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Sources of lead in a Tibetan glacier since
the Stone Age

Check for updates

M. Roxana Sierra-Hernández 1 , Franco Marcantonio2, Elizabeth M. Griffith 3 &
Lonnie G. Thompson 1,3

The Tibetan Plateau glaciers, among the world’s most remote and pristine places, provide water to
millions and play a vital environmental role. Wemeasured the lead isotopic composition in a dusty ice
core from theGuliya ice cap in northwest Tibet, from approximately 36 thousand years Before Present
(Stone Age) to 2015, to determine the onset and sources of anthropogenic lead. Despite the dust-
laden nature of the core, a clear change in the lead isotope signature to belowStone Age levels started
in 1949 followed by a rapid decrease in 1960 and an even more rapid decrease in 1974 indicating the
first emergenceof anthropogenic lead. Accurate isotopic leadmeasurementsallowedus tobetter, and
more sensitively, quantify sources using a Bayesian mixing model. Chinese gasoline was the primary
anthropogenic source surpassing natural contributions in the 2000s until 2007 when emissions from
leaded gasoline decreased and those from coal and lead-zinc ores increased.

Lead (Pb) is a toxic heavy metal ubiquitous in Earth’s critical zone. It enters
the human body by ingestion of Pb-contaminated water, food, soil, and
inhalation of Pb-containing particles. Exposure to lead can adversely affect
children’s development and behavior, even at low levels, and in adults, it is
associatedwith anumber of health problems including cardiovascular effects,
nerve disorders, decreased kidney function, fertility issues, and cancer1–6.

The natural geochemical cycle of Pb has been altered since ~7000 BC
byearly civilizations.Theoldest Pbarcheological artifacts founddate back to
~6400 BC7,8 and ~5000 BC9 suggesting that Pb has been used since the
Neolithic period, before the Copper and Bronze Ages (~3300 BC-1200 BC
in Europe and ~3000 BC in China). In China, archeological evidence
shows that Pb was smelted during the Shang (1766-1112 BC) and the Zhou
(1027-221 BC) Dynasties10–13.

Even though Pb has been used by ancient civilizations for millennia, it
was not until the Industrial Revolution and later, when leaded gasoline was
introduced in Europe and North America in the 1920s, that the emission of
Pb from human activities skyrocketed. By the 1980s, emissions surpassed
their natural and pre-Industrial contribution by about two orders of
magnitude14,15. Anthropogenic emissions of Pb have decreased in North
America and Europe after the phase out of leaded gasoline due to proven
and serious health impacts16–18. However, in Asia, and particularly in China,
anthropogenic emissions of Pb continue to overwhelm their pre-Industrial
levels17,19,20.

Recently, a continuous and high-resolution history of trace elements
(TE) including Pbbetween~1650 and 2015was reconstructedusing two ice

cores from the Guliya ice cap21,22. The Guliya ice cap, located in the north-
western Tibetan Plateau (TP), China (Fig. 1), is one of the largest ice caps in
the subtropical zone (>376 km2) and was drilled in 1992 and 201523,24. The
TP is one of the most remote places in the world and is considered to be a
pristine place due to the very low industrial activity in the region25. In fact, it
is the region with the lowest emissions of toxic metals including Pb26.
However, twodistinct periods of non-crustal, i.e., anthropogenic, deposition
of Pb and other TEs such as Sn, Sb, Cd, and Zn were detected in the Guliya
ice cores: ~1850–1950, and ~1970–201521,22.

To determine the potential sources of TEs in the Guliya ice cores, their
temporal trends were compared with those of other natural archives, with
emission inventories from different countries and regions, and using back
trajectories to estimate the geographical areas of the air parcels reaching the
Guliya ice cap22. Given that North America and Europe were the major
anthropogenic sources of atmospheric Pb during the late 1800s and the first
half of the 20th century, it was determined that coal combustion in western
Europe was the likely source of anthropogenic Pb between 1850-1950.
However, questions remained about this conclusion due to low back tra-
jectory frequencies (<5%) and low and sporadic increases before the 1950s.
Furthermore, determining post-1970s anthropogenic sources was challen-
ging given the global increase in the number of anthropogenic emission
sources. It was suggested that the metal enrichments detected in Guliya
originated primarily from regional fossil fuel combustion and biomass
burning and secondarily from industrial processes and agricultural
activities21. To help shed light on the Pb sources at Guliya, and to more

1Byrd Polar and Climate Research Center, The Ohio State University, 108 Scott Hall, 1090 Carmack Road, Columbus, OH, 43210, USA. 2Department of Geology
andGeophysics, TexasA&MUniversity, 3115 TAMUCollege Station, College Station, TX, 77843-3115, USA. 3School of Earth Sciences, TheOhio StateUniversity,
275 Mendenhall Laboratory, 125 South Oval Mall, Columbus, OH, 43210, USA. e-mail: sierra-hernandez.1@osu.edu

Communications Earth & Environment |           (2024) 5:548 1

12
34

56
78

90
():
,;

12
34

56
78

90
():
,;

http://crossmark.crossref.org/dialog/?doi=10.1038/s43247-024-01724-w&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s43247-024-01724-w&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s43247-024-01724-w&domain=pdf
http://orcid.org/0000-0001-8566-8170
http://orcid.org/0000-0001-8566-8170
http://orcid.org/0000-0001-8566-8170
http://orcid.org/0000-0001-8566-8170
http://orcid.org/0000-0001-8566-8170
http://orcid.org/0000-0002-7919-4551
http://orcid.org/0000-0002-7919-4551
http://orcid.org/0000-0002-7919-4551
http://orcid.org/0000-0002-7919-4551
http://orcid.org/0000-0002-7919-4551
http://orcid.org/0000-0001-5371-2579
http://orcid.org/0000-0001-5371-2579
http://orcid.org/0000-0001-5371-2579
http://orcid.org/0000-0001-5371-2579
http://orcid.org/0000-0001-5371-2579
mailto:sierra-hernandez.1@osu.edu
www.nature.com/commsenv


sensitively deconvolve the various anthropogenic sources of Pb, we use Pb
isotopes in this new study to track the variability of Pb sources before and
after the Industrial Revolution. We present the Pb isotopic composition
(204Pb, 206Pb, 207Pb, and 208Pb) of 89 discrete samples that were used for the
Guliya TE records.

