
1.  Introduction
Aeolian dust exerts major impact on the global climate and has feedbacks with various components of the Earth's 
system, from the hydrologic cycle to the Earth's biosphere and atmospheric geochemistry. Moreover, this dust 
affects the Earth's radiation budget, thereby contributing to the acceleration of glacier melt, and has profound 
effects on the global biogeochemical cycles. Arid and semi-arid regions in Central and East Asia are among the 
world's largest dust sources (Chen et al., 2007; Maher et al., 2010; Osterberg et al., 2008; Uno et al., 2009; Wu 
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and historical links between geological evolution and climate. Here we use  234U/ 238U isotope ratios and the 
uranium (U) comminution age method on samples collected from Qinghai-Tibet Plateau (TP) surface dust and 
glacier snowpack/cryoconites to determine the erosion and potential transport provenance of the dust, regardless 
of petrological origin. The spatial variation of the ( 234U/ 238U) isotope ratios of TP dust showed relatively high 
values in the Songpan-Ganzi-Hoh Xil, Himalayan and the Kunlun-Qaidam-Qilian terranes, while showing 
relatively low ( 234U/ 238U) values in Lhasa and Qiangtang terranes, but among all samples the highest value 
appeared in the glaciation zone. Dust collected from nearby glacial areas with rugged terrain (e.g., the Qilian 
and Himalayan Mountains) have higher ( 234U/ 238U) values than those collected in the topologically flat 
non-glacial areas. These differences are consistent with elevated erosion rates and dust comminution-transport 
processes in glacial areas, which yield a major source for large quantities of fresh comminuted particles. 
Compared to sediments from other regions of the globe, the ( 234U/ 238U) values of the typical aeolian sinks 
(such as loess on the Loess Plateau and ice core dust, etc.) are generally lower in comparison to areas with high 
elevations where erosion rates are high. The ( 234U/ 238U) isotope values of TP dust tend to fall between the high-
elevation sites and the dust sinks, indicating the combined influence of short comminution times (tectonics, 
landscape dynamics, and glacial erosion) and long residence time on the TP. When compared with other central 
Asian dust sources, U-Nd-Sr isotope signatures in TP dust are distinct and can be thus used as an effective 
tracer of dust provenance. Using U isotopes, we show that dust originating from the TP undergoes long-range 
transport and constitutes potentially significant component of the Asian and Northern Hemisphere atmospheric 
dust load.

Plain Language Summary  This work is the first to measure the  234U and  238U isotopic composition 
of surface dust particles in the cryospheric regions of the Tibetan Plateau and to use the uranium (U) 
comminution age method to reveal the spatial distribution and variation of the ( 234U/ 238U) values and the 
evolution processes of Tibetan Plateau dust. In addition, we use the U isotopic composition of dust from 
several snowpack and cryoconite samples from glaciers in the Tibetan Plateau to constrain Tibetan Plateau 
dust transport distances and major sink areas. Together, the research provides new insights and understanding 
of Tibetan Plateau dust emissions and transport, regional tectonics, and landscape dynamics as well as the 
potential climate and environmental implications.
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et al., 2010; Yang et al., 2007). More than 800 Gt of dust is estimated to be transported into the atmosphere every 
year, mainly from Asia (X. Y. Zhang. (2001); Prospero et al., 2002; Zhang et al., 2003). Several studies have 
shown that Asian dust is the major component of the Chinese loess deposits and makes up a significant compo-
nent of dust deposition in Japan, Korea, Greenland, and the North Pacific (Bory et al., 2003; Chen et al., 2007; 
Pettke et al., 2002). The Tibetan Plateau (or Qinghai-Tibet Plateau, abbreviated to TP) region of Asia is one of 
the important sources of dust in the area and exerts significant influence on the East Asian summer monsoon 
(Fang et al., 2004; Mao et al., 2013, 2019; Sun et al., 2017). Recent studies have also shown that desertification 
is expanding the Tibetan Plateau's arid regions, so that dust production in the Tibetan Plateau shall become more 
intense in the years ahead (Dong et al., 2017, 2020).

The TP and its adjacent mountains, known as the Earth's “Third Pole”, constitute a unique geographic unit that 
is associated with the highest elevation in the Earth's mid-latitude region. The collision between the Indian and 
Eurasian plates makes the TP one of the most active tectonic areas of the Earth. However, different regions of 
the TP respond to this collision in distinct ways, because of the spatial heterogeneity in the crustal properties and 
stress transfer inherent to the geologic system of the TP. Specifically, this spatial heterogeneity causes differences 
in the local time-scale and amplitude of uplift in response to the tectonic forcing applied (Mulch & Chamber-
lain, 2006; Royden et al., 2008; Tapponnier et al., 2001). During structural uplift, continuous exposure of fresh 
rock leads to denudation and fragmentation of the surface crust under the influence of earth-surface erosion 
processes (such as glacial erosion, weathering, etc.). The fine particles produced by physical-chemical weath-
ering and erosion can enter, then, into atmospheric circulation, thereby affecting the climate both at regional 
and at global scale (Dong et al., 2016). However, there is still poor knowledge of the production and transport 
mechanisms leading to surface dust emission and deposits on the TP. The understanding of these mechanisms 
is important for a broad range of fields, given the profound feedbacks of Aeolian dust with geology and climate, 
and the need to improve our knowledge about the implications of Earth's changing climate for the dust dynamics.

Previous studies have shown that the  234U/ 238U isotope ratio of fine particles (smaller than 50 μm) reflects the 
time elapsed since their separation from bedrock (Bourdon et al., 2003, 2009; DePaolo et al., 2006, 2012; Lee 
et al., 2010). Moreover, particles that originated from different source areas are often associated with distinct 
fragmentation mechanisms, surface transport pathways, and, thus, comminution ages (Dou et  al.,  2016; Li 
et al., 2016; G. J. Li et al., 2017; Sun, 2005). Therefore, the distribution of the  234U/ 238U ratio – which is usually 
expressed as the ( 234U/ 238U) activity ratio, that is, a value corresponding to the equilibrium ratio – can be used 
to track particle source and age (DePaolo et  al.,  2006,  2012). This method, here referred to as uranium (U) 
comminution age method, can be also used to trace a series of intermediate phases such as dust production, trans-
portation and deposition, and has been effectively applied as a new geological method in various applications 
involving deep-sea sediments (DePaolo et al., 2006), river sediments (Chabaux et al., 2012; Handley et al., 2013; 
Lee et al., 2010), lake sediments (Francke et al., 2020), glacial basins (DePaolo et al., 2012; Xu et al., 2019) and 
loess on the Chinese Loess Plateau (L. Li et al., 2017, 2018). Here we use the U comminution age method to 
obtain information about the origins of the surface dust in the TP region, including potential transport paths and 
erosion processes that led to the spatial distribution of surface dust in the area of investigation. Our study shall 
thus contribute to deepen the understanding of dust production and transport in the TP region, as well as of the 
geological processes underlying the landscape dynamics of the TP.

