 

processes; thus, it provides a new method for the provenance of aeolian dust in the glacial snowpack/cryoconite. 

Here we present results from a comprehensive survey of uranium isotopic concentrations in dust collected from 

cryoconites on the glaciers of the northern Tibetan Plateau (TP). These results indicate significant spatial het- 

erogeneity in the ( 234 U/ 238 U) values associated with snowpack/cryoconite dust over a broad range of glaciers in 

the northern TP. The values of the ( 234 U/ 238 U) ratio in the glaciers of western Qilian Mountains (Qiyi Glacier, 

Shiyi Glacier, Laohugou Glacier No.12) were the highest, followed by the Tanggula (Dunkemadi Glacier) and 

Kunlun Mountains (Yuzhufeng Glacier), whereas these values were the lowest in the eastern Qilian Mountains 

(Jingyangling Snowpack, Dabanshan Snowpack, Lenglongling Glacier). By including the analysis of Sr-Nd isotopic 

compositions, we find the spatial isotopic distribution reflects a combination of local dust, which is associated 

with short comminuting times, and dust transported over long ranges. Meteorological data indicate that the dust 

production in the west and north TP, Alxa arid lands and Gobi Deserts, may have a significant impact on the 

TP glaciers. Moreover, U-Sr-Nd isotopic composition and end-member mixing models (EMMA) were used in our 

study to find out the relative contribution of distinct Asian dust sources to the dust budget in the TP glaciers. The 

results reveal that snowpack/cryoconite dust is derived from both local sources (low comminution signatures) as 

well as other dust sources in the Asian region. Our study demonstrates the potential of U isotope composition as a 

dust tracing method. In particular, by investigating this composition on dust collected from glacier snowpack and 

cryoconite holes, we arrive at a map of the distribution characteristics of ( 234 U/ 238 U) values in different regions 

of the TP. Our study is the first to deploy uranium comminution age for Tibetan dust source tracing, and the 

results are important to elucidate the multiple origins and dynamics of dust in the Tibetan Plateau. 
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. Introduction 

Aeolian mineral dust exerts a broad range of climatic and environ-

ental impacts. For example, dust affects air quality and human health

y transmitting, removing and depositing atmospheric pollutants [ 1 , 2 ],

cts as cloud condensation nuclei, thereby affecting the climate, and

rovides a potential source of provide iron, phosphorus and micronu-
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rient elements to remote marine and terrestrial ecosystems, thus influ-

ncing the carbon cycle [ 3 , 4 ]. Furthermore, aeolian dust is one of the

ey factors for the accelerated melting of glaciers. Various studies have

hown that dust can significantly reduce the albedo of the glacier sur-

ace, thereby accelerating the melting of snow and ice [ 5 , 6 ]. Therefore,

eolian mineral dust may exert a substantial impact on the cryosphere.

Arid and semi-arid regions in northwest China are important dust

ources in Asia and constitute key regions in studies of global climate

hange and regional environmental response [7] . Dust aerosols and

hemical signatures in snow and ice samples from the Tibetan Plateau

TP) region of Asia can provide information on source regions and trans-
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topes of aeolian dust deposited in northern Tibetan Plateau glaciers: 
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Fig. 1. Location map of study areas and sampling sites of the Tibetan Plateau (based on the standard map of China GS(2021)5448), including the Lenglongling Glacier 

(LG), Qiyi Glacier (QG), Shiyi Glacier (SG), Jingyangling Snowpack (JS), Laohugou Glacier No.12 (LG 12), Dabanshan Snowpack (DS) in the Qilian Mountains, and 

Dunkemadi Glacier (DG) in the Tanggula Mountains, and Yuzhufeng Glacier (YG) in the Kunlun Mountains. 
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ort distances. In particular, dust deposited in high-altitude glaciers is

ssociated with long transport distances and encodes information on a

articulate matter within the upper troposphere and above the boundary

ayer [ 8 , 9 ]. Asian dust is transported far and wide by the high-altitude

esterly jets and mid-to-low-altitude atmospheric circulation [ 10 , 11 ].

irect observations and accurate extrapolation of meteorological satel-

ite data [12] and backward air mass trajectory models [13] also indi-

ate that the long-range transported Asian dust mainly originates from

he large deserts of the Earth, including China’s Western deserts and the

obi Desert [14] . 

Different studies have indicated that the uranium isotope ( 234 U/
38 U) ratio of fine particles (smaller than 50 𝜇m) reflects the time

lapsed since they were comminuted. Fine particles from different

ources often have distinct fragmentation mechanisms, transport routes,

nd, thus, comminution times [15–17] . Therefore, different 234 U/ 238 U

alues may reflect multiple time and length-scales associated with at-

ospheric dust production, transportation and deposition. 

Uranium comminution age has been successfully applied as a proxy

or the origin of deep-sea sediments [15] , river sediments [18–21] , lake

ediments [22] , glacial basins [16] and loess sediments on the Chinese

oess Plateau [ 5 , 17 ]. Aeolian dust is mainly transported through suspen-

ion over high altitudes. During the transport process from the source to

he high-altitude glacier, the comminution time of dust particles is in-

ignificant and the 234 U/ 238 U will reflect the source [ 5 , 23 ]. Therefore,

ranium isotopes can provide a new proxy for the provenance of aeolian

ust in the snowpack/cryoconite of high-altitude glaciers on the TP. 