Additionally, we analyzed six new samples from the Paleolithic period,
the earliest periodof the StoneAge, that predates theChineseBronzeAge, to
establish the natural Pb isotopic background in the region. Recent changes
can then be assessed by comparison to this natural background. However,
establishing a natural background of Pb is challenging as Pb has been used
since the Neolithic or New Stone Age, which predates both the Copper and
Bronze Ages7–9,17. Furthermore, the onset and degree of Pb pollution in the
environment in theNorthernHemisphere show considerable temporal and
spatial variation, as recorded in different natural archives17,22. For instance,
Pb contamination appears for the first time at ~6500 BC in a sediment core
fromNorth America17,27, while in eastern central China it appears at ~3000
BC in a lake sediment core, which suggests a more recent time for the onset
of the Bronze Age in ancient China28. Additional ice core samples from the
1500s, and 17 potential source area (PSA) dust samples collected in the
vicinity of the Guliya ice core drilling sites and around the TP are presented
in this study to identify local natural Pb sources. The measurement of the
low-abundance (1.4%) isotope 204Pb in this study provides valuable and
highly sensitive insights into source apportionment. Most studies of Pb
isotopes in ice cores are limited to analyzing only the higher-abundance
isotopes of Pb (206Pb, 207Pb, and 208Pb).

Results and discussion
Pb isotopic characterization of the guliya ice core samples
A changepoint detection analysis of the Pb isotope ratios (Supplementary
Fig. S1) suggests a change in natural sources that started between 1689
(208Pb/207Pb) and 1748 (207Pb/204Pb, 208Pb/204Pb) when Pb isotope ratios
became slightly more radiogenic until 1919. This analysis also detected a
slight decrease (less radiogenic) of the Pb isotope ratios below the StoneAge
background starting in 1949 (207Pb/204Pb, 208Pb/204Pb), followed by a rapid
decrease in 1960 (208Pb/207Pb) and even a more rapid decrease after 1974
(206Pb/204Pb, 206Pb/207Pb) (Fig. 2, Supplementary Figs. S1, S2). The latter
changes coincide with enrichments of Pb, Sn, Cd, Zn, and to a lesser extent
Sb detected in the high-resolution record (Fig. 2) previously published21,22.
This rapid change in Pb isotopic ratios was also observed in the Everest Pb
isotopic ice core record29 around the same time. Likewise, on the other side
of the world, an ice core record from Mt. Logan in the Yukon Territory,
Canada, shows a sharp increase of Pb concentration in 1970 which was
attributed to Pb air pollution from Asia30 (Fig. 3).

An unsupervised machine learning method, k-means clustering, clas-
sified the ice core samples into three clusters (Supplementary Text S1, Sup-
plementary Fig. S3). Cluster 1 comprises all pre-Bronze Age samples from the
Plateau (4 samples) and the Summit (2 samples), all samples between ~1500
to 1974, and 21 post-1974 samples. Cluster 2 is formed only by post-1974
samples (31 samples) includingmost of the 21st century samples (17 samples)
analyzed here. Cluster 3 is comprised of only one sample with its duplicate

analysis (post-1974) that is much more radiogenic than the rest of the
samples with 206Pb/204Pb, 207Pb/204Pb and 208Pb/204Pb isotope ratios of 19.978,
15.726, and 38.578, respectively. The high Pb isotope ratios in this one sample
could be the result of: 1) contamination during sample preparation, 2) dust
originating from a different source compared to the rest of the samples, or 3)
preferential dissolution of radiogenic Pb31. Since we cannot determine the
source of this singular highly radiogenic sample, we exclude it from further
discussion and focus on the samples in Clusters 1 and 2.

The main difference between the two ice core sample clusters is that
Cluster 1 has a more radiogenic average Pb isotope ratio than Cluster 2.
Additionally, Cluster 1 samples exhibit an averagePbEFof 1.0whileCluster
2 samples showa value of 1.5 (Table 1). These results suggest a solely natural
origin for Cluster 1 samples and an additional anthropogenic contribution
for Cluster 2 samples.

Analyzing ice core samples predating the BronzeAgewas important to
establish a baseline of Pb isotope ratios close to the natural background
before the use of Pb by ancient civilizations. The Pb isotope ratios of the
samples covering the period 1500 to 1949 are similar to the Pb isotope ratios
of the samples from the pre-Bronze age (Supplementary Figs. S2, S4), which
provide a long-termaverage signal as time ismore compressed in the deeper
sections of the Guliya ice core. This is confirmed with the k-means
cluster analysis which grouped together all the samples from before ~1974
(Cluster 1), including those from the pre-Bronze Age. Thus, Pb used by
ancient civilizations is not detected in the Guliya ice core.

Natural sources of Pb in Guliya
The Guliya ice cores are characterized by very high dust concentrations
compared to other ice cores in the TP22,24. Dust concentrations vary con-
siderably (4.5 ×104 to 1 ×108 particles/ml in GP1992) due to the changes in
frequency and/or intensity of dust storms in the region. The Pb con-
centrations of the samples for this study range between ~0.3 ng/g and
~11 ng/gwith amedian of ~1 ng/g21,22. The non-parametricWilcoxon rank-
sum test indicates that Pb isotope ratios in samples of lowandhighdust (Pb)
concentrations before ~1974 come from populations with identical dis-
tributions. Thus, Pb in the Guliya ice core originates from the same sources
during low and high dust activities before ~1974.

To determine the possible natural sources of Pb in Guliya, the Pb
isotope ratios of the Cluster 1 ice core samples were compared with the
potential PSAgroups formed (seeMethods, Tables 2–3, and Supplementary
Table S1) using three-isotope plots (Fig. 4). The Cluster 1 Pb isotope ratios
visually overlap with the TPPSA group in all three plots strongly suggesting
that the main natural sources during the last 500 years and during ancient
times are local in nature and are most likely from the Tibetan Plateau.
Cluster 1 ice core samples were further compared with the TP PSAs using
the non-parametric Wilcoxon rank-sum test. The p-values of 0.9532,
0.5290, and 0.2572 for 206Pb/204Pb, 207Pb/204Pb, and 208Pb/204Pb, respectively,
indicate that the rank-sum test fails to reject the null hypothesis of equal
medians at the 5% significance level. In other words, it is very likely that the
Pb in the Cluster 1 ice core samples originates from natural dust sources in
the Tibetan Plateau.