This work is the first to measure the  234U and  238U isotopic composition of surface dust particles in the cryospheric 
regions of the Tibetan Plateau and to use the U comminution age method to reveal the spatial variation of the 
( 234U/ 238U) values and to infer the evolution processes of TP dust. Furthermore, we use the U isotopic composi-
tion of dust from several snowpack and cryoconite samples of glaciers in the TP to constrain TP dust transport 
distances and major sink areas both near and far. Cryoconite is a dark-colored and carbon-rich material consist-
ing of mineral dust, microorganisms and algae, which deposits on the surface of snow, ice caps, and mountain 
glaciers (Dong et al., 2016; Stibal et al., 2012; Takeuchi & Li, 2008). Overall, the research provides new insights 
and understanding of TP dust emission and transport, regional tectonics, and landform dynamics, as well as the 
potential climatic and environmental implications.
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2.  Materials and Methods
2.1.  Field Sample Collection

A total of 26 surface dust samples and three glacier snowpack/cryoconite dust samples were collected from vari-
ous locations in different terranes across the Tibetan Plateau (25–40°N, 74–104°E; see Figures 1 and 2), including 
five samples on the Himalayan terrane, six samples of the Lhasa terrane, three samples in the Qiangtang terrane, 
six samples in the Songpan-Ganzi terrane and six samples of the Kunlun-Qaidam-Qilian terrane, to find out the 
regional U isotopic variation of the TP surface dust samples. The upper 5 cm of surface dust was collected with a 
trowel and stored in precleaned, low-density polyethylene bottles (Thermo Scientific), by removing the top 1 cm 
of topsoil. In addition, the U isotopic composition of snow/glacial dust samples collected from two glaciers in the 
northern TP (Laohugou Glacier No.12 and Dunkemadi Glacier), were used to compare and analyze the sources 
of surface dust deposition on high-altitude glaciers, so as to constrain the transport distances of Tibetan dust.

Figure 1.  Location map showing the study areas and the sampling sites of the Tibetan Plateau dust, including the samples from Himalaya terrane (laurel-green), Lhasa 
terrane (claret-red), Qiangtang terrane (orange), Songpan-Ganzi-HohXil terrane (dark-green), and Kunlun-Qaidam-Qilian terrane (navy blue). The division of the 
terrane is based on Chen et al. (2017) and the climatic regionalization is referred from Dong et al. (2020).
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We remark that all samples investigated in the present work are surface dust samples, that is, the dust on the soil 
to form unconsolidated sediment with no structure. In particular, the TP surface dust samples were derived from 
the surface of arid regions in the TP, where aeolian dust emission is an important environmental process (Dong 
et al., 2017; Fang et al., 2004; Han et al., 2009). We thus refer to these samples as “TP dust”. Aeolian dust parti-
cles can be transported through the atmosphere, thereby constituting an important agent for the Earth's climate. 
Indeed, dust particles transported from different regions within the Tibetan Plateau may reflect valuable informa-
tion about geological and climatic aspects of their respective sources, as we specify next. The samples of north 
TP were collected in the Qilian and Kunlun Mountains, which comprise an area affected both by uplift processes 
in the Plateau and by the East Asian winter and summer monsoon systems. Moreover, the Himalayan orogenic 
belt in the south TP is one of the key areas that can provide information on the formation and evolution of the 
TP (Aitchison et al., 2000; Decelles et al., 2000; Xu et al., 2019), while the southeast TP includes the central and 
northern section of the Hengduan Mountains and the eastern section of the Yarlung Zangbo River Basin. This 
region has been subjected to very strong tectonic activities under the impact of the plate collision since the Ceno-
zoic era (Deng et al., 2015; Ouimet et al., 2010). Furthermore, the western TP is also a hotspot for the study of 
the early geological evolution of the TP (Jin et al., 2003; Zheng et al., 2006). Therefore, the surface dust samples 
locations selected in this work reflect the TP's spatial extent. Based on the samples collected from these locations, 
the aim of our study is to acquire additional information that will shed further light on the tectonic evolution and 
climate of the region as well as information on dust source tracking. The relevant information about the samples 
and their respective locations is provided in Table 1.

2.2.  Mineral Composition Analysis

TP dust was subjected to an X-ray fluorescence spectroscopic analysis (XRF) using a Arladvant ‘x Intellip-
owerTM3600 scanner. Based on this analysis, we conclude that the composition of clay-sized (<5  μm) and 

Figure 2.  Photo shows the background geomorphology and geological information of the sampling locations. The 
geomorphic environment of the sample sampling sites were all selected in the flat area on the plateau, except for several 
points in the glacier area where erosion and fragmentation strongly transported but still belonged to the local mixed influence, 
which could reflect the intense erosion and particle fragmentation process in the glacier area.
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coarser-sized (5–100 μm) dust minerals (Figure S1 in Supporting Information S1) in the study area of TP is 
mainly silicate. Illite (mainly SiO2, Al2O3, and Na2O) is the dominant mineral, accounting for more than 70% of 
the total content, followed by chlorite (mainly composed of SiO2, Fe2O3) and kaolinite (composed of SiO2, Al2O3, 
K2O, Na2O and CaO), with negligible montmorillonite content. Illite is a layered clay mineral similar to mica 
(mainly SiO2, Al2O3, H2O; Table S1 in Supporting Information S1), is formed mainly by weathering of muscovite 
or potash feldspar, and can undergo chemical modification thus giving rise to other clay minerals. Furthermore, 
common clastic minerals are quartz, feldspar and iron. A previous study also indicated similar results for the 

Sample No. Latitude (°N) Longitude (°E) Elevation(m) Sample type ( 234U/ 238U) 2SD εNd
 a  87Sr/ 86Sr b

Himalaya terrane

  TP1850 29.32 85.21 4,471 Surface soil 0.977 0.002 −14.3 0.72601

  TP1836 29.29 88.9 3,833 Surface soil 0.960 0.003 −14.3 0.72625

  TP1854 30.54 82.56 4,911 Surface soil 0.990 0.003 −14.2 0.72424

  TP1844 28.51 87.07 5,182 Surface soil 1.007 0.004 −16.1 0.72732

  TP1862 32.43 80.21 5,007 Surface soil 1.009 0.002 −13.5 0.72760

Kunlun-Qaidam terrane

  TP18117 35.41 99.43 3,241 Surface soil 0.956 0.002 −11.5 0.72254

  Luqu 34.58 102.48 3,500 Surface soil 0.960 0.003 −10.5 0.72129

  Yuzhufeng3 35.71 94.28 4,374 Surface soil 1.026 0.002 −10.9 0.72281

  Qiyi 39.38 97.63 3,883 Surface soil 0.991 0.002 −10.8 0.72102

  Hulugou1 37.5 101.92 3,497 Surface soil 0.983 0.002 −9.5 0.71952

  LHG 39.5 96.52 4,450 Surface soil 0.997 0.003 −10.1 0.72102

Qiangtang terrane

  TGL 33.04 92.05 5,714 0.964 0.002 −13.5 0.72281

  HjS13 33.57 83.7 3,277 Surface soil 0.968 0.002 −12.1 0.72210

  TP1898 30.06 97.98 2,860 Surface soil 0.972 0.002 −13.1 0.72250

Lhasa terrane

  TP1886 29.46 94.53 2,913 Surface soil 0.965 0.002 −12.9 0.72622

  TP1884 29.83 92.34 4,386 Surface soil 0.968 0.002 −14.3 0.72851

  S5 31.58 81.18 3,132 Surface soil 0.973 0.002 −14.2 0.72013

  S2 32.3 82.31 2,979 Surface soil 0.954 0.003 −13.1 0.72013

  HjS25 32.5 80.2 3,140 Surface soil 0.962 0.002 −13.5 0.72124

  HjS32 32.4 80.1 2,850 Surface soil 0.952 0.002 −13.8 0.72124

Songpan-Ganzi-Hoh Xil terrane

  TP1812 35.91 94.7 4,450 Surface soil 0.998 0.002 −9.7 0.72281

  TP1815 35.3 93.3 3,445 Surface soil 0.993 0.003 −9.7 0.72281

  TP18114 33.79 97.15 3,423 Surface soil 0.956 0.002 −11 0.72632

  Gongga2 29.59 101.89 3,136 Surface soil 0.996 0.004 −15.1 0.72524

  Daocheng 29.04 100.31 3,900 Surface soil 1.008 0.004 −15.3 0.72311

  YL 27.1 100.1 3,400 Surface soil 1.001 0.002 −14.2 0.72390

Glacier

  LHG29-4 39.5 96.52 4,450 Snowpack 0.965 0.002 −9.5 0.72153

  LHG30-1 39.5 96.52 4,450 Cryoconite 0.999 0.002 −10.5 0.72208

  TGL19-19 33.04 92.05 5,714 Snowpack 0.966 0.002 −12.5 0.72510

 aNd isotope data references from Wei et al., 2021.  bSr isotope data references from Wei et al., 2021.

