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Proglacial river sediments are a substantial sink of
perfluoroalkyl substances released by glacial
meltwater
Yunqiao Zhou 1, Xiaoping Wang 1,2✉, Mengke Chen1,2, Jianjie Fu2,3✉, Tingting Zhu1,2, Chuanfei Wang1,

Ping Gong1, Lanxiang Wang1,2 & Jiao Ren4

How climate change will influence the accumulation of pollutants in remote mountainous

lakes is poorly understood. Here we collected sediment cores from two glacial lakes (one is

small and close to glacier, and the other is large and far from glacier) in the Third Pole and

quantified deposition fluxes of perfluoroalkyl substances. The trends of perfluoroalkyl sub-

stances fluxes broadly correspond with their historical emissions and phase-out. Besides of

emission, glacial meltwater strongly impacts the accumulation of perfluoroalkyl substances in

the small lake, while precipitation exhibits great impact on that of the big lake. We then

modified the Quantitative Water Air Sediment Interaction model to explore how per-

fluoroalkyl substances transport along proglacial rivers before entering the big lake and found

that river sediments intercept ~13% of perfluoroalkyl substances from glacial meltwater. With

climate warming and increased glacial meltwater, proglacial river sediments will play an

important role in retaining perfluoroalkyl substances.
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Snow is an efficient scavenger of organic atmospheric pol-
lutants, and the cryosphere is an important contaminant
reservoir for this kind of pollution1. Under global warming,

the cryosphere becomes sensitive to climate change;2 pollutants,
such as persistent organic pollutants (POPs) and mercury, stored
in snow/ice, can be released back into the atmosphere and found
in freshwater and marine ecosystems3,4.

Perfluoroalkyl substances (PFAS), known as “forever chemi-
cals”, are raising increasing concern, as they already exceed the
planetary boundary5,6. To date, PFAS are found ubiquitously
worldwide, even in remote polar and alpine regions7–9. Direct
long-range atmospheric transport (LRAT) of PFAS, as well as
atmospheric transport and degradation of their precursor com-
pounds, are the main PFAS sources in remote regions8. In
addition, as ionic perfluoroalkyl acids are soluble, they can be
effectively scavenged by snow10. Previous studies have reported
high levels of PFAS widely detected in snow and glaciers from
remote regions, including parts of the Antarctic11–13, the
Arctic14,15, the Tibetan Plateau (TP)16, and the Alps17. With
climate warming, PFAS deposited in the snow/ice can be secon-
darily released, transported downwards with glacial runoff, and
eventually deposited in the sediment of proglacial lakes18. How-
ever, to date, researches involving PFAS status in proglacial lakes
has mainly focused on its release processes18,19, while data about
their historical trends are limited and the fate of PFAS along the
glacial runoff transport is unclear.

Sediment is the matter that sinks to the bottom of aquatic
environments, in this case, the store of pollutants in proglacial
rivers and lakes20. On one hand, the sediment cores can be used
as effective tools for reconstructing deposition history of pollu-
tants involved21,22. PFAS temporal trends, reconstructed by
sediment cores from remote alpine lakes, help to identify the
influence of glacier melting during different time periods22. On
the other hand, the potential interception of pollutants by river
sediments of glacial runoffs has not been evaluated, which may
also affect the final accumulation of pollutants in lake
sediments23. Therefore, comprehensive study regarding PFAS
transport and loading in proglacial lake basins should be
conducted.

The TP is regarded as the “Third Pole” of the Earth, which has
a large number of glaciers and lakes24,25. With the shift of PFAS
emission sources from North America, Europe and Japan, to
China and India, closer to the TP26, the risk of PFAS pollution in
these regions has increased, particularly in the southern part of
the TP (controlled by the Indian Monsoon)10,27. Additionally, the
emissions of PFAS from nearby urban areas and degradation of
side-chain fluoropolymers further contribute to this risk28. Pre-
vious studies have highlighted that the TP glaciers are an effective
reservoir for PFAS16,18. In addition, glaciers in the south part of
the TP are retreating rapidly29, which results in more PFAS being
released to the lakes fed by glacial meltwater18.