Fig. 1 | Maps showing the locations of the Guliya
ice core and other ice cores mentioned in the text.
Left map:World map showing the locations of the
Guliya drilling site (red triangle) in the western
Kunlun Mountains and the location of other ice
cores discussed in the text. Right map: Relief map of
the Tibetan Plateau (TP) illustrating the movement
of the main air masses (westerlies and the summer
IndianMonsoon) that influence the region. Glaciers
on the TP (right map) are shown in blue.
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Other regional natural records also show relatively constant back-
ground of Pb isotope ratios dominated by mineral dust prior to the
1950–1960s. For instance, the 1205–2002 ice core record from Mt.
Everest has a constant background with mean 206Pb/207Pb and 208Pb/207Pb
ratios of ~1.20 and 2.50, respectively29, which are slightly higher than the
averages of 1.192 and 2.480 for Guliya. This difference is probably due to
the north-south radiogenic Pb isotope gradient in Tibet (Supplementary
Fig. S4) and is a function of the southerly location of Everest compared to
that of Guliya (Fig. 1). Likewise, between ~1850 and ~1950, lake
sediment32 and peat bog records from Northeastern Tibet33 were domi-
nated by a constant natural background with mean 206Pb/207Pb ratios of
1.183 and 1.189, respectively. In contrast, the Pb isotope ratios in natural
archives outside of Tibet and the Himalayas (e.g., Belukha in the Altai
Mountains in Russia34, Summit in Greenland35, and Colle Gnifetti in the
Swiss-Italian border36, Fig. 1) show large variations prior to the 1950s
(Fig. 3) as a result of local and regional anthropogenic emissions. This
shows that Tibet and Himalayas remained unaffected by European/
Russian anthropogenic Pb.

Two samples from the Guliya summit (GS) ice cores were analyzed to
determine whether distinct sources reach the summit, located 500m above
the plateau. The cluster analysis grouped these GS sampleswith theGP pre-
Bronze samples suggesting theGS samples are derived from similar sources.
The twoGS ice core samples have slightlymore radiogenic Pb isotopes than
the GP ice core samples of similar age (Supplementary Fig. S2). However,
this is not unique as several other GP ice core samples have similar Pb
isotope ratios before the 1900s. Unfortunately, with only two GS samples,
other statistical tests cannot be performed. However, it appears that from
~13.5–3.5 ka BP the Pb at both the summit and the plateau originates from
similar natural sources in the TP.

Anthropogenic sources of Pb in Guliya
Cluster 2 ice core samples are less radiogenic compared to Cluster 1 and
include solely post-1974 samples, strongly suggesting anthropogenic con-
tributions. To determine the potential anthropogenic sources, we follow
three approaches. First,we follow the traditional approachby comparing the
Guliya ice core samples with potential anthropogenic sources using three-
isotope plots. Then, we compare the temporal trends of the Guliya Pb
isotope ratios with themajor potential Pb emission sources. And finally, we
use the BayesianmixingmodelMixSIAR to quantify the contribution of the
potential Pb sources.

Three isotope plots comparison. For the three-isotope plots, we used
the following anthropogenic potential sources: coal, gasoline, and Pb/Zn
ores from China37; coal and gasoline from UK/Europe38–40; Pb ores from
Kazakhstan41; and urban aerosols collected prior to 2000 from Islamabad
in Pakistan, Alma Ata in Kazakhstan, Ahmedabad in India, and Eastern
China cities including Hong Kong, Xin Shao, Cheng Du and Beijing42.
Unfortunately, published Pb isotopic ratio studies of potential anthro-
pogenic sources seldomly include measurements of the low abundance
isotope, 204Pb, as we do here. Despite this, the three-isotope plots
207Pb/204Pb vs. 206Pb/204Pb, 208Pb/204Pb vs. 206Pb/204Pb, and 208Pb/207Pb vs.
206Pb/207Pb, are presented in Fig. 5.

Figure 5a shows that the Pb isotope ratios of the Cluster 2 ice core
samples visually match best with the Chinese coal and Chinese Pb/Zn
ore fingerprints.However, looking at Fig. 5b, c, it is clear that these ratios are
slightly shifted toward the Chinese fuels fingerprint.

Other potential anthropogenic sources such as British and European
coal and gasoline were also considered. European gasoline Pb isotope ratios
are much lower than those in the Guliya Cluster 2 samples. In fact, Pb in

Fig. 2 | Pb isotope ratios of theGuliya ice core (GP)
samples. The solid black lines represent the
smoothed data obtained with a binomial smoothing
filter for each Pb isotope ratio time series. The
enrichment factor (EF) of Pb, Sn, Cd, Zn, and Sb are
shown for comparison as 5-yr medians for the 1992
ice core (1650–1992) and as annual averages for the
2015 Guliya ice core (1970–2015) above and below
the 350-yr (1650–1950) enrichment factor
medians21,22. The horizontal dashed lines in the three
panels for the Pb isotope ratios correspond to the
respective Pb isotope ratio averaged for the two
Stone Age ice core samples (36–28 Ka BP) repre-
senting the Pb isotopic signature of the natural
background. The panel on the right is a “zoom–in”
of the 1935–2020 period.
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British and European coal and gasoline have the least radiogenic isotope
values with mean 206Pb/204Pb, 207Pb/204Pb and 208Pb/204Pb isotope ratios of
17.076, 15.512, and 36.842, respectively. Thus, British and European gaso-
line is excluded as an anthropogenic source of Pb for Guliya.

As shown in Sierra-Hernández et al.21 the Guliya ice cap is strongly
influenced by air parcels from Central Asia including Pakistan and
Kazakhstan during winter, and from both Central Asia and northern India
during summer. To determine if Pb from these regions reached Guliya, the
aerosols collected in Pakistan, Kazakhstan, and India are also shown in
Fig. 5. These aerosols were collected before leaded gasoline was banned in
each country, and therefore represent primarily local emissions from leaded
gasoline42. The Pb isotope ratios of these aerosols are much less radiogenic
than those from Guliya indicating that the aerosols from these cities likely
did not reach Guliya.

To determine if emissions from Chinese sources (e.g., gasoline, coal)
are potential sources of Pb at the Guliya ice cap, the Guliya Pb isotope ratios
are compared with Chinese aerosols that were influenced by Chinese
anthropogenic sources. The Pb in Chinese aerosols collected in cities in
Eastern China was mostly influenced by local emissions from Chinese
gasoline, Chinese ores, and Chinese coal42. The Pb in these aerosols (except
Xin Shao, whose Pb isotope ratios are comparable to those from Guliya)
is slightly less radiogenic than theGuliya Pb suggesting similar sources. This
difference may result from the varying proportions of Pb contributed by
different sources. Guliya is primarily influenced by dust sources, thus its Pb
isotope ratios are less affected by anthropogenic sources and tend to
be higher than those found in aerosols collected near anthropogenically
active areas. Thus, in the subsequent sections we focus on Chinese coal,
Chinese fuels, and Chinese ores as the likely potential sources of Pb at
Guliya.

It is important to note that the Pb isotope ratios of Chinese coals used
here originate from a comprehensive and large data set of 173 coal samples

frommajor coal mines across 18 provinces in China and, notably, includes
measurements of 206Pb/204Pb, 207Pb/204Pb, and 208Pb/204Pb37 for all coal
samples. The Pb isotopic signatures of Chinese coals show large variability
(Fig. 5), overlappingwith those of local natural sources within a limited area
in the more radiogenic part of the range (Supplementary Fig. S5). Despite
this overlap, there is a clear separation between the natural and the
anthropogenic Pb isotopic signatures, which assists in the determination of
sources.