TP is the youngest and most complex plateau in the world, giving

irth to the largest glacial area of Earth’s middle and low latitudes. TP

lays an important role in the Asian monsoon circulation and also for
2 
he global climate system [ 24 , 25 ] . The aeolian dust deposited in the

now/ice of alpine glaciers on the TP and its surrounding areas has been

opic of intense research [ 4 , 10 , 26–33 ]. However, none of these previous

tudies reported the observation of U isotopes. 

In the present study, we use the mineral U isotope composition from

ust collected from glacier snowpack and cryoconite holes to map the

patial distribution of ( 234 U/ 238 U) values in different regions of the TP.

o the best of our knowledge, our study is the first to deploy the uranium

omminution age for dust source tracing. We combine the U dust source

racking with existing Sr-Nd isotope and meteorological data to con-

train the sources, transport routes, and transport distance of Asian ae-

lian dust. Our study shows that U constitutes a powerful isotope tracer

or glacier dust provenance. 

. Data and methods 

Snowpack/cryoconite dust samples ( Figs. 1 and 2 ) were collected

rom several glaciers of the northern TP (both from the northeast and

entral areas), including the Lenglongling Glacier (LG), Jingyangling

nowpack (JS), Dabanshan Snowpack (DS) in the eastern Qilian Moun-

ains of the northeast TP, Qiyi Glacier (QG), Shiyi Glacier (SG), Lao-

ugou Glacier No.12 (LG12) in the west Qilian Mountains, Yuzhufeng

lacier (YG) in the Kunlun Mountains, and Dunkemadi Glacier (DG) in

he Tanggula Mountains of central TP. The snowpack/cryoconite dust

amples were collected during the spring and summer of 2017–2019,

nd a total of 27 snowpack/cryoconite samples were collected for de-

ection and composition analysis of U isotopes. The detailed information

bout the studied glaciers is provided in Table 1 . 
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Fig. 2. Images showing the glacier snowpack and cryoconite sampling on glaciers of the northern Tibetan Plateau, including the Yuzhufeng Glacier (YG, (a)), 

Laohugou Glacier No.12 (LG 12, (b)), and Dabanshan Snowpack (DS, (c)) and Qiyi Glacier (QG, (d)). 

Table 1 

Information on sampling location, elevation at various mountain glaciers of the northern Tibetan Plateau. 

Sites Mountains Latitude(N) Longitude(E) Altitude(m a.s.l.) Sample type 

Dabanshan Snowpack (DS) Qilian Mountains 37°21 ′ 101°24 ′ 3593–3625 Snowpack/cryoconite 

Shiyi Glacier (SG) Qilian Mountains 38°12 ′ 99°52 ′ 4035–4303 Snowpack/cryoconite 

Laohugou Glacier No.12 (LG12) Qilian Mountains 39°29 ′ 96°31 ′ 4450–4850 Snowpack/cryoconite 

Qiyi Glacier (QG) Qilian Mountains 39°08 ′ 97°27 ′ 4500–4680 Snowpack/cryoconite 

Jingyangling Snowpack (JS) Qilian Mountains 37°50 ′ 101°06 ′ 3700–3990 Glacier surface snow/cryoconite 

Lenglongling Glacier (LG) Qilian Mountains 37°30 ′ 101°32 ′ 3557–3780 Glacier surface snow/cryoconite 

Yuzhufeng Glacier (YG) Kunlun Mountains 35°39 ′ 94°14 ′ 4480–4720 Snowpack/cryoconite 

Dunkemadi Glacier (DG) Tanggula Mountains 33°04 ′ 92°04 ′ 5464–5714 Snowpack/cryoconite 
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.1. Sample pretreatment and measurements 

The collected snowpack/cryoconite samples were dried, then the

ust was first immersed in 0.5 mol/L diluted acetic acid for 2 h at room

emperature to disperse and remove the carbonate minerals. Thereafter,

he samples were processed using an electroforming sieve to separate

article sizes 10–50 𝜇m. In our measurements, owing to the instrument

imitations, only particle sizes smaller than < 50 𝜇m can be analyzed

ith regard to the ratio change of 234 U/ 238 U [ 15 , 21 ]. At the same time,

revious research indicated that the uncertainty of particle comminu-

ion time caused by particle size can be effectively reduced as long as

he particle size is controlled within a certain range [21] . In the present

tudy, samples with a particle size range of 10–50 𝜇m were selected

or uranium comminution age analysis. Within such particle size range,

he U isotope comminution age fits within the ideal range [ 15 , 16 ]. The

verall trend of ( 234 U/ 238 U) value decreases with the age of the granular

aterial. 