In this study, we selected two proglacial lakes in the southern
TP [the Qiangyong (QY) Lake and the Pumoyong (PM) Lake]
(Fig. 1). These two lakes are both influenced by pollution from
southern Asia, and exhibit an increasingly warm climate30.
However, there are notable differences between the two lake
basins. The QY Lake is small and directly fed by glacier melt-
water, whereas the PM Lake is big and situated further away from
the upper glacier. Our study involved collecting sediment cores
from these two lakes and establishing a multi-media fate model
for PFAS, with aims to (1) obtain PFAS levels in remote pro-
glacial lakes and reconstruct their deposition records; (2) inves-
tigate how climate affects PFAS accumulation; and (3) quantify
the role of glacial rivers in intercepting PFAS. This study
addresses a gap in understanding pollutant accumulation in the

cryospheric lakes, especially under the complex impact of climate
change and basin features.

Results and discussion
Occurrence and historical trends of PFAS in sediment cores.
Thirteen and ten PFAS were detected in the sediment cores of the
QY and PM Lake, respectively (Supplementary Tables 1 and 2).
The average concentrations of PFAS for the QY sediments
(421 pg g−1 dry weight, dw) and PM sediments (665 pg g−1 dw),
as well as the comparisons with other lakes globally, are outlined
in Table 1. As expected, PFAS concentrations in sediments from
the Tibetan Lakes are lower than that of the Great Lakes
(>4700 pg g−1 dw)31,32 and the Chaohu Lake of eastern China
(>1000 pg g−1 dw)33, where are extensively affected by industrial
and human activities. Compared with sediment from the remote
alpine lakes in the high Arctic region (<161 pg g−1 dw)22, PFAS
concentrations in sediment from the QY and PM lakes are
slightly higher, while comparable to the data from the low Arctic
Lake (44–1520 pg g−1 dw)22. The relatively low concentration of
PFAS in sediment of the Third Pole lakes (QY and PM) supports
the notion that the primary sources of PFAS in these lakes are the
atmospheric oxidation and deposition of neutral PFAS precursors
during LRAT34.

For both QY and PM Lake, perfluorooctanoic acid (PFOA),
perfluorooctane sulfonic acid (PFOS), perfluorobutane sulfonic
acid (PFBS) and perfluorobutanoic acid (PFBA) were the most
consistently detected PFAS (Supplementary Table 3). PFOA and
PFOS are considered the end products of the degradation of
PFAS precursors35–37, and as such, they are the most ubiquitous
PFAS in QY and PM lakes, with the total proportion reaching up
to 36% (Supplementary Table 3). Previous researches also
reported a higher proportion of PFOA and PFOS in sediment
samples, including sediments from the East China Sea38 and
Canadian Arctic lakes22. The proportion of PFBS in sediment
cores from the two proglacial lakes was found to be relatively
high, accounting for ~23% of the total PFAS. Comparable
findings have been reported in previous studies of Lake Hazen in
the High Arctic22 and Lake Ontario39. This could be partly due to
the widespread production of PFBS as an alternative to PFOS39.
Notably, the proportions of PFBA in sediment cores are relatively
high, at 19% and 16% for the QY and PM lakes, respectively
(Supplementary Table 3). Elevated levels of PFBA in glacier snow/
ice and meltwater were also found on the Third Pole16,18. As
proglacial lakes, particularly the QY Lake, receive a high portion
of glacial meltwater, it is likely that the higher PFBA proportions
observed in the sediment cores are associated with the glacial
meltwater.

The historical trends of PFAS concentrations in sediment cores
from QY and PM lakes are displayed in Fig. 2a, b. Considering
the potential margin of error in sediment dating, which can be up
to ± 5 years per layer, the observed temporal trends (y-axis) are
presented in 5-year intervals. The total PFAS concentration
generally presents an increasing trend in sediment from the QY
Lake during the period of 1958–2009, and the peak value
occurred around the early 1980s (Fig. 2a); while the PFAS level in
sediment from the PM Lake increased from 1958 to 2004, and
was then followed by a decreased trend, with a peak occurring in
the middle 1970s and early 2000s (Fig. 2b). This result closely
aligns with findings observed in sediment cores obtained from
Chaohu Lake in Eastern Chia33 and Lake Ontario, Canada31. The
global emission history of PFAS was presented in Supplementary
Fig. 1 based on data reported by previous studies40,41, which
indicated that emissions steadily increased from 1970s until the
early 2000s, followed by a decrease after the largest PFAS
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producer, the 3M company, announced a global phase-out of
PFOS in 200241. When considering these findings collectively, the
transient elevation of PFAS levels in the sediment cores of the TP
during the 1970s and early 1980s can be attributed to the
substantial increase in global production of perfluorooctylsulfonyl
fluoride (POSF)-based products20, alongside the LRAT of
PFAS10.