Temporal trend comparison with Pb emissions by source. Figure 6
shows a temporal comparison of Guliya 206Pb/204Pb isotope ratios with
estimated Pb emissions from coal combustion, liquid fuel combustion
(crude oil, fuel oil, kerosene, diesel, and gasoline) and non-ferrous metal
smelting between 1950 and the 2000s in China19.

The changes in the Guliya Pb isotope ratios reflect anthropogenic
Pb emission changes in China. The decrease in Pb isotope ratios in
Guliya began in 1960 following the establishment of China as a Republic and
when the Pb emissions from gasoline began to rise in China. The decrease in
Pb isotope ratios is more pronounced after 1980 when the Pb emissions from
leaded gasoline rise exponentially likely reflecting increased energy demand
in China in 1978 when it adopted a policy of openness and reform. These
changes are also recorded in several Pb sediment records across China20.

The Pb emissions from liquid fuels decreased in 1991 due to the
introduction of low-leaded gasoline19. This reduction is reflected in the
Guliya Pb isotope ratios, whichwere slightly higher at the time. However, as
the number of vehicles continued to increase, so did the Pb emissions,
leading to a return to lower Pb isotope ratios at Guliya between the mid-
1990s to 2000 (Fig. 6a). A sharp decrease in Pb emissions from liquid fuels
occurred in 2000 when leaded gasoline was phased out, resulting in another
concurrent small increase in thePb isotope ratios.However, the increasewas
short-lived, and Pb isotope ratios again decrease until ~2007.

In 2000, coal combustion became the largest source of Pb emissions
nationwide in China. However, regional aerosol studies revealed varying
primary sources of atmospheric Pb. For instance, aerosols collected in
Northern and Eastern China exhibit more radiogenic Pb isotope ratios
suggesting coal combustion as themain source37. Conversely, aerosols from
SouthernChina showed stablePb isotope ratios, suggestingno change in the
sources. In Southwestern China, despite the ban on leaded gasoline, aerosol
Pb isotope ratios continued to decrease to less radiogenic values, indicating
that vehicles remained an important source of Pb, which could be attributed
to either the continued use of leaded gasoline or the substantial increase in
number of vehicles37.

Likewise, the Pb isotope ratios in the Guliya ice core continue to
decrease after 2000 reaching a minimum in ~2007 after which they seem to
slowly increase. In the Xinjiang Province, north of Guliya, coal combustion

Table 1 | Average and standard deviationPb concentration, Pb
enrichment factor, and Pb isotope ratios for Cluster 1 and
Cluster 2 of the Guliya ice core samples

Cluster 1: pre-1974,
Natural Background

Cluster 2: post-1974,
Anthropogenic

average St dev average St dev

Pb (pg/g) 1381 1578 560 243

Pb EF 1.0 0.7 1.5 1
206Pb/204Pb 18.684 0.09 18.395 0.10
207Pb/204Pb 15.668 0.02 15.644 0.02
208Pb/204Pb 38.864 0.1 38.506 0.12
208Pb/206Pb 2.080 0.009 2.093 0.01

207Pb/206Pb 0.839 0.004 0.851 0.00

206Pb/207Pb 1.193 0.005 1.175 0.01

208Pb/207Pb 2.480 0.005 2.461 0.01

Fig. 3 | Comparison of the 208Pb/207Pb isotope ratios with other ice core records.
The Guliya (this study) smoothed 208Pb/207Pb dataset (binomial smoothing filter) is
compared with that of Mt. Everest in the Himalayas29, Belukha in the Altai
Mountains34, Summit in Greenland35, and with the Pb concentration in the Mt.
Logan ice core, Yukon Territory30. Note that the Pb concentration for Mt. Logan is
reversed.
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began increasing in the 1950s but in ~2007 it increased exponentially, which
coincides with the change in trend of Pb isotope ratios at Guliya at this time
(Fig. 6b). Thus, taken together, these temporal trends suggest that Pb from
gasoline was the primary source of anthropogenic Pb at Guliya likely with
contributions from coal combustion.Hence, gasoline remained the primary
sourceof anthropogenicPbatGuliyauntil 2007even though leadedgasoline
was phased out in 2000, probably as the result of the continuous use of
leaded gasoline and/or the remobilization of legacy Pb20. After 2007, coal
combustion emerged as the primary Pb source.

MixSIARmixingmodel. To estimate the quantitative contribution of the
potential natural and anthropogenic sources through time at Guliya, we
used the mixing model MixSIAR43–45.

Using 206Pb/204Pb, 207Pb/204Pb, and 208Pb/204Pb isotope ratios44, the
MixSIAR model was run using three natural sources located upwind from
Guliya: TP PSA and Southwest TP and Taklamakan (Tables 2 and 3); and
the three potential Chinese anthropogenic sources: coal, liquid fuels
(gasoline and diesel), and Pb/Zn ores. The MixSIAR results are shown in
Fig. 7. MixSIAR estimates contributions from all sources provided even if
they are not relevant. Such contributions are, therefore, a reflection of the
uncertainty in the contributions estimated by themodel. This uncertainty is

apparent in the model estimates of mean contributions of ~12%, 2%, and
>1% from fuels, Pb/Zn ores, and coal, respectively, for the StoneAge ice core
samples.

The median contribution from coal remains constant for the entire
record. This might be inaccurate especially for the 2000s when coal Pb
emissions surpassed those from gasoline. This can be explained as follows.
To run MixSIAR, all potential sources must be included in the model
including a natural source for pollution tracing44. The model requires the
sources to be normally distributed and to follow a multivariate normal
distribution for all Pb isotope ratios. Additionally, the Pb isotope ratiosmust
be well-constrained for each source and be statistically different amongst
themselves. This was an issue for our study as Chinese coals show a) large
variability in the Pb isotope ratios (SI), and b) the Pb isotopic fingerprint of
the TP PSA, which very likely represents the primary natural source of
Guliya, overlaps with the most radiogenic part of the Chinese coals’ fin-
gerprint. Thus, the contributions from coal are probably underestimated
with the MixSIAR model.