After sieving, the samples were reduced and leached to remove Fe-

n oxides, hydroxides, and other non-detritus materials in a dithionite-

itrate solution buffered with sodium bicarbonate. Then, the samples

ere soaked in hydrogen peroxide to remove organic matter. HF-HNO 3 

as then used to digest the silicate minerals and we used UTEVA ion ex-
3 
hange resin to separate U. U isotopic ratios were measured by means of

 Plasma II multi-receiving inductively coupled plasma mass spectrome-

er (MC-ICP-MS), in which 238 U is collected in a Faraday cup, while 234 U

s collected in a secondary electron multiplier. We used the SSB (Stan-

ard Sample Bracketing) method to correct the short-term variation of

he instrument [17] . The 2 𝜎 standard deviation of the ( 234 U/ 238 U) ratio

ndicated by the MC-ICP-MS was 0.001. Instrumental bias between 234 U

nd 238 U was corrected by normalizing the 238 U/ 235 U ratio to 137.84.

he long-term measurement result of the international standard USGS

CR-2 reference material ( 234 U/ 238 U) is 1.001 ± 0.003 ( n = 20, 2 𝜎),

hich is consistent with the internationally recognized ratio within the

rror range. 

.2. Uranium comminution age method 

The principle is based on the recoiling effect during alpha ( 𝛼) decay

f 238 U. The 234 U in the rock is the product of 238 U undergoing one 𝛼 de-

ay to 234 Th and then undergoing two 𝛽 decays. The unstable 234 U will

ontinue to undergo 𝛼 decay to become 230 Th. Therefore, after several

 series decays (about 1 Ma), the U isotope in the bedrock will reach

n equilibrium state, that is, the production rate of 234 U (owing to the
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ecay of 238 U) is equal to the decay rate of 234 U (into 230 Th): 

238 ⋅
238 𝑈 = 𝜆234 ⋅

234 𝑈 (1)

In Eq. (1) , 𝜆234 denotes the decay constant of 234 U and

mounts to, approximately, 2.82206 × 10 -6 /a. Furthermore, 𝜆238 

1.55125 × 10 -10 /a is the decay constant of 238 U [5] . Since the ab-

olute ratio of 234 U/ 238 U is very small, it is usually expressed as the

adioactivity ratio ( 234 U/ 238 U): 

 

234 𝑈∕ 238 𝑈 ) = 

𝜆234 ⋅
234 𝑈 

𝜆238 ⋅ 238 𝑈 

Under initial equilibrium conditions, the value of ( 234 U/ 238 U) is

qual to 1. Therefore, a secular equilibrium would be disturbed once

ne particles ( ≤ 50 𝜇m) are generated because a significant portion of
34 U is ejected out of the particle due to the recoil effect during 𝛼-decay

f 238 U, thereby rendering the 234 U particle accumulation rate smaller

han the decay rate [ 15 , 21 ]. The ( 234 U/ 238 U) will thus gradually de-

rease in time from the onset of comminuting, until the new steady-state

quilibrium is reached. Correspondingly, the value of ( 234 U/ 238 U) can

ecord the time elapsed from dust generation to the fine particles’ mea-

urement, thus making it possible to track intermediate processes from

omminution to deposition. 

.3. FY-4A meteorological satellite observation and CALIPSO/CALIOP 

ata analysis 

To shed further light on the potential source areas and transport

outes of aeolian dust, we used the true-color dust detection image of FY-

A meteorological observation satellite of China National Meteorolog-

cal Satellite Center ( http://www.nsmc.org.cn/ ) to analyze dust storm

rogressions over the TP and its surrounding areas during the sampling

eriod. CALIPSO (Cloud-Aerosol Lidar and Infrared Path finder Satellite

bservations) /CALIOP (Cloud-Aerosol Lidar with Orthogonal Polariza-

ion) data [30] ( http://www-calipso.larc.nasa.gov/ ) were used to ana-

yze the vertical distribution of aerosols and determine the aerosol type

f the TP and its surrounding areas. NOAA (National Oceanic and At-

ospheric Administration), NCAR (National Center for Atmospheric Re-

nalysis) /NCEP (National Centers for Environmental Prediction) wind

eld data (derived from https://www.esrl.noaa.gov/ ) were used to rep-

esent regional and large-scale atmospheric circulation information. Us-

ng the aforementioned meteorological satellite data, the source and

ossible transport path of dust in the northern TP were evaluated. 

.4. End-member mixing analysis (EMMA) 

We determined the relative contribution of dust sources to the mixed

ust samples collected from the glaciers using End-Member Mixing Anal-

sis (EMMA). The method was initially developed for stream source sep-

ration techniques and later adapted for use in sediment and dust un-

ixing [ 5 , 34–36 ]. The conditions required are that (1) the end-member

ources are identifiable and conservative, and (2) the mixed samples

re bound by all potential end-members. The method can also be used

o certify that all likely sources have been identified [36] . The percent

ontribution from each end-member is computed in 𝜀 Nd-( 234 U/ 238 U)

ixing space using least-squares regression equations. Potentially con-

ributing dust sources included the Gobi Deserts, Alxa Arid Lands, and

P surface dust. 