Table 1 
Information of the Sampling Locations of Surface Soil and Snowpack/Cryoconite Dust in the Tibetan Plateau
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mineral composition in the TP surface soils (Y. Li, 2014). The characteristics of mineral composition indicate 
that the study area of TP is characterized by a dry and cold climate dominated by physical weathering and weak 
chemical weathering (Wei et al., 2021).

Moreover, we also performed a laboratory analysis of mineral composition using an X-ray diffraction (XRD) 
equipment (Panalytical X’Pert PRO), which combines an X-ray tube working voltage of 40 kV with a tube current 
of 250 mA. Quantitative analyses of the minerals were performed using the Rietveld method. Specifically, by 
applying this method, we use the X-ray diffraction patterns of the dust samples to determine the material struc-
ture based on the height, width and position of the peaks in intensity of the diffraction patterns (Jin et al., 2021). 
The results of these analyses, that is, the proportions of the different materials constituting the samples, were 
normalized to 100% based on the assumption that the mineral contents of the samples were entirely accounted 
for by the XRD patterns.

2.3.  Comminution Analysis of the Uranium Isotopes

Comminution analysis is based on the recoiling effect during alpha (α) decay of  238U. The  234U in the rock is the 
product of  238U undergoing one α decay to  234Th and then undergoing two β decays. The unstable  234U continues 
to undergo α decay to become  230Th. After a number of U series decays (about 1 Ma), the U isotope in the bedrock 
will reach a state of equilibrium, that is, the production rate of  234U is equal to the decay rate of  234U:

�238 ⋅ 238� = �234 ⋅ 234�� (1)

in the equation above, λ234 denotes the decay constant of  234U, and amounts to, approximately, of 2.82206 × 10 −6/a, 
while λ238 is the decay constant of  238U (L. Li et al., 2017), which has an approximate value of 1.55125 × 10 −10/a. 
Since the absolute ratio of  234U/ 238U is very small, it is usually expressed as the radioactivity ratio ( 234U/ 238U):

(234�∕238� ) = �234 ⋅ 234�
�238 ⋅ 238�

� (2)

under initial equilibrium conditions, the value of ( 234U/ 238U) is equal to 1. Such a secular equilibrium is disturbed 
when fine particles (≤50 μm) are generated because a significant portion of  234U is ejected out of the particle 
due to the recoil effect during α-decay of  238U, thereby rendering the  234U accumulation rate of particles lower 
than the decay rate (DePaolo et al., 2006; L. Li et al., 2017). Therefore, the ( 234U/ 238U) decreases gradually with 
time from the onset of comminution, until the new steady-state equilibrium is reached. The value of ( 234U/ 238U) 
provides thus a proxy for the time elapsed from dust generation, including intermediate processes between 
comminution and deposition.

To conduct the analysis, the surface dust samples were first immersed in 0.5 mol/L acetic acid for 2 hr to disperse 
and remove the carbonate fraction. The dispersed samples were then processed with an electroforming sieve to 
separate particle sizes with a diameter of 10–50 μm from the sample. This step is necessary because the princi-
ple is that the decrease in the  234U content of clastic fine particulate matter is caused by the recoil effect. More 
precisely, once the rock is broken down, the  234U will be continuously lost from the thin outer particle layer due 
to alpha recoil, following  238U decay and ejection of  234Th (the precursor to  234U as discussed above). Overall, this 
process results in a reduction of  234U accumulation. However, owing to limitations associated with the instrument 
resolution, the ratio change of  234U/ 238U can be detected only when the particle size is small enough (usually 
d ≤ 50 μm; DePaolo et al., 2006; Lee et al., 2010). Importantly, the uncertainty of particle comminution time 
caused by particle size can be effectively reduced as long as the particle size is controlled within a certain range 
(see Lee et al., 2010).

Usually, fine particles move out of equilibrium faster than larger particles. However, this principle varies appre-
ciably only within a certain grain size range. Therefore, the particle size distribution of TP dust was measured 
(mainly dust, with particle size range of 0.5–200 μm of >90% particles in number, as shown in Figure S1 in 
Supporting Information S1) using an Accusizer 780A (Thermo Fisher), and samples with a particle size range of 
10–50 μm were selected for U comminution age method analysis. Within such a particle size range, the U isotope 
comminution age fits within the ideal range (DePaolo et al., 2006, 2012) and reflects the overall trend of the 
( 234U/ 238U) value, which decreases with increasing.
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After sieving, the samples were first reduced and cleaned to remove the adsorbed iron-manganese oxides, hydrox-
ides, and other non-detritus materials. Here we referred the pre-treatment method of dust samples in the previous 
study, as follows: (a) The carbonate minerals were first removed by soaking dilute acetic acid solution (0.5 mol/L) 
at room temperature for 2 hr; (b) The second step is to remove iron and manganese oxides and hydroxides were 
removed by using one-time sodium bicarbonate –sodium citrate –sodium hyposulfite reduction soaking; (c) Then, 
organic matter was removed with 5% hydrogen peroxide solution at 85°C (L. Li et al., 2017). This process has 
proven effective in removing the influence of non-detrital material ( 234U/ 238U) values, so as to obtain the lowest 
( 234U/ 238U) value. Our results also eliminate the influence of non-detrital material to the maximum extent as 
detected in the laboratory.

The pre-treatment for the removal of the oxides and organic matter was concluded in the ultra-purification analy-
sis laboratory of the State Key Laboratory of Cryosphere Science in Lanzhou, China. HF-HNO3 was then used to 
digest the silicate minerals and we used UTEVA resin to separate the U element. U isotopic ratios were measured 
by means of a Plasma II multi-collector inductively coupled plasma mass spectrometer in the Analysis Center of 
Beijing Institute of Geology of the Nuclear Industry, in which  238U is collected within a Faraday cup, while  234U 
is collected by a secondary electron multiplier. Furthermore, the Standard Sample Bracketing method was used 
to correct the short-term variation of the instrument (L. Li et al., 2017). Instrumental bias between  234U and  238U 
was corrected by normalizing the  238U/ 235U ratio to 137.84. The long-term measurement result of the interna-
tional standard USGS BCR-2 reference material ( 234U/ 238U) is 1.001 ± 0.003 (n = 20, 2σ), which is consistent 
with the internationally recognized ratio within the error range. For the measurement of ( 234U/ 238U) in snowpack 
and cryoconite dust samples, we refer to the previous work by Aciego et al. (2009).