When analyzing dated ice core samples, it is worth noting that
the concentrations of PFBA near the year 1970 were consistently
low, often falling below the detection limit, as reported in
previous studies15,16,19,20. This suggests minimal or negligible
PFBA deposition during that period. The disparities in PFAS
records between ice cores and sediment cores can primarily be
attributed to inherent characteristics of the sample types. PFAS
compounds stored in ice cores tend to be immobile and less
prone to migration, whereas short-chain PFBA exhibits the ability
to move downward within sediment layers. A field study
conducted in Tokyo Bay, Japan, as reported by Ahrens et al.
(2009)42, demonstrated the downward migration of short-chain
PFAS through pore water in sediments. The relatively higher
concentration of PFBA observed in the 1970s can be explained by
its downward migration via pore water within the sediment layers
in Tibetan lakes during that period. Therefore, PFBA and PFBS
were removed when calculating the total PFAS (∑11PFAS) fluxes
(Fig. 2c, d).

The variations of PFAS concentrations in sediment cores from
these two lakes are broadly similar, likely due to similar
atmospheric circulation and the influence of comparable source

regions. However, there are some notable differences between the
two lakes, such as a decline in PFAS levels observed in the PM
Lake after 2004, which contrasts with the increasing trend
observed in the QY Lake after 2000 (Fig. 2a, b). The source
regions of PFAS in the TP are generally considered to be
Southern and Eastern Asian countries23,43,44. This led us to
expect that PFAS concentrations in recent sediments from both
QY and PM Lake would increase. However, this expectation was
only observed in the sediment of QY Lake (Fig. 2a) and not in PM
Lake (Fig. 2b). These findings suggest that factors other than
PFAS emissions from industrial sources may also influence the
accumulation of PFAS in the proglacial lakes.

Accumulation of PFAS in sediment cores. Compared to the
concentration data, the deposition fluxes can reflect the accu-
mulation of pollutants in the sediment cores. Therefore, we cal-
culated the ∑11PFAS deposition fluxes from the two sediment
cores. The deposition flux of ∑11PFAS for the QY and the PM
lakes reached up to 402 and 865 ng m−2 y−1, respectively (Sup-
plementary Table 4). These values were similar to that reported
for lake sediment cores from the Lake Hazen in the High Arctic22

and deposition fluxes in the PM Lake were about twice than that
in the QY Lake. This raised the question why deposition fluxes of
PFAS in those remote areas displayed such large variability.
When compared to the Arctic, the TP is closer to the source areas,
such as south Asian countries45,46 and Eastern China41, thus, the
proximity to emission sources likely lead to their high PFAS

Fig. 1 Spatial distribution of sediment core sampling sites on the Tibetan Plateau. a Geographic location of the two studied proglacial lakes,
Qiangyong (QY) Lake and Pumoyong (PM) Lake, on the Tibetan Plateau. b Sampling site of the sediment core collected in QY Lake. c Same as b but for PM
Lake. The red stars mark the specific sediment core sampling sites. The elevation data on this map is derived from the Digital Elevation Model (DEM)
provided by the Geospatial Data Cloud site, Computer Network Information Center, Chinese Academy of Sciences (http://www.gscloud.cn).
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deposition fluxes. Due to the close positions and similar altitudes,
QY and PM lake basins are influenced by similar atmospheric
circulation; the difference is that the QY Lake (0.1 km2) is a small
lake directly supplied by glacial meltwater; while PM (290 km2) is
about 2900 times bigger than QY and before the glacial runoffs
enter the PM Lake, the glacial rivers pass ~300 km in total dis-
tance. The basin features of PM Lake are more complicated than
those for QY Lake - gain more wet deposition and have large area
of sediments (including both river and lake sediment).