Bi et al. 37 determined that the Pb isotopic composition of Chinese fuels
ranged between 17.376 and 18.461 for the 206Pb/204Pb isotope ratio, between
1.089 and 1.175 for the 206Pb/207Pb isotope ratio, and between 2.079 and
2.204 for the 208Pb/206Pb isotope ratio. While there is some similarity

Table 3 | Pb isotope ratio means for each PSA group created

PSA Group 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb 208Pb/206Pb 207Pb/206Pb 206Pb/207Pb 208Pb/207Pb

Aral Sea 18.634 15.642 39.049 2.0955 0.8398 1.1913 2.4964

Eastern TP 18.786 15.673 38.999 2.0759 0.8343 1.1989 2.4883

Gobi Desert 18.841 15.638 38.641 2.0477 0.830 1.2047 2.471

NMY 3 18.687 15.681 39.077 2.0912 0.8391 1.1916 2.492

Northeastern TP 18.583 15.651 38.789 2.0874 0.8422 1.1872 2.4784

Southwest TP 18.900 15.753 39.357 2.0824 0.8335 1.1997 2.4985

TP 18.683 15.669 38.916 2.083 0.8387 1.1923 2.4836

Taklamakan 18.862 15.674 38.962 2.0657 0.831 1.2034 2.4857

Taklamakan North 18.658 15.667 38.837 2.081 0.8397 1.191 2.4789

Thar Desert 18.657 15.857 40.009 2.0353 0.8499 1.2393 2.5231

Table 2 | Locations, Pb isotope ratios, standarderrors (2σ), andassignedgrouping for the17Potential SourceAreadust samples
measured in this study

PSA Site PSA Group Lat. Long. 206Pb/204Pb Std Err 207Pb/204Pb Std Err 208Pb/204Pb Std Err

Guliya Army TP 37.09 76.97 18.704 0.002 15.657 0.001 38.898 0.003

Guliya Camp TP 35.21 81.53 18.547 0.001 15.623 0.001 38.723 0.003

Guliya Bottom Outlet G1 TP 35.21 81.53 18.643 0.004 15.652 0.003 38.801 0.008

Guliya Middle Outlet G2 TP 35.21 81.41 18.620 0.002 15.657 0.001 38.785 0.003

Guliya Top Outlet G3 TP 35.21 81.41 18.639 0.002 15.674 0.002 38.814 0.004

Guliya Lake 1 TP 34.80 81.26 18.773 0.002 15.720 0.001 39.063 0.004

Guliya Lake 2 TP 34.65 80.90 18.853 0.001 15.734 0.001 39.099 0.003

Guliya Road TP 33.19 79.83 18.696 0.004 15.679 0.003 39.049 0.008

Puruogangri TP 33.917 89.083 18.670 0.012 15.671 0.010 39.085 0.025

Xining TP 32.44 95.57 18.712 0.002 15.651 0.002 38.911 0.004

Huahaizi Northeastern TP 38.800 94.350 18.473 0.001 15.645 0.001 38.730 0.002

Dunde Northeastern TP 38.100 96.400 18.622 0.002 15.649 0.002 38.818 0.005

Quinghai Northeastern TP 36.617 101.767 18.614 0.004 15.624 0.004 38.814 0.009

NMY 3 NMY 3 29.325 87.000 18.687 0.002 15.681 0.002 39.077 0.005

NMY 8 Southwest TP 30.121 83.380 18.855 0.005 15.744 0.004 39.345 0.010

NMY 9 Southwest TP 30.621 82.283 18.862 0.002 15.732 0.002 39.266 0.004

NMY 21 Southwest TP 30.50 81.31 18.981 0.001 15.785 0.001 39.461 0.002

TP Tibetan Plateau, NMY Naimona’nyi glacier.

https://doi.org/10.1038/s43247-024-01724-w Article

Communications Earth & Environment |           (2024) 5:548 5

www.nature.com/commsenv


between the Pb isotope ratios of Chinese fuels with Chinese coals, they are
significantly different (p < 0.001) and, therefore, the estimates from Mix-
SIAR are likely accurate for fuels. Two changepoints were identified in the
fuel contributions curve: one in 1974 when fuel contributions increased to
~25%, and a second changepoint in 2004 when contributions increased
again after a short decrease in 2002 (Fig. 7). These findings suggest that the
primary source of anthropogenic Pb at Guliya was derived from gasoline
combustion.

Regarding the contribution of natural sources, since the Pb isotope
ratios ofChinese coal overlapwith thePb isotopicfingerprint of theTPPSA,
natural contribution estimates are probably underestimated. Thus, we
suggest that both the TP and the Taklamakan PSAs are the most likely
primary natural sources accounting for 70% of the Pb before 1974 and
decreasing to ~50% and 35% of the Pb in 1974 and 2000, respectively.
Contributions from the Southwest Tibetan Plateau, although generally low,
doubled from 10% to ~20% between 1757 and 1932 coinciding with the
changepoints detected in the Pb isotope ratios (Supplementary Fig. S1)

around the same years explaining the change to slightlymore radiogenic Pb
isotope ratios.

Emission sources during the Industrial Revolution Period
(1750–1930s)
A binomial filter applied to the Pb isotope ratios data reveals two bumps
during the Industrial Revolution Period between ~1750 and ~1935. Inter-
estingly, this is the period where sporadic (1750–1900) and consistent
(1900–1930) enrichments of Pb, Sn, Cd, Zn, and Sb were previously
detected22. The TE enrichments observed suggested a change in sources
which was attributed to coal emissions from Europe at the time22. Although
only 15 representative samples covering the 1750–1930 period were ana-
lyzed for this study, several of these samples show higher Pb isotope ratios
pointing toward a change in natural sources rather than anthropogenic
sources as the cause of the increased Pb EF. While the Pb isotopes provide
information only about the sources of Pb, it is likely that a shift in natural
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Fig. 5 | Three-isotope plots for Guliya and anthropogenic sources. Three-isotope
plots comparing the Cluster 2 (post-1974) ice core samples (solid black circles
encircled by an ellipse at 95% confidence level) with anthropogenic potential
sources37–42: a 207Pb/204Pb vs. 206Pb/204Pb, b 208Pb/204Pb vs. 206Pb/204Pb, and c 208Pb/207Pb
vs. 206Pb/207Pb. Urban aerosols from cities in Eastern China (purple triangles) from
left to right in each panel are: Beijing, Hong Kong, Cheng Du, and Xin Shao42. The
Cluster 1 ice core samples are shown for comparison as gray solid circles.

Fig. 4 | Three-isotope plots for Guliya and natural sources. Three-isotope plots
comparing the Cluster 1 (pre-1974) ice core samples (gray circles encircled by an
ellipse at 95% confidence level) with PSA groups (SI)55–58: a 207Pb/204Pb vs. 206Pb/204Pb,
b 208Pb/204Pb vs. 206Pb/204Pb, and c 208Pb/207Pb vs. 206Pb/207Pb. PSAs that were not
grouped with other PSAs are depicted as discrete colored symbols. Error bars (2σ) of
ice core samples are considerably smaller than the symbols in most samples. NMY:
Naimona’nyi expedition/glacier; TP: Tibetan Plateau.
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sources also contributed to the observed enrichments of the other TEs
during the same period. The Pb isotope ratios of British/European coals
(Fig. 5c) are slightly lower than theTPPSAand theCluster 1Pb isotope ratio
mean, which suggests that this was not a source of Pb during this period.