3.  Results
3.1.  U Isotopic Composition of Tibetan Plateau Dust and Its Geospatial Distribution

In this work we divide the sampling area of U isotopic composition into different subareas from north to south, 
based on the geological terranes of the TP (such as Chen et al., 2017; i.e., the distribution of sutures and terranes 
on the TP). These subareas from north to south are: the Kunlun-Qaidam-Qilian terrane, the Songpan-Ganzi-Hoh 
Xil terrane, the Qiangtang terrane, the Lhasa terrane and the Himalayan terrane (see Figures 1 and 3), respec-
tively. Figure 1 shows detailed separation of the sampling sites based on the geological units (terranes) of the TP. 
Moreover, Figure 3 shows the geographical locations associated with our measurements and also the geospatial 
variation of ( 234U/ 238U) values of TP dust. We find that the spatial variation in U isotope of TP dust becomes more 
evident by dividing the area into the subareas indicated in Figures 1 and 3, that is, reflecting the distinct geology 
of the various terranes. Overall, the Songpan Ganzi-Hoh-Xil terrane shows the highest value of ( 234U/ 238U), with 
an average of 0.992 ± 0.018. While the samples collected from the Himalayan terrane in the south TP and the 
Kunlun Qaidam terrane in the north TP displayed mean ( 234U/ 238U) values of 0.988 ± 0.021 and 0.986 ± 0.026, 
respectively, and the mean value of this quotient was 0.968 ± 0.004 for the samples from Lhasa terrane, and 
0.962 ± 0.008 for the samples of Qiangtang terrane in the central TP. The spatial variation of the ( 234U/ 238U) 
isotope ratios of TP dust showed that relatively high values appeared in the Songpan-Ganzi-Hoh Xil, Himalayan 
and the Kunlun-Qaidam-Qilian terranes. Moreover, the ( 234U/ 238U) values were rather low in the Lhasa and 
Qiangtang terranes. However, among all samples the highest value occurred in the glaciation zone, where sedi-
ments are relatively young (e.g., north TP; see Table 1 and Figure 3b).

The Kunlun-Qaidam-Qilian terrane in north TP is located in the East Kunlun fault zone, where the geological 
structure is complex and tall mountains and basins are intricately distributed. The high-relief topography and 
numerous glacial landforms are present above the altitude of 4,300–5,000 m. a.s.l. In this study, the U isotope 
values of local dust samples from Yuzhufeng Glacier area of the Kunlun Mountains (1.026), Qiyi Glacier (0.991) 
and Laohugou Glacier (0.997) area of the Qilian Mountains are relatively high.

Moreover, the Songpan-Ganzi-Hoh Xil terrane located in the central and northern TP has the most flat terrain 
in the whole TP (Figure  1), and the block is relatively stable inside (Li et  al.,  2021). However, the eastern 
boundary is mainly characterized by compressive deformation, and the geological structure is active, with earth-
quakes occurring frequently in the eastern region of the terrane. Thus, the ( 234U/ 238U) values of dust samples 
near the boundary zone of this terrane (e.g., the samples TP1815, TP1812, Daocheng, YL, and Gongga derived 
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in the Hengduan Mountains) have much higher values, while the samples located in the interior part show lower 
( 234U/ 238U) values (e.g., TP18114, Figure 3b).

The Qiangtang terrane in the hinterland of TP is characterized by a topography of low hills and wide valleys in 
lake basins. This terrain is gently undulating, and constitutes an area with early geological uplift and a well-pre-
served planation surface of the TP (Y. L. Li et al., 2015). The Tanggula Mountains, the boundary between the 
north and south TP, is located here. This region has not been affected by fluvial erosional processes caused by 
the strong uplift of the plateau, so the terrain in this region is gently undulating, with early geological uplift and 
a well-preserved planation of the plateau (Y. L. Li et al., 2015; Pan et al., 2009).

Figure 3.  ( 234U/ 238U) values of surface soil in various terranes of the Qinghai-Tibet Plateau (a) and their geographic 
distribution (b). Different colors represent the ( 234U/ 238U) values of samples separation with different terrane, including the 
Himalaya terrane (laurel-green), Lhasa terrane (claret-red), Qiangtang terrane (orange), Songpan-Ganzi-HohXil terrane (dark-
green), Kunlun-Qaidam-Qilian terrane (navy blue). The rectangles indicate the upper and lower quartiles and the median is 
shown as a horizontal line, the squares of different colors within the boxes refer to the arithmetical mean (3b).
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The southern TP comprises the Lhasa and Himalayan terranes where the landscape is very undulating (Y. L. 
Li et al., 2015; Xu et al., 2006), and the boundary between them is the Yarlung Zangbo suture zone, with an 
average elevation from 4,600 m to 6,000 m a.s.l. Due to the great collision between the Indian and the Eurasian 
plates, the southern TP is constantly uplifted and the Yarlung Zangbo River basin was compressed northward, 
forming a deep and large fault structure with approximately east-west direction and Yarlung Zangbo suture zone. 
The tectonic activity is extremely active and faults crisscross each other. Therefore, neotectonic movement has a 
fundamental impact on the terranes of this region (Y. L. Li et al., 2015; Yin, 2006). In this study, the surface dust 
sampling of the Lhasa terrane was concentrated in relative flat areas (such as the gently topographic valley around 
Lhasa and the plateau in Ngari area), which explain the low ( 234U/ 238U) values obtained for the Lhasa terrane. By 
contrast, the Himalayan terrane samples were collected from the Himalayan foothills and surrounding mountains, 
and the tectonic activity is high with high rates of modern weathering and erosion processes, comparable to the 
value of ( 234U/ 238U) of the Kunlun-Qaidam-Qilian terrane and eastern Songpan-Ganzi-Hoh Xil terrane where the 
terrain is rather rugged.

3.2.  U Isotope Change With the Elevation of Sampling Locations in Tibetan Plateau

Figure  4 indicates the correlation between ( 234U/ 238U) values and elevation. The ( 234U/ 238U) activity ratios 
showed a strong and significant linear correlation (R 2 = 0.64, p < 0.01) with increase in elevation (Figure 4). 
The ( 234U/ 238U) values on the inner plateau's flat surfaces are relatively low, which is in sharp contrast to the high 
isotope values of the samples in the glaciated area and the region with increased mass wasting in high mountains, 
such as Himalaya and Kunlun Mountains. The samples with higher ( 234U/ 238U) values were derived from the 
glacial areas of Yulong Snow Mountain Glacier and Hailuogou Glacier of the Hengduan Mountains in southeast 
TP, Laohugou Glacier No.12 (in the Qilian Mountain) and Yuzhufeng Glacier (in the Kunlun Mountains) of the 
northern TP, and the Himalayan foothills in south TP.