In order to further clarify the reasons underling the difference
of deposition fluxes, data of PFAS deposition fluxes in the Tibetan
glaciers were gathered (Supplementary Table 4). The historical
record of PFAS in a glacier from the Mt. Zuoqiupu (also located
at the southeast TP)16 revealed the ∑11PFAS fluxes in snow core
was 114 to 358 ng m−2 y−1, which was lower than that in
sediment cores from PM Lake (Supplementary Table 4). Glaciers
receive PFAS contaminants solely from the atmosphere; thus,
lakes close to glaciers mainly receive PFAS from both atmo-
spheric deposition and meltwater input; while lakes located
relatively far from a glacier would receive PFAS via more
complicated processes, including atmospheric deposition, melt-
water input, and lake basin features which influence the
sequestration of PFAS around lake (i.e. organic carbon content

in lake sediments and contact area of water flow from glacier
terminal to lake patch).

The historical trends of the ∑11PFAS deposition fluxes and
fluxes of dominant PFAS are displayed in Fig. 2c, d. The pattern is
broadly similar to what was observed for the temporal trend of
PFAS concentrations (Fig. 2a, b). As for the PM Lake, the
deposition fluxes of the total PFAS and PFOS increased to the
early 2000s, and then decreased after about 2004 (Fig. 2d). In
order to clarify the difference between the temporal trend of
PFAS deposition fluxes in the QY and PM lakes, analyzing the
relationships between PFAS sedimentary deposition fluxes along-
side environmental factors will help to reveal the controlling
factors that influence the accumulation of PFAS in different lakes.

PFAS accumulation and the influence of sedimentary envir-
onment. Climate is closely related to the sedimentary environ-
ment of the lakes and Supplementary Fig. 2 illustrates how the
deposition fluxes of PFAS relate to climate and geochemical
indicators. In the case of the QY Lake, significant positive cor-
relations (r= 0.612, p < 0.01) were observed between PFAS flux
and temperature (Supplementary Fig. 2a), which indicates that
glacier meltwater is an important factor affecting PFAS

Fig. 2 Concentration and deposition flux of perfluoroalkyl substances (PFAS) in the two sediment cores. Concentration of perfluoroalkyl substances in
the sediment core collected from Qiangyong (QY) Lake (a) and Pumoyong (PM) Lake (b). Deposition flux of ∑11PFAS (except for PFBA and PFBS) and the
dominant compound (PFOA and PFOS) obtained from the sediment core of QY Lake (c) and PM Lake (d). The date (year) of each sediment core sample is
calculated based on 210Pb results using the Constant Rate of Supply (CRS) model, with detailed results listed in Supplementary Tables 14 and 15. Note: The
target PFAS congeners include perfluorobutanoic acid (PFBA), perfluoropentanoic acid (PFPeA), perfluorohexanoic acid (PFHxA), perfluoroheptanoic acid
(PFHpA), perfluorooctanoic acid (PFOA), perfluorononanoic acid (PFNA), perfluorodecanoic acid (PFDA), perfluoroundecanoic acid (PFUdA),
perfluorododecanoic acid (PFDoA) and perfluorotridecanoic acid (PFTrDA), perfluorobutane sulfonic acid (PFBS), perfluorohexane sulfonic acid (PFHxS)
and perfluorooctane sulfonic acid (PFOS).
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accumulation in the sediment of the QY Lake. A non-significant
correlation was present between PFAS flux of the QY Lake and
precipitation and total organic carbon (TOC) (Supplementary
Fig. 2b), suggesting that precipitation might play a minor role. In
contrast, the PFAS flux in PM Llake did not exhibit statistically
significant correlations with temperature (Supplementary Fig. 2g),
but instead showed positive correlations (r= 0.418, p < 0.05) with
precipitation (Supplementary Fig. 2h). These findings suggest that
warming does not directly increase the accumulation of PFAS in
PM Lake, while precipitation can have a great impact, particularly
given the large area of the lake (~290 km2).