Abinomialfilterwas also applied to theMt. Everest data and compared
with Guliya (Fig. 3). Contrary to Guliya, the Everest Pb isotope ratios
decrease between 1850 and 1900 after which they increase slightly before
decreasing again after ~1970. A similar antiphase effect was observed for
snow accumulation during that same period for Guliya and another
Himalayan ice core from theDasuopu glacier46. This would support, despite
the lack of a continuous record between 1850 and 1950, the likelihood that
the Pb isotope ratio changes observed at Guliya and Everest might be real
and that they could reflect changes in the regional atmospheric circulation.

In conclusion, the Guliya Pb isotope ice core record reveals two sig-
nificant changes in Pb sources over the last 500 years. First, possible changes
in atmospheric circulation between ~1750 and 1935 led to incursions of
mineral dust containing Pb, likely originating from southwestern Tibet.
Second, local emissions, mostly from Chinese gasoline combustion, intro-
duced an anthropogenic signal in the Guliya Pb record starting in 1974,
followed by contributions primarily from local Chinese coal combustion in
2007. The additionof the 204Pb isotope inour isotope ratiomeasurements, as
well as use of the Bayesian model MixSIAR, allowed us to better, and more
sensitively, quantify the sources of natural and anthropogenic Pb delivered
to this remote region of the world.

Materials and methods
The Guliya ice cores
The ice core samples used in this study originate from theGuliya ice cap (35°
17’N; 81°29’E)23,24 in thewesternKunlunMountains at the southern border
of the Xinjiang Uygur Autonomous Region in northwestern China (Fig. 1).

The Guliya ice cap plateau was drilled in 1992 (GP1992) at 6200m a.s.l23.
and again in 2015 (GP2015). In addition, in 2015 three ice cores were
extracted from theGuliya summit (GS2015) at 6700ma.s.l.24. The timescale
for the 1992 Guliya ice core samples was based on annual dust layer
counting and was constrained to the year 1963 at 5.4 m depth where the
highest beta radioactivity occurred most likely corresponding to the
atmospheric thermonuclear tests performed by the former Soviet Union.
The timescale for the last 1000 years of the 2015 ice core samples was
developed also using annual layer counting and by constraining three
reference horizons: 2015 at the surface of the glacier, 1992 at 6m corre-
sponding to the surface of the 1992 ice core, and 1963 at 10.9m where the
beta radioactivity rose above background levels. The timescale for the entire
Holoceneof the2015 ice coreswasdevelopedusing radiocarbondating (14C)
of plant fragments found in both GP and GS cores, and with the isotopic
composition of O2 trapped in air bubbles in the GS cores47. The timescale
before 15 ka BP was reconstructed using cosmogenic 10Be and 36Cl isotopes.
Two peaks were detected in both isotopes at ~187 and ~179m depth cor-
responding to the Laschamp (fixed at ∼41 ka BP) and Mono Lake (fixed at
~33 ka BP) Events. A 3rd order polynomial was used to construct the time
scale between 15 ka BP to 41 ka BP using the two cosmogenic isotope peaks.
For more details the reader is referred to Thompson et al.48.

Ice core samples. For this study, we used frozen archived samples that
were previously processed and that had been analyzed for trace elements
(TEs)21,22. The preparation of the ice core samples was described in detail
in Sierra-Hernández et al.21,22. Briefly, ice core samples were cut from the
corresponding ice cores in a cold room at −5 °C. Ice core samples were
subsequently decontaminated in a Class 100 clean room by triple rinsing
with ultrapure water at the Byrd Polar and Climate Research Center
(BPCRC) at The Ohio State University (OSU). The samples were melted

Fig. 6 | Temporal comparisons of the 206Pb/204Pb
ratios of the Guliya ice core samples with
anthropogenic sources. a Atmospheric emissions
of Pb from the three primary anthropogenic sources
in China between 1949 and 2012 including liquid
fuels (gasoline and diesel), coal, and non-ferrous
metal smelting19, and b the energy produced in
Xinjiang from coal combustion64. The solid black
line represents a binomially smoothed 206Pb/204Pb
isotope ratio through time. The filled light blue area
in panel b shows the 2007–2015 period when coal
combustion increased exponentially in Xinjiang.
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at room temperature in acid pre-cleaned low-density polyethylene
(LDPE) bottles (Nalgene) and transferred to acid pre-cleaned LDPE vials.
Samples were acidified to a final concentration of HNO3 (Optima grade)
2% (v/v) to dissolve TEs in microparticles and to keep in solution those

already dissolved. The acidified samples were kept in a class 100 clean
room for 30 days to allow the acid to leach the TEs. Samples were then
frozen until analysis for TEs. After the TE analysis, all samples
were frozen and kept at –32 °C in the freezers at the BPCRC. The samples
for this study were selected and shipped overnight to the Texas A&M
University where they were kept in a freezer until analysis. The frozen
archived samples were melted at room temperature before their Pb iso-
topic analysis.

Samples were selected to cover different periods of interest: pre-
Industrial (1500-1780), Industrial (1780–1990s), and the 21st Century.
Additionally, samples were selected to represent the main trends of the Pb
high-resolution TE record previously observed21,22.

A total of 89 discrete ice core samples were analyzed: 37 fromGP1992
covering the period 1500–1990, 46 fromGP2015 covering 1970–2015, four
from GP2015 corresponding to ~36–12 ka BP, and two from GS2015
(~13.4 ka and ~3 ka BP47). These older samples will help establish a back-
ground prior to the Bronze Age, when metals began to be used by ancient
civilizations.

Sample selection. The samples were selected as follows for each period
of interest:

Prehistoric period prior to the Bronze Age (~36-12 ka BP): Four dis-
crete samples from the deeper sections of theGP2015 and two samples from
the deep sections of GS2015 were selected. Samples with variable dust
content were selected and their ages range between 35.34 and 12.7 ka BP
(1950 CE) for GP2015 and 13.35–3.5 ka BP for GS201547,48. Their Pb con-
centrations varied between 310 to 1360 pg/g Pb.

Pre-Industrial (1500–1780): Samples were selected at ~20 years reso-
lution to establish a pre-Industrial background. Samples with enough
volume for the analysis were chosen ensuring they covered equidistant years
during this period. We included samples from the three periods of Pb
enrichment in Guliya during this period, 1675–1680, 1775, and 1800.