. Results and discussion 

.1. Uranium isotopic composition of snowpack/cryoconite dust from 

everal glaciers of the northern TP 

Fig. 3 shows the uranium isotope ( 234 U/ 238 U) distribution in snow-

ack/cryoconite dust from several glaciers of the northern TP (including
4 
he northeast and central). The highest ( 234 U/ 238 U) value (0.999) oc-

urred for the cryoconite dust sample No. 2 of YG, as well as for the snow

ust sample 30-1 of LG 12. This value indicates that the dust in the cry-

conite/snowpack has a short comminution time. Moreover, the lowest

alue was 0.950 and was measured for the cryoconite dust sample No. 1

f YG. The average ( 234 U/ 238 U) values of SG, LG12 and QG of the west-

rn Qilian Mountains are generally high, amounting to 0.972, 0.978 and

.984, respectively. To compare, the average ( 234 U/ 238 U) value for DG

n the central TP is 0.975, while ( 234 U/ 238 U) values in JS, LG and DS of

he east Qilian Mountains are generally low. In particular, the lowest av-

rage value is 0.957 in DS, while the average value of YG in the Kunlun

ountains is 0.97. In general, the ( 234 U/ 238 U) values of glaciers showed

 general decreasing trend from the west Qilian-Tanggula Mountains to

he Kunlun Mountains and to the east Qilian Mountains. 

Table 2 displays the geographic spatial distribution information of

he sample’s sites and of the U isotopic composition. The ( 234 U/ 238 U)

alues in snowpack/cryoconite dust samples of QG, LG 12, and YG ex-

ibited two major distributional ranges. One is the high value range

hat is close to the equilibrium value, and the other is a low value range

0.950 to 0.961 for YG, 0.973 to 0.976 for QG, and 0.965 to 0.979 for LG

2). The ( 234 U/ 238 U) values in JS (0.980, 0.962) and DG (0.979, 0.966)

ere also significantly different. The distribution of ( 234 U/ 238 U) values

n LG (ranging from 0.965 to 0.969) and DS (ranging from 0.956 to

.958) was relatively narrow. Sr isotope differences in northern TP are

ot significant (except for YG, where the 87 Sr/ 86 Sr is 0.7148 to 0.7218),

he corresponding ( 234 U/ 238 U) values are mainly distributed between

.7188 and 0.7231. However, the distinction of Nd isotopes is obvious.

G of Tanggula Mountain has the lowest 𝜀 Nd value, between -14.7 and

13.9. The 𝜀 Nd values of YG in the Kunlun Mountains mainly range from

13.4 to -10.6, and the Qilian Mountains (SG, JS and LG) host the highest

alues (ranging from -10.9 to -8.9). 

Fig. 4 shows the spatial distribution of U-Nd-Sr isotopic composition

f snowpack/cryoconite dust, as well as of some local surface dust from

arious glaciers. As can be seen from the U-Nd in Fig. 4 a, the U-Nd iso-

opic composition in snowpack/cryoconite dust of different glaciers is

ignificantly different. LG and SG in the Qilian Mountains have the high-

st 𝜀 Nd values (ranging from -10.9 to -9.1), and the ( 234 U/ 238 U) value

s low (ranging from 0.964 to 0.976). Furthermore, DS in the Qilian

ountains has a relatively low 𝜀 Nd value (ranging from -12.1 to -12.0),

s well as a low value of ( 234 U/ 238 U) ranging from 0.956 to 0.958. How-

ver, the 𝜀 Nd value of DG in Tanggula Mountain is the lowest (ranging

rom -14.7 to -13.9), while the ( 234 U/ 238 U) value is relatively high, and

anges from 0.966 to 0.979. The highest 87 Sr/ 86 Sr value was detected in

he DG (0.7251), while the lowest 87 Sr/ 86 Sr value was found in the YG

0.7148). The 87 Sr/ 86 Sr values of Qilian Mountains were mainly dis-

ributed within the range from 0.7191 to 0.7231 ( Fig. 4 b). Moreover,

he U-Nd-Sr isotopic composition of different snowpack/cryoconite dust

amples from the same glacier ( Fig. 4 a and b) also varied greatly (e.g.,

G, YG and LG12). 

The U-Sr-Nd isotopic composition of glacier snowpack/cryoconite

ust with higher ( 234 U/ 238 U) values in QG, LG12 and YG is very simi-

ar to that of local surface dust ( Fig. 4 ). We infer that the local surface

oil dust, which has a relatively short comminution time, may originate

rom erosion of the glaciers. Strong glaciation [ 2 , 21 , 37 ] may explain

he emergence of a significant concentration of dust fragments s with

alanced values of ( 234 U/ 238 U), which can be attributed to a short com-

inution time. We found that, in LG12 and DS, the Sr-Nd isotopic com-

osition of snowpack/cryoconite dust is very similar to that of the local

urface soil dust, while the ( 234 U/ 238 U) value is comparatively lower

 Fig. 4 ). This local surface soil dust is interpreted here as granular mate-

ial with a long comminution time. Once fine particulates are produced,

hey are stored in situ . After a long period of deposition, the ( 234 U/ 238 U)

alue of surface soil dust gradually decreases over time, and under the

nfluence of the current geological and atmospheric circulation condi-

ions, the dust is transported to high-altitude glaciers. 

http://www.nsmc.org.cn/
http://www-calipso.larc.nasa.gov/
https://www.esrl.noaa.gov/
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Fig. 3. The figure showing the distribution of ( 234 U/ 238 U) values of all glaciers in the study area, including Lenglongling Glacier (LG), Qiyi Glacier (QG), Shiyi 

Glacier (SG), Jingyangling Snowpack (JS), Laohugou Glacier No.12 (LG 12), Dabanshan Snowpack (DS), and Dunkemadi Glacier (DG), and Yuzhufeng Glacier (YG). 