The concentrations of Ti, IC (with main component of CaCO3)
and ratio of Rb/Sr in sediments are commonly used to indicate an
input of terrigenous detrital matter, which can reflect the extent of
runoff erosion in lake catchment23. In previous published studies,
Ti fluxes had been attributed as an indicator to represent the extent
of glacier melting23,43 – the higher the flux, the greater the melting
would be. As the QY Lake is mainly supplied by glacial meltwater
and the debris particles in the sediment core originated from
mantle supply in moraines and iron sand, the strong correlations
between PFAS flux and Ti flux (r= 0.562, p < 0.05, Supplementary
Fig. 2c), and between PFAS flux and IC (r= 0.463, p < 0.05,
Supplementary Fig. 2d) approved the close association of PFAS
accumulation and input of glacial meltwater in the QY Lake,
although that between PFAS flux and Rb/Sr ratios is not statistically
significant (Supplementary Fig. 2e).

With respect to the PM Lake, correlation efficient between
PFAS flux and IC was positive (r= 0.533, p < 0.05, Supplemen-
tary Fig. 2j), while correlation between PFAS flux and Ti Flux
(r= 0.105, p > 0.05, Supplementary Fig. 2i) was not statistically
significant, which likely suggests glacial meltwater is not the
dominant factor that controls the PFAS accumulation. The
correlation analysis (Supplementary Fig. 2a–l) unequivocally
establishes that the accumulation of contaminants is not solely
dictated by the source and climate (temperature and precipita-
tion), complex features of the basin (glacial runoff) should be
linked to the accumulation.

Quantitative estimation of the impact of climate on PFAS
accumulation. The method principal component analysis (PCA)
followed by multiple linear regression (MLR) has been applied in
quantitatively identifying contributions of various environmental
progresses to the accumulation of pollutants10,27. Based on the
algorithm of dimension-reduction and clustering, it facilitates to
obtain the principal components (PCs, representing dominant
processes).

As for the QY and PM lakes, PC1 was controlled by Ti flux and
IC, thus, it presents the influence of glacial meltwater; PC2 had a
large loading for PFAS concentration and TOC, which can be
attributed to the sequestration or storage capability of lake; PC3
was heavily weighted by precipitation (Supplementary Table 5).
With respect to the PM Lake, similar groups were also classified,
with the loading characteristics of Ti flux, TOC, and precipitation,
respectively (Supplementary Table 5).

MLR analysis was subsequently conducted with the factor
scores and derived the contribution coefficients (Bi) of each PC
(see Method section, Supplementary Table 6). In the sediment of
QY Lake, 49% of PFAS loading was attributed to glacier
meltwater, while TOC absorption was the second dominant
process at 39%, and precipitation deposition accounted for 12%
of the total contribution. In contrast, in the sediment of PM Lake,
glacier melting and TOC absorption contributed only 30% and
19% of PFAS loading, respectively, while precipitation deposition
was the dominant process, accounting for 51% of the total
contribution. It is interesting to note that the accumulation

mechanisms of PFAS in proglacial lakes can vary depending on
the location and basin features.

The individual contributions of each factor to PFAS deposition
fluxes of each lake are presented in Fig. 3. In the case of QY Lake,
the contribution of glacier melting water increased over time, while
lake TOC storage had a relatively constant influence and
precipitation deposition had limited effects (Fig. 3a). In the PM
Lake, the contribution of glacial melted water peaked in 1980s but
subsequently decreased to less than 200 ngm−2 y−1 (Fig. 3b). As
the TOC content continued increase in PM Lake sediment
(Supplementary Tables 7 and 8), which may produce more
partition media for PFAS in lake, the storage capacity increased
over time for hundreds of ng m−2 y−1 (Fig. 3b). Contribution of
precipitation to PM Lake is high but relatively stable after 1980s
(Fig. 3b); the reason for the decreased accumulation of PFAS in PM
Lake after 2000s can be attributed to that the increased storage
caused by increased TOC in lake (tens of ng m−2 y−1) cannot
complement the shortage caused by meltwater (~ 60 ngm−2 y−1).