Figure 4.  Correlation between ( 234U/ 238U) isotopic ratios and elevation of the surface dust in the Tibetan Plateau, Alxa arid 
lands, Ordos Desert, Gobi Desert and Qaidam Basin, which showed good correlation between the U isotopes and elevation 
(R 2 = 0.64). The dark gray area is the range of the fitted 95% confidence interval. The colored circles represent the surface 
soils of the Tibetan Plateau, and the gray hollow shapes represent data obtained from the literature (Li et al., 2018).
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3.3.  Mineral Composition of Tibetan Plateau Surface Dust

Moreover, XRD and XRF measurements showed that the mineral composition of TP dust is nearly the same for 
all sampling locations (Tables S1 and S2 in Supporting Information S1). The results showed that the mineral 
composition of dust on the Tibetan Plateau does not vary much over the different locations, consisting mainly of 
quartz, K-feldspar, plagioclase, calcite, muscovite and clay minerals (Figure S2 in Supporting Information S1). 
Here we found that the mineral composition of TP dust is generally similar over the various sampling locations, 
based on the XRF and XRD measurements of mineral composition (Tables S1 and S2, Figure S2 in Supporting 
Information S1). The composition of clay-sized and coarser-sized dust minerals in the study area of TP is mainly 
silicate (Table S1 and Figure S2 in Supporting Information S1). Illite (mainly composed of SiO2, Al2O3, and 
Na2O) is the dominant mineral, accounting for more than 70% of the total content, followed by chlorite (mainly 
composed of SiO2, Fe2O3) and kaolinite (composed of SiO2, Al2O3, K2O, Na2O and CaO), which basically contain 
no montmorillonite. Both the oxide and mineral compositions showed high similarity for samples from all the 
locations (see Figure S2 and Tables S1, S2 in Supporting Information S1). Our XRF measurements showed that 
SiO2 has the highest concentration among all the oxide components (with high Si element content) in each site, 
followed by Al2O3 and CaO. Furthermore, our XRD measurements also showed that quartz, chlorite, calcite and 
biotite are the major minerals for dust samples in all Tibetan sites.

4.  Discussion
4.1.  Factors Influencing U Isotopic Composition and Spatial Distribution

Compared to the ( 234U/ 238U) values of TP dust and other sediment deposits worldwide, the ( 234U/ 238U) values 
of fluvial sediments in various river basins around the world are high (Figure  5 and Table  2). For example 
( 234U/ 238U) values of the Murray-Darling Basin sediments fall within the range 0.975–1.06 (Dosseto, Turner 
& Dougles, 2006), while for the Himalayan river sediments these values are between 0.995 and 1.032 (Granet 
et al., 2007). Moreover, the sediments in the Amazon River basin have values of ( 234U/ 238U) in the range (from 
0.979 to 1.033; Dosseto, Bourdon et al., 2006). These values are higher than the ( 234U/ 238U) ratio associated with 
aeolian dust sink areas such as loess sediments in Chinese Loess Plateau (0.897–0.960; L. Li et al., 2017, 2018), 
lake sediments (0.9–1.006; Francke et al., 2020), deep-sea sediments (0.83–0.97; DePaolo et al., 2006) and ice 
core dust (0.88–0.99; Lupker et al., 2010). The ( 234U/ 238U) values of high-altitude mountains and glaciated areas 
tend to be the highest due to short comminution and transport time, whereas dust end-members (sediments) 
showed relatively lower values with long–term transport and comminution. Previous study has indicated that the 
basin draining Himalayan rivers is located in an active tectonic zone with high relief that produces plenty of fresh 
comminuted particles, which can then be quickly transported (Granet et al., 2007). Moreover, Iceland is heavily 
glaciated and tectonically active, which can rapidly erode the surrounding rocks and supply large quantities of 
detrital particles with high ( 234U/ 238U) values (Vigier et al., 2006).

The ( 234U/ 238U) values of TP dust (0.952–1.026) are located between the range of values obtained from river 
sediments and the values from some dust deposition sinks (such as loess). The higher value of fluvial sediments is 
attributed to the faster transport time and shorter transport distance of sediments in alpine environments, whereas 
the lower value of loess is due to the longer residence time after deposition. Therefore, the ( 234U/ 238U) values of 
TP dust may be understood from the mixing of particles with short comminution time – associated with geotec-
tonic processes, glacial erosion, and landscape dynamics (mass wasting) –, and particles with long residence time 
on the plateau surface. TP is a large tectonic geomorphic unit formed by a large-scale, staged and uneven fault-
block uplift process that has been occurring since the Late Cenozoic (Chung et al., 1998; Harrison et al., 1992; J. 
J. Li et al., 2015; Tapponnier et al., 2001; Zheng & Zhao, 2017). Therefore, the tectonic evolution and landform 
dynamics of the terranes vary regionally. Correspondingly, the fine particulate materials deposited on the surface 
of the different terranes considered here are associated with very different ( 234U/ 238U) activity ratios. The spatial 
variation of the ( 234U/ 238U) isotope ratios of TP dust showed relatively high values in the Songpan-Ganzi-Hoh 
Xil, Himalayan and the Kunlun-Qaidam terranes, as well as relatively low ( 234U/ 238U) values in Lhasa and Qiang-
tang terranes. However, among all samples the highest values appeared in the glaciation zone (e.g., northern TP), 
thereby reflecting influence of regional tectonic evolution, landscape dynamics and glacial erosion processes.

In order to determine the general variation of U isotope among different terranes and the relationship between 
U isotope and plateau surface evolution, most of the TP dust samples were collected in relatively flat areas of 
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each plateau region (Figure 2), and others were collected from the glaciation zone, high-relief mountain range, 
and only very few were collected from the river valley (e.g., the sample TP1844, dry surface dust but far away 
from river sediments). Stratified landforms (such as planation and denudation surfaces) are important as proxy 
for the uplift and surface evolution of the Tibetan Plateau (J. J. Li et al., 2015; Pan et al., 2004). A planation 
surface, representing the final stage of landform development, is formed at a low altitude, with little relief and 
slow surface material migration. The TP has undergone several planations in geological history (Liu et al., 2015; 
Pan et al., 2004). The main planation surface of the plateau may represent the result of geomorphic erosion cycle 
(Haider et al., 2013; Wang et al., 2012). Therefore, the lower ( 234U/ 238U) values of dust samples retained in the 
main part of the plateau may indicate the long term weathering and erosion of material. However, the higher 
values ( 234U/ 238U) in the samples may record fresh broken clastic sediments from modern tectonic evolution and 
surface erosion processes, which have a short comminution time and were quickly transported and deposited. 
Moreover, the geomorphic setting of the samples is also important for the U comminution age analysis, as a small 
part of the samples were collected in the glacier areas and other rugged landscapes (e.g., the samples from the 
Himalayas and Hengduan Mountains, and the Laohugou Glacier basin). This small part of the samples could 
reflect the intense erosion and particle comminution process and induced U isotope change.

Figure 5.  Comparison of ( 234U/ 238U) values in the Tibetan Plateau (the yellow box) with different types of sediments such as river sediments, Greenland ice cores, 
deep sea and lake sediments, and loess on the Loess Plateau in China (Chabaux et al., 2012; DePaolo et al., 2006; Dosseto, Bourdon et al., 2006; Dosseto, Turner & 
Douglas, 2006; Francke et al., 2020; Granet et al., 2007; Lee et al., 2010; L. Li et al., 2017; Lupker et al., 2010; Vigier et al., 2006; Xu et al., 2019).
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From the above results we can conclude the possible influencing factors of U isotopic spatial variation.