The blue boxes indicate the range of standard deviation, the long straight lines are the mean values, and the black dots are the ( 234 U/ 238 U) values of the sampling 

points. 

Fig. 4. U-Sr-Nd isotopic composition of cryoconite/snowpack in various regions of the Tibetan Plateau, and comparison with local soil. The gray signs in the figure 

are the corresponded local soil data, including the Yuzhufeng Glacier (YG), Qiyi Glacier (QG), Dabanshan Snowpack (DS) and Laohugou Glacier No.12 (LG 12) 

[ 4 , 7 , 47 ]. 
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In general, the ( 234 U/ 238 U) values of snowpack/cryoconite dust in

arious remote regions display clear differences in the spatial distribu-

ion. These differences in the spatial distribution of ( 234 U/ 238 U) values

ay indicate differences in the dust sources and transport routes. More-

ver, the occurrence of different ( 234 U/ 238 U) values within the same

lacier dust system attest to the multiple origins of the local aeolian

ust. 

We note that the particle size effect can be generally neglected when

his particle size is generally smaller than 50 𝜇m. Owing to the lim-

ted resolution associated with our measurements, the ratio changes

f 234 U/ 238 U are detected only when the particle size is small enough

usually < 50 𝜇m) [ 15 , 21 , 38 ]. Previous research indicated that the un-
5 
ertainty of particle comminution time caused by particle size can be

ffectively reduced as long as the particle size is controlled within a

ertain range [21] . Our previous particle size tests on glacier snow-

ack/cryoconite dust on the Tibetan Plateau showed that the particle

ize of dust deposited in high-altitude glacier snowpack/cryoconite falls

ithin the range from 0.57 to 20 𝜇m (long range transported dust).

oreover, the associated mode of particle size distribution is about 10

o 15 𝜇m. This particle size distribution lies below the range from 20

o 100 𝜇m associated with the local dust (particle number ratio smaller

han 20%), which has mode about 40 𝜇m [ 7 , 8 , 10 , 31 ]. 

We have also measured the particle size distribution of surface dust

amples on the TP, thereby finding that the particle size is generally
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Table 2 

U isotopic compositions in glacier snowpack/cryoconite of various study locations of the Tibetan Plateau. 

Samples Locations Latitude(°N) Longitude(°E) Altitude(m a.s.l.) Sample type ( 234 U/ 238 U) 2 ∗ SD 

DS snow 5 Dabanshan Snowpack 37.35 101.40 3593.0 snow 0.958 0.0018 

DS snow 3 Dabanshan Snowpack 37.35 101.40 3625.0 snow 0.956 0.0015 

LG cryoconite 6 Lenglongling Glacier 37.51 101.54 3780.0 cryoconite 0.969 0.0007 

LG cryoconite 11 Lenglongling Glacier 37.51 101.54 3557.5 cryoconite 0.964 0.0008 

LG cryoconite 9 Lenglongling Glacier 37.51 101.54 3732.0 cryoconite 0.965 0.0017 

QG cryoconite 1 Qiyi Glacier 39.14 97.45 4680.0 cryoconite 0.992 0.0012 

QG cryoconite 5 Qiyi Glacier 39.14 97.45 4500.0 cryoconite 0.973 0.0011 

QG cryoconite 6 Qiyi Glacier 39.14 97.45 4580.0 cryoconite 0.976 0.0004 

QG cryoconite 8 Qiyi Glacier 39.14 97.45 4480.0 cryoconite 0.995 0.0009 

YG snow/cryoconite 1 Yuzhufeng Glacier 35.65 94.23 4531.0 snow/cryoconite 0.950 0.0019 

YG snow/cryoconite 3 Yuzhufeng Glacier 35.65 94.23 4558.0 snow/cryoconite 0.954 0.0008 

YG snow/cryoconite 5 Yuzhufeng Glacier 35.65 94.23 4540.0 snow/cryoconite 0.961 0.0027 

YG snow/cryoconite 8 Yuzhufeng Glacier 35.65 94.23 4480.0 snow/cryoconite 0.960 0.0027 

YG snow/cryoconite 7 Yuzhufeng Glacier 35.65 94.23 4720.0 snow/cryoconite 0.997 0.0014 

YG snow/cryoconite 2 Yuzhufeng Glacier 35.65 94.23 4620.0 snow/cryoconite 0.999 0.0005 

SG cryoconite 1 Shiyi Glacier 38.20 99.86 4303.0 cryoconite 0.976 0.0012 

SG cryoconite 2 Shiyi Glacier 38.20 99.86 4152.0 cryoconite 0.972 0.0007 

SG cryoconite 3 Shiyi Glacier 38.20 99.86 4035.0 cryoconite 0.969 0.0007 

LG12 snow 30-1 Laohugou Glacier No.12 39.48 96.52 4849.0 snow 0.999 0.0012 

LG12 snow 8 Laohugou Glacier No.12 39.48 96.52 4850.0 snow 0.972 0.0001 

LG12 cryoconite 16 Laohugou Glacier No.12 39.48 96.52 4590.0 cryoconite 0.976 0.0011 