As PM Lake is larger than QY Lake (290 km2 vs. 0.1 km2), it is
expected and reasonable that precipitation exhibits a strong
impact on the PFAS accumulation in PM Lake. However, the low
and decreased glacial melted water contribution in PM Lake is
likely the result of the geographical differences between QY and
PM Lake (whether proglacial rivers exist), and whether proglacial
river sediments can intercept the PFAS released from melted
glacier.

River interception effect for PFAS in the proglacial environ-
ment. We then modified the Quantitative Water Air Sediment
Interaction (QWASI) model by removing the entire air-water
interactions (details provided in the Method section) to simulate
the transport and fate of PFAS between water and sediment
phases of the proglacial rivers (runoff channels) situated in front
of PM Lake, with detailed data shown in Fig. 4.

The modeled concentrations of PFAS in each media were first
compared with the filed-measured values to verify the modified
QWASI model’s reliability. Our analysis revealed that the total
concentrations of PFAS modeled for water and sediment were
667 pg L−1 and 328 pg g−1, respectively (Fig. 4). These values
were comparable to the field-measured values for water
(679 pg L−1) and sediment (363 pg g−1), respectively. The
differences observed between the modeled and measured values
were less than 10% of the total concentration in each phase
(Supplementary Fig. 3). Therefore, the modified QWASI model
used in this study was deemed appropriate for assessing the
transport of PFAS in the glacial runoff system.

The transport flux analysis (Fig. 4) revealed that within the
proglacial environment, the predominant mechanism responsible
for PFAS transport into the remote basin is riverine input
(441 g y−1), while atmospheric deposition (9.9 g y−1) plays a
comparatively minor role. This finding is consistent with the
situation in populated areas where the water phase also serves as
the primary contributor (67.5%) of PFAS transport47. Notably,
although the riverine outflow carries 391 g y−1 of PFAS down-
stream (equivalent to 88.7% of the inflow), approximately
57.6 g y−1 of PFAS was buried in the riverine sediment, intercept-
ing about 13% of the total PFAS in the water phase (Fig. 4). This is
consistent with the findings for Hg in the Himalayan region48.

The amount of PFAS intercepted by the river sediment
(57.6 g y−1) accounted for about one-third of the accumulation
flux (172 g y−1) in the entire PM Lake sediment (~290 km2)
calculated by the sediment deposition rate. Thus, the interception
effect of river sediments in the proglacial environment cannot be
ignored, confirming our hypothesis that proglacial river sediments
act as important sinks that store PFAS before entering the lake.
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Given that the numerous glacial runoffs typically present
between glaciers and lakes on the TP49 and they have potential to
expand due to climate warming, the storage capacity of PFAS in
glacial runoff sediment will be greatly magnified and those PFAS
deposited in glacial runoff sediments likely biomagnified and
posed risks to benthnic phytoplankton taxa (i.e. diatoms,

cryptophytes, and chrysophytes, etc.)50,51, zooplankton taxa (i.e.
crustaceans, rotiferans, copepods and nauplii, etc.)52,53 and
microbial communities54 in the proglacial ecosystem. Thus,
the sequestration of PFAS in glacial environments, including both
glacial river sediments and lake sediments, warrants further close
attention.

Fig. 3 Contribution of different principal components (PCs) to perfluoroalkyl substances (PFAS) deposition fluxes in the two proglacial lakes.
a Contribution of glacial meltwater (PC1), lake sediment sequestration (PC2) and precipitation (PC3) to the PFAS deposition fluxes obtained in sediment
core from Qiangyong (QY) Lake. b Same as a but for Pumoyong (PM) Lake. The different PCs are identified by the principal component analysis, with
results listed in Supplementary Table 5.

Fig. 4 Transport flux of perfluoroalkyl substances (PFAS) between air, water, and sediment in the proglacial rivers in front of Pumoyong lake.
T represents the transfer flux and the subscript refers to the specific transport process. The red and blue arrows represent the input and output processes,
respectively.
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Conclusions
This study confirms that the major input processes for PFAS
accumulation in remote mountainous lakes are transport of
melting runoffs and precipitation depositions; both runoff sedi-
ments and lake sediments are dominant sinks in lake basin. As
glacial runoff increases with climate warming, PFAS deposited in
river sediments may increase. PFAS will be subject to biotic and
abiotic transformation, creating secondary and tertiary impacts
throughout the hydrologic systems of lake basin, posing adverse
risks to benthic organisms and creating cascading vulnerabilities
to high-elevation aquatic ecosystems. As the cryosphere collapses
under climate change, impacts of biogeochemical hazards remo-
bilized from the thawing cryosphere require urgent estimation.