�(a)	� Tectonic activity. Tectonic activity has the most fundamental influence on the evolution of surface soil 
environment and, thus, on the surface dust fragmentation and its U isotope of the TP. The GPS velocity 
field observation in northern TP (Kunlun-Qaidam terrane) showed that the terrane surface is characterized 
by continuous deformation, consistent with the basin-range geomorphic structure formed by the deforma-
tion of the upper crust (Zhang et al., 2007). Basin-range structures formed by a series of thrust faults are 
developed, mainly with large terrain fluctuations. Intense glacial erosion and the marked differences in topo-
graphic relief configurations enable rapid transport of clastic material once denuded (Owen et al., 2006; Wu 
et al., 2001). Moreover, tectonic activity and the resulting topographic relief result in continuously exposed 
fresh rocks, which could provide a large amount of fresh clastic material with high ( 234U/ 238U) values. Differ-
ential uplift of mountains in this region also facilitates the timely removal of mechanical weathering prod-
ucts, thus continuously providing debris with short fragmentation time (Pan et  al.,  2009). Moreover, the 
Songpan-Ganzi terrane in central and northern TP showed a clockwise rotation from west to east. The overall 
slip rate does not change much at present, thus reflecting the characteristics of the overall quasi-rigid block 
moving to the east. The terrain around the block is clearly undulating, especially on the eastern margin, with 
horizontal shortening and vertical thickening of the upper crust (Liu et al., 2019). Furthermore, the GPS 
velocity field shows that there is no large-scale rapid slip in western Qiangtang block, while the eastern part 
display clear rapid migration, characterized by the rigid block movement of the whole material migration 
(Gan et al., 2007; Wang et al., 2001). The terrain in this eastern part is relatively flat with small fluctuations. 
However, in the southern TP (the Himalaya and Lhasa Terrane), the GPS velocity field shows significant 
S-N trending contraction and E-W trending extension, while the southern part of the TP has a strong E-W 
trending extension since the late Quaternary (Chevalier et al., 2020; Wang et al., 2017). Here, the terrain is 
highly undulating and the southern boundary thrust belt is frequently seismogenic. Overall, the intensity of 
tectonic activities is closely related to the weathering and denudation of rock particles, which fundamentally 
results in certain spatial differences of U isotopes in the sampling areas of various platforms on the TP.

�(b)	� Bedrock lithology. The relationship between U isotope ratios and bedrock lithology is not very strong. 
Studies have found that most rocks have a long-term ( 234U/ 238U) value at equilibrium (DePaolo et al., 2006). 
Previous studies indicated that for clays, carbonates, granites, and young volcanic rocks, etc., their U series 
decay chains are in long-term equilibrium (Sims et al., 1999, 2002; Tricca et al., 2000). These studies also 
found that U isotope ratios have no clear relationship with the mineral composition or chemical composi-
tion of bedrock, based on representative glacial debris from North America, northern and Western Europe, 
Oceania and New Zealand (DePaolo et al., 2012). Our XRF and XRD measurements showed that the mineral 
composition of TP dust is overall similar throughout the sampling locations (Tables S1 and S2, Figure S2 in 

Location ( 234U/ 238U) Sample type References

Himalayan Rivers 0.995–1.032 Bedload or bank river sediments Granet et al., 2007

Cooper Creek 0.978–1.021 Palaeochannel sediments Handley et al., 2013

Ganges River 0.993–1.018 Suspended and bedload or bank river sediments Chabaux et al., 2012

Pamirs Plateau 0.913–1.017 Surface sediments Xu et al., 2019

Kings River 0.955–1.084 Alluvial fan sediments (bulk sample) Lee et al., 2010

Amazon River 0.979–1.033 Suspended sediments Dosseto, Bourdon, et al., 2006

Murray-Darling River 0.975–1.06 Suspended sediments (>25 μm) Dosseto, Turner, & Douglas, 2006

Lake Ohrid 0.900–1.006 Lacustrine sediments Francke et al., 2020

Dye-3 ice core 0.880–0.990 Ice core dust Lupker et al., 2010

Ocean Drilling Program Site 984A 0.830–0.969 Deep-sea sediments DePaolo et al., 2006

Icelandic Rivers 0.970–1.090 Suspended and bedload sediments Vigier et al., 2006

Chinese Loess Plateau 0.897–0.960 Loess sediments L. Li et al., 2017; Li et al., 2018

Tibetan Plateau 0.952–1.026 Surface soil This study

Table 2 
Comparison of U Isotopic Composition With Different Types of Sediment Media at the Global Scale



Journal of Geophysical Research: Earth Surface

JIAO ET AL.

10.1029/2021JF006480

13 of 20

Supporting Information S1). In particular, our XRD measurements showed that quartz, chlorite, calcite and 
biotite are the major minerals in the dust samples from all Tibetan sites. Only very small differences were 
observed in the compositions associated with different locations, thus implying the consistency of geological 
units and the consistency of mineral and elemental composition of the TP surface dust. The TP surface dust, 
with similar geological origin, may have experienced similar weathering and sorting processes in different 
regions during the plateau uplift in historical period.

�(c)	� Erosion rate. The erosion rate of the Tibetan Plateau and its surrounding areas is high (ranging from 0.01 
to 0.1  mm yr −1, Herman et  al.,  2013). Based on offshore sedimentary records and the paleotopographic 
reconstruction from Pliocene to Pleistocene time, it has been thought that river erosion turned to glacier 
erosion during this period. For example, the tectonically active Himalayan mountains have a much higher 
erosion rate (in the range of 2–7 mm yr −1), and the orogenic belt can provide large amounts of comminution 
sediments. These orogenic belts tend to have a landscape dominated by glacial erosion and mass wasting with 
high rates of erosion. Higher erosion rates are also observed in some tectonically static orogenic belts, but 
only occurred in areas severely eroded by glaciers, indicating the important role of glacial erosion on erosion 
overall and the fragmentation of rock particles. Moreover, the erosion rate is low in most other flat areas on 
the plateau surface.

�The intense processes of thermal expansion and contraction, radiation and freeze-thaw dynamics in glacial areas 
lead to strong physical and chemical weathering and high erosion rates (Dadson et al., 2003; Herman et al., 2013; 
Larsen et al., 2014). Thus, glacial erosion and rugged topography may provide plenty of freshly comminuted 
material with short transport times (Lee et al., 2010; Y. K. Li et al., 2014; Ouimet et al., 2009). Conversely, erosion 
rates become increasingly lower with decreasing altitude. On the flat terrain of the inner plateau surface, the 
supply of fresh comminution particles is reduced, while surface transport times and residence times are longer –  
thus resulting in lower ( 234U/ 238U) values. Therefore, Figure 4 reflects the overall change trend of U isotope 
comminution age with elevation change. The ( 234U/ 238U) activity ratios of the comminuted dust particles located 
near the glaciated areas with rugged topography and increased elevation are closer to the equilibrium value 
(higher value, see Figures 4 and 5). Tectonic activities and landscape dynamics may cause mass wasting, thereby 
further enhancing the production of comminution material.
�(d)	� Geomorphology. Natural (landform) hazards such as landslides may also have influence on the ( 234U/ 238U) 

isotopes distribution of the TP surface dust, as the associated rock fragmentation processes during mass 
movements. Studies have shown that many large landslides and deep gravity-driven slope deformations occur 
along major rivers in rapidly uplifting areas, highly undulating hillsides, and narrow river valleys (Agliardi 
et al., 2013; Ambrosi & Crosta, 2006; Korup et al., 2010; Zhao et al., 2019). According to previous research 
in the Sanjiangyuan region of the TP, the main natural (landform) hazards include landslide, ground collapse, 
land freeze-thaw, rockfall and ground subsidence. The main disaster type is landslide, followed by rockfall 
and ground collapse. In this study, the geomorphic environment of the sampling sites has been mainly the flat 
area on the plateau (see Figure 2). However, several samples collected from the glacier areas indicated that 
the TP glaciers constitute zones characterized by strong erosion and fragmentation processes. These latter 
samples could reflect the intense erosion and particle fragmentation process in the glacier area and rugged 
terrain. The tectonic activities and landscape dynamics are closely related to the weathering and fragmenta-
tion of rock particles, which fundamentally result in certain spatial variation of U isotopes in the sampling 
areas of various terranes of the TP. The marked differences in topographic relief configurations will cause 
landslides, multi-step transport processes, thus exerting further influence of eroded material residence time 
besides the surface evolution processes on ( 234U/ 238U) values.