LG12 cryoconite 29-4 Laohugou Glacier No.12 39.48 96.52 4450.0 cryoconite 0.965 0.0001 

DG cryoconite 18-18 Dunkemadi Glacier 33.07 92.07 5604.0 cryoconite 0.966 0.0001 

DG cryoconite 19-10 Dunkemadi Glacier 33.07 92.07 5464.0 cryoconite 0.979 0.0020 

DG cryoconite 19-19 Dunkemadi Glacier 33.07 92.07 5714.0 cryoconite 0.979 0.0001 

JS snow 14 Jingyangling Snowpack 37.83 101.10 3700.0 snow 0.980 0.0009 

JS snow 15 Jingyangling Snowpack 37.83 101.10 3990.0 snow 0.962 0.0013 
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maller than 100 𝜇m (Fig. S1) [29] . Therefore, in this study, samples

ith a particle size range of 10–50 𝜇m were selected for uranium com-

inution age analysis. Within such particle size range, the U isotope

omminution age falls within the ideal range [ 15 , 16 ], and the data re-

ect the overall trend of ( 234 U/ 238 U) value decreasing with the increase

f age. Therefore, we find that the particle size composition of the TP

lacial dust is very similar in each region [ 4 , 31 ]. The variations in U iso-

ope upon changes in particle size should fall within the measurement

rror bars and will not cause much scatter of the U isotope data in the

esults. 

.2. Source and transport routes of dust over northern TP based on 

eteorological satellite data 

Geosynchronous meteorological satellites with large imaging ranges

nd high observation frequency yields a powerful means for monitor-

ng the temporal and spatial variation of dust. FY-4A constitutes a new

eneration of geostationary meteorological satellites in China [39] . It

s loaded with a variety of observation instruments and can provide 32

inds of quantitative products. including cloud detection, marine and

and aerosol detection, and sand detection products. The higher tempo-

al and spatial resolution makes it possible to track the temporal and

patial distribution of dust, the dynamics of sandstorms and the atmo-

pheric dust path. 

Based on the FY-4A meteorological satellite true-color dust storm de-

ection map from China National Satellite Meteorological Center ( Fig. 5 )

http://www.nsmc.org.cn/), it has been possible to track the diffusion

ath and intensity change of the dust during a sandstorm on April 3,

020. At 04:00 UTC on April 3 ( Fig. 5 a), dust appeared first in the

est TP and Gobi Desert, occurring thereafter in Xinjiang’s Taklimakan

esert and Alxa Plateau arid areas ( Fig. 5 b). The dust gradually spread

o the surroundings, and the dust intensity increased slightly with time

 Fig. 5 c and d). Owing to the characteristics of the atmospheric circu-

ation ( Fig. 6 ), the dust could be transported further and further to a

arger area. Therefore, dust from west TP, south Gobi Desert [8] and

lxa arid region are likely to have an impact on the glaciers of TP. The

ust from the TP itself (surface soil dust and arid lands) provides an im-

ortant source of the glaciers dust due to the expanding arid deserts of
6 
he TP [40] . Moreover, it is reasonable to conclude that the Taklimakan

esert yields a potential source for the long-range transported dust in

he glaciers of northern TP, considering the Westerly winds and frequent

ust storm emissions from the Taklimakan Desert. Dust from the Tak-

imakan Desert is known to travel long distances and remain aloft for

rolonged time periods [41–43] . 

CALIPSO is a cloud-aerosol Lidar and infrared explorer observation

atellite jointly developed by National Aeronautics and Space Adminis-

ration (NASA) and the French National Space Research Center (CNES).

he CALIOP satellite-borne Lidar instrument can obtain the vertical dis-

ribution characteristics of dust. This instrument is able to detect the

ertical distribution of aerosols [44] and can distinguish aerosol types,

hus yielding useful data support for dust prediction and related sci-

ntific research [45] . Fig. 6 shows the diurnal variation of wind field

uring the dust storm process on April 3, 2020 ( Fig. 6 a and b) and the

ttenuated backscatter coefficient (km-1sr-1) profile at 532 nm, with

0 m vertical and 12 km ( Fig. 6 c) horizontal resolution over the TP and

ts surrounding areas (http://www-calipso.larc.nasa.gov). Fig. 7 shows

he distribution of four-season wind fields on the TP and East Asia. The

ain aerosol components in this large range are dust, polluted smog,

nd dust ( Fig. 6 c). As illustrated in Figs. 6 a, b, and 7 , the pollutants

rom south Gobi Desert and Alxa arid region could be delivered to the

orth TP. 

Fengyun meteorological satellite images and wind field data pro-

ide information on the temporal and spatial changes of potential dust

ources and transport routes, and CALIOP/CALIPSO data provide more

etailed information on the spatial distribution, physical and optical

roperties of aerosol pollutants, etc. This provides us with meteorolog-

cal data support for further distinguishing the sources and transport

outes of each glacier dust. 