Industrial (1780–1990s): For this period samples were selected at a
higher resolution (5-year resolution) than the pre-Industrial period since
this period corresponds to the highest Pb enrichment observed during the
20th century.

20th and 21st Century (1971–2015): 56 samples including 21 samples
from the 21st century were selected at annual and sub-annual resolutions as
this is the period of main interest to understand the current changes during
the 21st century for this study. Samples of low (below the median dust
concentration) and high (above the median dust concentration) dust con-
centration were selected to determine if Pb sources changed during dust
storms.

Tibetan Plateau Potential Source Areas (PSAs). Pb isotopic compo-
sitions were determined for 17 dust potential source area (PSA) samples
collected in theTP, including 8 sites aroundGuliya (TEprofiles published
in Sierra-Hernández et al.22. PSA samples were collected during different
ice core field expeditions therefore they are constrained to the places
visited during the respective expedition and typically named after the
glacier drilled (e.g., NMY PSAs were collected during the field expedition
to drill theNaimona’nyi glacier49). Like the ice core samples, PSA samples
were prepared and analyzed previously for TEs22,50 and were kept frozen
after their TE analyses. PSA groups were formed here to facilitate source
identification (see below Regional PSA Assignments).

Analysis of Pb isotopes. Lead isotopes (204Pb, 206Pb, 207Pb and 208Pb)
were measured in the Radiogenic Isotope Geosciences Facility at Texas
A&M University using a Thermo Scientific Neptune Plus™ High Reso-
lution MC-ICPMS. The benefit of having the ability to measure the
204 stable isotope of Pb (which is not common in the Pb literature on ice
cores analyzed to date) is that these additional data allow further iden-
tification of slight differences in sources. Excellent in-run precisions (2 s)
were obtained for the 206Pb/204Pb, 207Pb/204Pb, and 208Pb/204Pb ratios
(ranging from 0.002% to 0.4%, median of 0.01%). In-run precisions for
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the ratios of the higher-abundance isotope ratios (i.e., 206Pb/207Pb and
206Pb/208Pb) were better and averaged about 0.002% for all samples ana-
lyzed, irrespective of the concentrations. All samples were spiked with
thallium (Tl has two stable isotopes, 203Tl and 205Tl) to an approximate
final concentration of 1 ppb and then centrifuged at 4000 rpm for 5 min
before isotopic analysis. The instrumental mass fractionation of the Pb
isotopes was assumed to follow that of the stable Tl isotopes51. Samples
were aspirated directly into anAPEXOmegaTM desolvating nebulizer and
produced Faraday cup signals of about ~500 V/ppm on the 208Pb isotope.
This amounted to about a 15 mV Faraday cup signal on 204Pb for 1
×103pg/g of total Pb. Measurements of the NBS 981 Pb isotope standard
allowed additional corrections to the sample data using a bracketing
technique of 3 samples to 1 standard. Corrections, assuming accurate
NBS 981 Pb isotope values of 16.9406, 15.4957, and 36.7184 for the
206Pb/204Pb, 207Pb/204Pb, and 208Pb/204Pb, respectively52, were applied and
amounted to 0.02%/amu consistently throughout the study. Duplicate
analyses were performed for 7 different samples of different periods. Six
blanks, prepared along with the ice core samples, were analyzed and each
were found to be lower than 1 pg/g of 208Pb, making blank corrections
unnecessary.

Data analysis
AMATLAB53 scriptwaswritten to extract the samples’meananderror from
theMC-ICPMS raw files to calculate the sample fractionation factors and to
correct the Pb isotope ratios. Sample fractionation factors were calculated
through linear interpolation using the date and analysis time of the corre-
sponding bracketing standards.

Enrichment factor in the Guliya ice cores
The enrichment factor (EF) is a commonly employed measure to quantify
the degree to which the concentration of a specific TE has deviated from its
natural background. The Guliya EFs were previously calculated21,22 with the
equation:

EF ¼ ½TE=Fe�ice=½TE=Fe�PSA
where ([TE]/[Fe])ice is the TE mass ratio in the ice sample using Fe as a
crustal element, while ([TE]/[Fe])PSA is the corresponding ratio in dust
samples collected close to the Guliya ice cap and used as potential source
area (PSA). In theGuliya ice core, EF increases fromnon-crustal sources are
particularly small for the Guliya ice core samples due to the high dust
concentrations in the Guliya ice and to the use of local PSAs as a reference.
Briefly,wenote here that the absolute value of anEFdepends on two factors,
the crustal trace element used as a reference (Fewas used for Guliya) and on
the crustal reference used. Most studies use the upper continental crust
(UCC) as crustal referencewhile local PSAwas used as reference for Guliya.
The local PSA dust samples for the Guliya study were prepared (2%HNO3

acidification for 30 d) and analyzed for TEs by ICP-SFMS exactly like the ice
core samples. Using the same acidificationmethod ensures that the fraction
of each TE released is comparable between ice core samples and PSA. Also,
using the same analytical technique and instrument greatly reduces
analytical uncertainties. Also, the geochemical composition of the Guliya
PSA is amuch closer representation of the crustal background in the ice core
samples compared to those calculated with the UCC background. It is also
important to note that in addition to Fe, EFs were calculated using Al, Ba,
andMg. These EFs showed no difference compared with the EFs relative to
Fe. As EF is not central in this new study, it is not discussed in more detail
here. The reader is referred to the previous publications for amore in-depth
discussion of the EF in the Guliya ice cores21,22.

Cluster analysisof samples. To help in the determination of the sources
of Pb, an unsupervised machine learning algorithm, k-means clustering
analysis, was performed for both the Guliya and the PSA samples using
MATLAB54. First, a k-means cluster analysis was performed using all
normalized Pb isotope ratios (206Pb/204Pb, 207Pb/204Pb, 208Pb/204Pb,

208Pb/206Pb, 206Pb/207Pb, 208Pb/207Pb), Pb concentration, and Pb EF. The
Calinski-Harabasz and silhouette criteria were used to determine the
optimum number of clusters. Subsequently, the Chi-square test was used
to select the features that have significant associations with the obtained
cluster labels. It was found that 206Pb/204Pb, 208Pb/204Pb, 208Pb/206Pb,
206Pb/207Pb, and 208Pb/207Pb were themost relevant features. A subsequent
k-means cluster analysis was performed using only those five relevant Pb
isotope ratios. The new cluster indices assigned were identical to those
obtained from the initial analysis which indicates that the cluster clas-
sification analysis depends only on those five Pb isotope ratios.