Moreover, the scatter relationship between the ( 234U/ 238U) values and the distance of dust samples to the glacier 
area are also consistent with the results of the changes in the dust composition with elevation. As shown in 
Figure 4, dust samples generally show higher ( 234U/ 238U) ratio with increasing altitude. This observation reflects 
the higher value of ( 234U/ 238U) of dust samples in higher altitude areas with faster physical-chemical denudation 
rates and shorter transport time (L. Li et al., 2017). Although the degree of fit between elevation and ( 234U/ 238U) 
values is scattered, we can see from the figure that there is a relatively good positive correlation between 
( 234U/ 238U) values and elevation (R 2 = 0.64, p < 0.01). This may reflect the combined overall effects of the 
local sampling landscape dynamic difference and glacial erosion in the sampling areas, such as the geomorphic 
type of the similar high altitudes (e.g., glacier or non-glacier area, the sampling area slope), the mixture of the 
comminuted particles from various sources, the distance to glaciers, and the scale of the glaciated erosion zone.
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Here the relationship between TP dust grain size and U isotope scatter with 
elevation change should be clarified. Usually fine particles move out of equi-
librium faster than larger particles. However, this principle varies appreciably 
only within a certain grain size range. In this study, samples with particle size 
range of 10–50 μm were selected for U comminution analysis. Within such 
particle size range, the U isotope comminution age fits within the ideal range, 
reflecting the overall trend of ( 234U/ 238U) values decreasing with the increase 
of age (DePaolo et al., 2006, 2012). Moreover, we find that the particle size 
composition of the TP dust does not vary much over the various locations 
considered in our study (Figure S1 in Supporting Information S1). There-
fore, the influence of particle size on U isotope should be negligible within 
the error range, and will not cause much scatter of the U isotope data in the 
results.

4.2.  Comparing U Isotopic Composition of Tibetan Plateau Dust With 
Surrounding Aeolian Sources and Sinks in the Northern Hemisphere

U-Nd-Sr isotopic composition data were also used to shown the regional 
differences in this work (Figures 6 and 7). We note that the grain size is an 
important parameter for Sr isotope analysis. Furthermore, grain size distribu-
tion in this study displayed a clear major composition of particles with both 
clay-sized (<5 μm) and normal Asian dust (<100 μm, with median diameter 
of 10–20 μm) sections (see Figure S1 in Supporting Information S1), with a 
good log-normal volume-size distribution; large particles with size >75 μm 
are rare in the samples, since we collected the arid dust on the plateau surface. 
This is also relevant for aeolian source emission research in TP, because 
these size fractions are consistent with atmospherically transported material. 
The U-Nd-Sr isotopic composition of TP dust is significantly different and 
unique when compared with that of the major dust source areas in the Asian 
region (including the East and Central Asian deserts, e.g., the Gobi Desert 
and Alxa Arid Lands and Ordos Desert; Figures 6a and 6b). The U and Sr 
isotopic composition of TP dust is generally high, while the εNd is gener-
ally low. In addition, the  87Sr/ 86Sr value in the Alxa Arid Lands is relatively 
low (0.71433–0.71689), and the εNd (−11.4 to −10.3) overlapped the values 
in north TP (−11.5 to −9.5), while the ( 234U/ 238U; 0.956–0.964) is lower 
than that in the north TP (0.956–1.026). The  87Sr/ 86Sr (0.71433–0.71689) 
and εNd values (−11.4 to −10.3) in the Alxa Arid Lands are similar to those 
in the Ordos Desert ( 87Sr/ 86Sr is 0.71482–0.71939, εNd is −16.5 to −11.1 
( 234U/ 238U) is 0.956–0.964), but the ( 234U/ 238U) values in the Alxa Arid Lands 

are higher than in the Ordos Desert (0.923–0.953). We find that the lowest  87Sr/ 86Sr (the average is 0.91541) and 
highest εNd (the average is −6.4), and the lowest ( 234U/ 238U) value (the average is 0.933) in the Gobi Desert are 
significantly different from the corresponding values in TP dust, Alxa Arid Lands and Ordos Desert (Biscaye 
et al., 1997; Li et al., 2018; Nakano et al., 2004).

Dust records from snow and ice can preserve both contemporary and paleoclimate-environment information, 
while high-elevation dust production is sensitive to changes in the atmospheric circulation. Therefore, glacier 
snowpack dust and cryoconite in the TP have a unique advantage in that they provide information on high-altitude 
dust processes (Dong et al., 2016, 2020). Studies have shown that arid deserts of the TP are the main source of 
snowpack/cryoconite dust for glaciers in this region (Dong et al., 2016, 2018). The  234U/ 238U isotopic ratios of 
typical glacial snowpack/cryoconite samples (including snowpack/cryoconite of the Laohugou Glacier and the 
Dunkemadi Glacier in this work) combined with the U-Sr-Nd isotope data were used to investigate the contri-
bution of TP dust to the glaciers in surrounding areas. Isotopic compositions of loess in the Loess Plateau and 
Greenland ice core dust were also used (Li et al., 2018; Lupker et al., 2010) to determine the contribution of TP 
dust sources to Asian dust sinks and other remote Northern Hemisphere locations.

Figure 6.  Comparison of the U-Sr-Nd isotopic composition of the Tibetan 
Plateau with surrounding arid deserts, to indicate the regional difference of 
TP dust with other dust sources, including the Gobi Desert (south), Alxa 
arid lands and Ordos Desert (Biscaye et al., 1997; Li et al., 2018; Nakano 
et al., 2004; Wei et al., 2021).
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Figure 7a shows that the U-Sr isotopic compositions of Dunkemadi Glacier 
were similar to the southern TP dust, but that of Laohugou Glacier was simi-
lar to the northern TP dust. The U-Sr isotopic composition of fresh loess 
on the Loess Plateau overlapped with that of the west TP, Alxa Arid Lands, 
and Ordos deserts dust, which may constitute areas that contributed aeolian 
dust to the Loess Plateau. The composition of ( 234U/ 238U) and  87Sr/ 86Sr in 
the Greenland ice core dust is more broadly distributed (Figure 7b), which 
clearly indicates that the dust deposits are similar to dust from north TP and 
the Gobi Desert. U-Nd isotopic composition of the DG snowpack was similar 
to western TP dust, and the Laohugou Glacier showed similar U-Nd isotopic 
composition to the northern TP when compared with U-Sr isotopes. Most 
loess samples from the Chinese Loess Plateau showed very similar U-Nd 
isotopes to those of the north TP dust and Alxa Arid Lands. Similarly, the 
U-Nd isotopic compositions of Greenland ice core dust were also dispersed 
and somewhat similar to dust from the TP and Gobi Desert.

4.3.  Implication for Tracing Aeolian Dust Provenance From U Isotopes 
Over Large Scales

From the U-Nd-Sr isotopic composition data (Figure 6), we can infer that 
the dust deposited in the Dunkemadi Glacier area of the central TP is mainly 
derived from source areas to the western and southern TP. By contrast, the 
snowpack/cryoconite dust in Laohugou Glacier of the Qilian Mountains 
mainly originates from northern TP dust (Dong et al., 2014, 2016, 2020; Wei 
et al., 2017). The dust on the Loess Plateau is mainly affected by dust inputs 
from north TP, Ordos Desert (Li et al., 2018), Alxa Arid Lands, as well as 
possible inputs from long-range transported dust from west TP dust and the 
southern Gobi Desert. Moreover, some Greenland ice core samples showed 
similar U-Sr-Nd isotopic composition (Lupker et al., 2010) compared with 
those in the southern Gobi Desert, TP dust and other arid deserts in northwest 
China (Chen et al., 2007; Dong et al., 2016, 2018; Wei et al., 2019), indicat-
ing the potential TP dust transport and inputs to Greenland.