.3. Dust sources based on U isotope fingerprinting 

Fig. 8 displays the distribution of U-Sr-Nd isotopic composition of

nowpack /cryoconite dust in the study area, as well as of the surface

oil dust in the potential dust source areas based on the available data.

n this figure, different colored areas indicate the isotopic composition

ange of potential dust source areas in Asia, including different regions
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Fig. 5. FY-4A meteorological satellite true color dust storm detection image, showing the transport process of dust emission from Tibetan Plateau. Yellow-orange-red 

indicates the dust detected and the intensity of the dust. The image is derived from China’s National Satellite Meteorological Center. 

Fig. 6. Spatial distribution of wind vectors (m s − 1 ) at 700 hPa over the Tibetan Plateau and its surrounding areas from 12 to 18 UTC, April 3 and CALIOP/CALIPSO 

transact showing attenuated backscatter coefficient (km 

_1 sr _1 ) profiles at 532 nm with 60 m vertical and 12 km horizontal resolution and aerosol type over the 

Tibetan Plateau (TP) and its surrounding area. The outline of the topography is shown as a solid orange line. Thick clouds appear in white and pollutants and dust 

clouds in orange-red. 

7 
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Fig. 7. Mean wind field in study area during each season of 2016–2020, reflecting the potential dust transport routes in Tibetan Plateau and surroudings, based on 

National Centers for Environmental Prediction/National Center for Atmospheric reanalysis data. 

Fig. 8. Comparison of the U-Sr-Nd isotopic composition of the cryoconite/snowpack dust in the Tibetan Plateau with other major dust sources in the Northern 

Hemisphere, including Gobi Desert (south), Alxa arid lands, Chinese Loess Plateau and the surface soil dust of Tibetan Plateau [ 4 , 5 , 7 , 46 , 47 ]. 
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f TP (west, north, south and southeast), Gobi Desert (south) and Alxa

rid lands (including Badain Jaran Desert, Tengger Desert and their sur-

ounding areas), and Chinese Loess Plateau [ 5 , 46 ]. The U-Sr-Nd isotopic

omposition of surface soil dust in different potential source areas has

ifferent geographical distribution characteristics ( Fig. 8 ). Moreover,

he isotopic composition of surface soil dust in Gobi Desert is clearly

ifferent and associated with high 𝜀 Nd value, low 

87 Sr/ 86 Sr value and

ow ( 234 U/ 238 U) value. The U-Sr isotopic composition of the surface soil

ust over the TP is comparatively higher, while the 𝜀 Nd value is gen-

rally lower (but slightly higher in the north TP). The 87 Sr/ 86 Sr value

f Alxa arid lands is low, and the U-Nd is within an intermediate range

etween the values in TP and Gobi Desert. 

Furthermore, clear heterogeneity in the spatial distribution was

ound in the U-Sr-Nd isotopic composition of snowpack/cryoconite dust

rom various glaciers. In general, the isotopic composition character-
8 
stics of dust deposited in the Qilian Mountains, such as LG 12, QG,

G, YG and LG are similar to the isotopic composition characteristics

f the dust in the north and west TP [47] , and in the Alxa arid region.

he results from these isotope measurements indicate relatively simi-

ar long-distance dust sources and transport routes over the glaciers of

orth TP. However, the snowpack/cryoconite dust isotopic composition

f the DG in the central TP resemble those of surface soil dust in west

nd south TP, and clearly differ from the corresponding composition of

obi Desert surface soil dust. The distinct isotopic composition of dust

eposited over different glaciers attests for different atmospheric trans-

ort routes and dust sources between the Qilian and Tanggula Moun-

ains. 

Based on meteorological data, the dust source and transport routes in

he study area were identified, and the potential source areas in different

laciers were further distinguished by combining uranium comminution



X. Jiao, Z. Dong, J. Brahney et al. Fundamental Research xxx (xxxx) xxx 

ARTICLE IN PRESS 

JID: FMRE [m5GeSdc; February 18, 2022;19:32 ] 

Fig. 9. The U-Sr-Nd isotopic composition of the cryoconite and snowpack dust in the Glaciers of the Tibetan Plateau and the potential dust sources in the Asian, 

including Gobi Desert (south), Alxa arid lands and the surface dust from different regions of the Tibetan Plateau [ 4 , 5 , 7 , 46 , 47 ]. The center point is the mean value, 

with error bars showing standard error of the mean. 

Fig. 10. Dust sources and sinks obtained based on isotope mixing space model. The mean and distribution of each source was used to determine the mean relative 

contribution to each sink. Potentially contributing dust sources included the Gobi Deserts, Alxa Arid Lands, and TP surface dust. 
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ge and Sr-Nd isotopic geochemistry. We believe that the glaciers in

he north TP are mainly affected by dust imports from the north TP

including dust near the local glaciers), the west TP [ 4 , 10 ] and the Alxa

rid region. DG in the central TP is mainly affected by the west and

outh TP. 