Three-isotope plots. Three-isotope plots were constructed in R to
compare the Guliya ice core samples with potential natural and
anthropogenic sources. To facilitate this visual comparison the 17 PSAs
analyzed in this study along with published PSAs from the Aral Sea55,
Taklamakan Desert56,57, Qaidam Basin, Badain Jaran, Tengger Desert,
Hongyuan, Thar Desert and the Loess Plateau57, and Gobi Desert58 were
grouped following the k-means clustering analysis and based on their
geographical origin (Supplementary Tables S1 and S2).

MixSIAR. The Bayesian mixing model MixSIAR developed as an open-
source R package59, is used here to quantify the contributions of Pb from
the different sources as explained in the Results and Discussion section.
To determine if MixSIAR is an adequate model for our study, following
Longman et al.44 univariate normality tests were performed for all sources
using the Shapiro-Wilk test inRStudio and theKolmogorov-Smirnov test
in MATLAB 2023b for each 204Pb ratio. The multivariate normal (MVN)
test was applied to the three 204Pb-ratio system (206Pb/204Pb, 207Pb/204Pb,
and 208Pb/204Pb isotope ratios), using the package “MVN” in R. Using a
204Pb-ratio systemprovidesmaximumvariability in the isotopic signature
during the modeling. Additionally, having the three 204Pb isotope ratios
provides some independence among the three ratios as each Pb isotope
originate from a different decay chain44. Themodel was set to “very long”
Markov Chain Monte Carlo runs. A mixing polygon simulation for 3
isotopes was performed before running the mixing model to evaluate if
each sample could be explained by that model using the MATLAB script
developed by Smith et al.60 (Supplementary Text S1 and Supplemen-
tary Fig. S7).

Other statistical tests. Additionally, the non-parametric Wilcoxon
rank-sum test for two populations, means, medians, standard deviations
(st dev), and changepoint detection was performed withMATLAB 2023a
and 2023b. For the changepoint detection analyses, a binomial filter was
first applied to smooth the datasets. The smoothed datasets were con-
verted into regularly spaced datasets of 200 points using linear inter-
polation, after which changepoint detection was applied to the processed
data using the mean statistic (Fig. 7, Supplementary Fig. S1).

Regional PSA assignments. The Pb isotopic ratios of the 17 PSA
samples are shown in Table 2. The most noticeable feature is that PSAs
are more radiogenic (i.e., higher isotope ratio values) towards the
southern part of the TP (NMY 8, NMY 9, and NMY 21 collected around
the Himalayas, Supplementary Fig. S5) with mean 206Pb/204Pb,
207Pb/204Pb, and 208Pb/204Pb ratios of 18.900, 15.753, and 39.357, respec-
tively. These ratios are similar to those found in soil samples from Ngari
in the southern TP61. Huahaizi, the most northern PSA is the least
radiogenic of our PSA samples with mean 206Pb/204Pb, 207Pb/204Pb, and
208Pb/204Pb isotope ratios of 18.473, 15.645, and 38.730, respectively. In
another study, Pb isotope ratios in soil samples from Hongyuan,
southeast of Huahizi, were determined to be 18.756, 15.683, and 39.045
for 206Pb/204Pb, 207Pb/204Pb, and 208Pb/204Pb, respectively57. This north-
south Pb gradient extends beyond the TP PSA samples measured here.
The Gobi Desert, the most northern desert considered in this study has
the lowest 206Pb/204Pb, 207Pb/204Pb, and 208Pb/204Pb isotope ratios, 18.841,
15.638, and 38.641, respectively58, while the same ratios in the Thar desert
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in northwestern India are the most radiogenic (18.657, 15.857, and
40.009, respectively57). This gradient is clearly apparent in a map of
208Pb/204Pb isotope ratios for our and published PSAs used in this study
(Supplementary Fig. S5). This latitudinal gradient was also observed in
snowpit samples fromglaciers inwesternChinawith snow samples being
more radiogenic in the south compared to the north62, further confirming
the north-south radiogenic gradient observed in our PSAs.

The k-means clustering analysis grouped all PSAs, both from previous
publications and this study, into three clusters (Supplementary Table S1).
Two of these clusters (Clusters 2 and 3 in Supplementary Table S1) com-
prised PSAs that are similar to each other in their respective cluster. The rest
of the PSAs (Cluster 1) seemed to have clustered together because of their
dissimilarity with those in Clusters 2 and 3 as described below.

Cluster 1 is formed mostly by a group of PSAs from different deserts
and regions that are distinct from those in Cluster 2. The PSAs of Cluster 1
are mostly outside of the TP (Taklamakan Desert, Loess Plateau, Gobi
Desert) or at the margins of the TP (Hongyuan in the far eastern TP, and
someof theNMYPSAs from theHimalayas), andCluster 1 includes the two
PSAs collected by lakes during the Guliya 2015 field expedition. These two
lakePSAs seemquitedifferent than the rest ofPSAs collected aroundGuliya,
perhaps because of the influence of the lake sediments which would explain
why theywere grouped in Cluster 1. The Pb isotope ratios of Cluster 1 show
high variability likely because they originate from different regions with
distinct Pb isotopic fingerprints. The means and standard deviations of
Cluster 1 are 18.832 and 0.065 for 208Pb/204Pb; 15.684 and 0.037 for
207Pb/204Pb; and 38.996 and 0.210 for 208Pb/204Pb.

Cluster 2 is comprised mostly of PSAs with low Pb isotopic variability
with means and standard deviations of 18.628 and 0.063 for 208Pb/204Pb;
15.655 and 0.017 for 207Pb/204Pb; and 38.864 and 0.120 for 208Pb/204Pb. PSAs in
Cluster 2 are from the main TP and from northeastern TP including the
Qaidam Basin, Badain Jaran Desert and Tengger Desert, and NMY 3 from
the Himalayas. Interestingly one sample from the far north edge of the
Taklamakan desert57,63 was grouped in this Cluster 2. The northern edge of
the Taklamakan desert borders the Tian Shan mountains, which while not
within the TP, form part of themountainous regionwithin the Pamir and the
Kunlun Mountains where Guliya is located in northwestern Tibet. For the
analysis of potential sources in this study, even though PSAs were grouped in
this Cluster 2, we split them into different PSA groups according to their
geographical region as shown in Tables 2 and 3 to keep sources upwind and
west of Guliya separated from those downwind and east of Guliya.

Cluster 3 comprises exclusively the PSAs from the Thar Desert which
are noticeably different from any of the other PSAs with the highest
207Pb/204Pb and 208Pb/204Pb isotope ratios in the region.

Data availability
The authors declare that the data supporting the findings of this study are
available within the paper and its supplementary information files. The Pb
isotope ratios of the ice core samples are archived at https://www.ncei.noaa.
gov/access/paleo-search/study/39780 from theNOAANational Centers for
Environmental Information.
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The codes used in this study are accessible upon request from the corre-
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