Figure 7 shows the U-Sr-Nd isotopes of the TP soil and its comparison with 
several dust sinks to reflect large-scale dust deposition patterns, also included 
are the snowpack/cryoconite dust samples from TP glaciers (Laohugou and 
Dunkemadi Glaciers), loess on the Loess Plateau, and Greenland ice core 
dust (Li et al., 2018; Lupker et al., 2010). Based on these observations, we 
evaluated the relative contribution of different dust sources to dust sinks by 
using an End-Member Mixing Analysis model (Figure 8) and a constrained 
least squares approach to derive dust proportions within each sediment or 
dust sample. This method is adapted from stream chemistry source sepa-
ration techniques as well as sediment source separation techniques (Brah-

ney et al., 2008). If the dust samples are bound by all potential end-members, the percent contribution of each 
end-member to the dust can be calculated. The relative contribution of major Northern Hemisphere dust sources 
to dust sinks were computed and compared with each other by using a εNd–( 234U/ 238U) mixing space and 
constrained least squares equations.

Therefore, the potential dust sources include the Gobi Deserts, Alxa Arid Lands, Ordos Desert and TP dust. The 
error range was determined using Monte Carlo simulations based on the mean and standard deviation of sources. 
Therefore, the above results show that the Tibetan Plateau may be a significant contributor to dust production and 
transmission in the Northern Hemisphere. Moreover, several dust sinks (such as the high-altitude TP glacier cryo-
conites, loess on the Loess Plateau, and Greenland ice core dust) showed similar U-Sr-Nd isotopic compositions 
to those of the TP dust, implying that the TP dust undergoes long-range transport through large-scale atmospheric 

Figure 7.  The U-Sr-Nd isotopes of the Tibetan Plateau dust and its 
comparison with several dust sinks to reflect large-scale dust depositions and 
cycles, including snowpack/cryoconite dust of glaciers (LG and DG), loess on 
the Loess Plateau and Greenland ice core dust, which indicated the median and 
arithmetical distribution of each source and was used to compare the relative 
contribution to each sink. The center point is the average value, with error 
bars showing standard error of the mean. Related major dust sources in the 
Northern Hemisphere, including Gobi Desert (south), Alxa arid lands, Ordos 
Desert, are also presented in the figure (Biscaye et al., 1997; Li et al., 2018; 
Lupker et al., 2010; Nakano et al., 2004; Wei et al., 2021).
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circulation. Therefore, this new constraint on the production and transportation of TP dust provides a new proxy 
and perspective for aeolian dust evolution and cycling in the TP region.

Besides tracing isotopes (e.g., U, Sr), new methods of meteorology and remote sensing data have also been used to 
trace dust provenance (Fang et al., 2004). The occurrence of dust storms over the TP and desert of northern China 
is obvious and atmospheric circulation can influence dust deposition in downwind areas, such as the Chinese 
Loess Plateau or even the Atlantic Ocean. Previous studies using ground-instrumental and satellite observations 
have also revealed that the dust raised from northern China can be transported over long distances moving east-
ward and passing by the Chinese Loess Plateau and North China Plain (Tan et al., 2012). In view of the frequent 
dust storm occurrence over the TP, and under consideration of the spatial variation in the annual mean number of 
local dust storm occurrences, we conclude that the TP dust may have significant contribution to aeolian deposi-
tion in the surrounding sinks and even in the Greenland ice sheet (Dong et al., 2020; Wei et al., 2021).

Therefore, from the above discussion we find that the ( 234U/ 238U) isotope provides a proxy for the combined 
influence of short comminution times (tectonics, landscape dynamic, and glacial erosion) and long residence 
time on the TP. When compared with other central Asian dust sources, U-Nd-Sr isotope signatures in TP dust 
are distinct and can be thus used as an effective tracer of dust provenance. This work also demonstrates that TP 
dust undergoes long-range transport and is probably a potential significant component of the Asian and Northern 
Hemisphere atmospheric dust aerosol budget.

Figure 8.  The derived from isotope mixing space model for dust sources and sinks. Tibetan Plateau and the main dust 
sources in the Northern Hemisphere, including Gobi Desert (south), Alxa arid lands, Ordos Desert, and dust sinks, including 
snowpack/cryoconite dust of glaciers (Laohugou No.12 Glacier and Dunkemadi Glacier), loess on the Chinese Loess Plateau 
and Greenland ice core dust (Biscaye et al., 1997; Li et al., 2018; Lupker et al., 2010; Nakano et al., 2004; Wei et al., 2021). 
The method uses principal components analyses to assign end-member contributions. If the sinks-sediment intervals are 
bound by all potential end-members, the percent contribution of each end-member to the sediments can be calculated using 
a constrained least squares equation. Because each end-member is based on several observations, we compute a mean and 
standard deviation of each end-member (Brahney et al., 2008).
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5.  Conclusions
The U comminution age method can be used to trace intermediate phases in the movement of dust from produc-
tion, through surface transport, to deposition. As such, this method can provide new information on the age of 
the source materials, the time in transit, as well as the stability of the sink areas. In addition, U isotope charac-
terization from surface soils provides data for a new isotopic tracer of deposited dust. Using this method, we 
have found that U isotopes in TP's dust are influenced by the combined effect of tectonic activity, high-altitude 
glacier processes and mass wasting from landscape dynamics (for example, in the form of landslides). The char-
acteristics of U isotopes in the particulate material provide, thus, information that can be useful to better under-
stand the various stages of the Tibetan Plateau's evolution influenced by different environmental and geological 
processes. The spatial variation showed that the ( 234U/ 238U) isotope ratios of TP dust was relatively high in the 
Songpan-Ganzi-Hoh Xil, Himalayan and the Kunlun-Qaidam terranes, and relatively low ( 234U/ 238U) in Lhasa 
and Qiangtang terranes. However, among all samples, the highest values occurred in the glaciation zone (e.g., 
northern TP). Dust collected from nearby glacial areas with rugged terrain (e.g., the Qilian and Himalayan Moun-
tains) displayed higher ( 234U/ 238U) values than dust collected in the topologically flat non-glacial areas due to 
their relatively young age.

When comparing the ( 234U/ 238U) values between different types of sediments at the global scale, the ( 234U/ 238U) 
values of TP dust fall between that of river sediments (short transport and deposition time) and dust sink areas 
(long transport and deposition time). This comparison further indicates that the spatial variation of the ( 234U/ 238U) 
values in TP surface dust may be caused by mixing freshly eroded particles with those dust particles of long 
comminution ages. Given the TP region's unique isotopic composition compared to other major dust-producing 
regions, the results suggest that TP dust undergoes long-range transport and constitutes a significant fraction of 
atmospheric dust in the Northern Hemisphere. Dust sink areas with isotopic compositions that reflect TP dust 
include the high-altitude glaciers (e.g., Laohugou Glacier and Dunkemadi Glacier), Chinese Loess deposits, and 
the Greenland ice.

An end-member mixing model was used to determine the relative contributions of TP dust to these locations. 
Together, these isotopic datasets emphasize the strong entrainment potential of TP dusts throughout the Northern 
Hemisphere. The U isotope comminution method provides a new method to constrain and assess processes of 
production, evolution, and transport of TP dusts in Asia's high altitude region and in the Northern Hemisphere.
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