To further elucidate the contribution of Asian dust transport to the

lacier dust budget in the study area, we used the End-Member Mixing

odels (EMMA) to calculate the ratios of dust sources to the sinks in TP

 Fig. 9 ). The contribution percentage of each end-member to dust sinks
9 
s computed in 𝜀 Nd-( 234 U/ 238 U) mixing space using least-squares regres-

ion equations. Available data on potential contributing dust sources in-

luded the Gobi Desert, Alxa Arid lands, and TP surface soil dust. These

ata showed that in eastern Qilian Mountains, dusts from north TP con-

ributed about 16–65% of the dusts in the glaciers and snowpacks (JS,

G and DS), with an average contribution of 34%, and the west TP con-

ributed 5–20%, with an average contribution of 13%. To compare, and

he Alxa arid lands contributed about 7–27%, with an average contri-

ution of 13%, while the contribution of Gobi Desert is about 12–30%,
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ith an average contribution of 19%. For the glaciers in the western Qil-

an Mountains (SG, QG and LG 12), the dust contribution of the north TP

s about 25–70%, with an average contribution of 34%, and the west TP

s 8–25%, with an average contribution of 19%. Furthermore, Alxa arid

ands contributes about 15–35% of the dust with an average contribu-

ion of 25%. For the YG in Kunlun Mountains, the north TP contributed

he most, namely, about 50% of the dusts in the glacier, while the Alxa

rid lands and the Gobi Deserts contributed 24% and 10%, respectively.

The glacier dust of the DG of Tanggula Mountain is mainly from the

outh and west TP, accounting for about 68% and 20%, respectively

 Fig. 10 ). These results further indicate that the high-altitude glaciers

n the TP are mainly affected by dust transport and deposition on the

urface of the TP itself, as well as dust income from the Great Deserts

f North China [47] . Moreover, previous studies further show that the

aklimakan Desert also contributes to the input of glacier dust to the

orthern TP [ 4 , 47 ]. 

Therefore, in the present study, we demonstrate the use of U iso-

ope composition as a novel tracer method, based on analysis of dust

ollected of glacier snowpack and cryoconite holes to map the distri-

ution characteristics of ( 234 U/ 238 U) values in different regions of the

P. In particular, to the best of our knowledge, our study is the first to

eploy uranium comminution age for dust source tracing in the Tibetan

lateau. 

. Conclusions 

Aeolian dust from snowpack/cryoconite repositories encodes infor-

ation about current and past atmospheric and environmental pro-

esses. In the Tibetan Plateau (TP), the high-altitude glaciers provide a

ecord of dust paths above the boundary layer in the upper troposphere,

hereby reflecting regional to long-range aeolian transport characteris-

ics. 

The uranium comminution age method can be used to trace the inter-

ediate processes in the dust cycle from production and transport to de-

osition associated with the different comminuting times. Aeolian dust

an be transported from the source areas to the high-altitude glaciers

ithin days or hours. Based on the large spatial scale of our sample

rea and uranium isotopic analyses of snowpack/cryoconites dust on

he glaciers of the northern TP, we found that the ( 234 U/ 238 U) of snow-

ack/cryoconite dust in different regions showed significant spatial dif-

erences. The general ( 234 U/ 238 U) ratio in the glacial dust of western

ilian Mountains (QG, SG, LG12) showed a higher value, followed by

he Tanggula (DG) and Kunlun Mountains (YG), whereas in the eastern

ilian Mountains (JS, DS, LG) ( 234 U/ 238 U) ratio displayed the lowest

alue. Based on these results, and considering the associated Sr-Nd iso-

opic compositions, the observed spatial distribution can be attributed

o a combination of local dust, which has a short comminuting time, and

ust transported over a long range. 

Using FY-4A dust monitoring, as well as NOAA, NCAR/NCEP meteo-

ological and CALIPSO/ CALIPOP data, the analysis of the present work

hows that the dust from the west and south TP, south Gobi Desert and

lxa arid region constitutes a major source of the dust deposited in the

P. U-Sr-Nd isotopic composition data and analysis with EMMA revealed

hat incoming dust in the glaciers of the east Qilian Mountains in the

orth TP, such as LG, DS and JS, is provenance mainly from the north TP

nd Alxa arid Deserts, the dust contribution amounting to 16–65% and

–27%, respectively. The LG 12, QG and SG in the west Qilian Moun-

ains are mainly affected by the north and west TP, which contribute

5–70% and 8–25% of the incoming dust, respectively. The north TP

ontributes the most to the dust input from YG of Kunlun Mountains,

ccounting for about 50% of the dust. DG of the Tanggula Mountain in

he central TP is mainly derived from the dust in the south and west TP,

ccounting for about 68% and 20% of the dust budget, respectively. 

Therefore, the present study demonstrated the potential of U isotope

s a novel tracer to track dust age. In combination, with other isotopic

racers, U isotope can provide a powerful method for the identification
10 
f dust sources and transport paths. Our study is the first to use ura-

ium comminution age for Tibetan dust source tracing, and the insights

ained from our results can be used in future studies to elucidate the

ultiple origins of dust in the TP glaciers, as well as the dynamics of

egional-scale dust circulation and deposition throughout the Tibetan

lateau. 
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