Methods
Study area. The study area focused on the lake basins of QY and
PM in the southern TP (Fig. 1), with characteristics detailed in
Supplementary Table 9. Climate data, including the annual
average temperature and precipitation from a meteorological
station close to the two lake basins, was collected and results are
shown in Supplementary Fig. 4. The temperature shows an
increasing trend, while the precipitation levels display a slight
decline, which indicates that climate in both basins is warm and
dry23,43.

The QY Lake (~0.1 km2) is a semi-enclosed proglacial lake
located between the Himalayan ranges and the Yarlung Zangbo
River in the southern TP, where the climate is dominated by the
Indian monsoon in summer and the westerlies in winter55. The
distance between the lake and the terminus of QY glacier is no
more than 1 km (Fig. 1), and the hydrological budget of the lake is
directly influenced by the intensity of glacier melting, especially in
summer, when glacial meltwater is the main water supply26. The
hydrological transport characteristics of the QY Lake resemble
those of the North and South Polar regions, where PFAS are
released into the ocean after release from the glacier19.

The PM Lake (~290 km2) is a fresh water lake located in the
southern of the TP, where the climate is similar to that of the QY
Lake. However, the hydrological budget of the PM Lake is more
complicated, as it is dominated by >20 major runoffs from the
glaciers (with total length about 300 km, Fig. 1) and precipitation
deposition56. The hydrological transport characteristics of the PM
Lake are representative of mountainous glacier regions, char-
acterized by the braided rivers flowing between the glacier and the
downstream lake57.

Sample collection. In August 2014, we collected two intact
sediment cores in the center of the QY Lake (water depth of
18.5 m) and the PM Lake (water depth of 58 m) (Fig. 1), with core
depth of 12.5 cm and 10 cm, respectively. The sediment cores
were collected using a 9 cm diameter gravity sampler and cut into
0.5 cm per layer along its length, using a stainless-steel cutter in
the field. The 0–1 cm sample of the QY core was not quantified
for PFAS due to insufficient sample weight (<2 g dry weight),
resulting in 23 samples for the QY core and 20 samples for the
PM core (Supplementary Tables 1,2). Each sample was lyophi-
lized, ground and stored at −20 °C until analysis. Dry and wet
weight, water content, density, porosity, inorganic carbon (IC)
and TOC were determined for all samples of the two sediment
cores, as seen in Supplementary Tables 7,8. The concentration of
trace metals (i.e. Hg, black carbon and Ti) in these two sediment
cores was previously reported23,43.

PFAS extraction and analysis. PFAS in sediment were extracted
using methanol, with minor modifications22. In brief, approxi-
mately 2 g dried sediment core sample spiked with 2000 pg of

recovery standard mix (Supplementary Table 10) was weighed
into a 50 mL polypropylene centrifuge tube. Following the addi-
tion of 10 mL of methanol, the sample was shaken for two
minutes to mix evenly, sonicated at 60 °C for 30 min and cen-
trifuged at 6000 rpm for 15 mins. The supernatant was then
transferred to another tube. This process was performed in tri-
plicate. The supernatants were then combined (about 30 mL) and
concentrated to 1−2 mL using nitrogen gas, and then diluted with
50 mL of milli-Q water. The dilution was then loaded onto a
preconditioned Waters Oasis WAX cartridge (150 mg, 6 cm3), as
reported previously18.

PFAS analysis was conducted using a DGLC-HPLC (UltiMa-
teTM 3000, ThermoFisher Scientific, USA) and a triple quadru-
pole mass spectrometer (TSQ Quantiva, ThermoFisher Scientific,
USA), as reported previously58,59 and described in Supplemen-
tary Note 1. Quantification was performed using response factors
calculated and applied to a 7-point calibration curve, ranging
from 0 to 20 ppb for individual analytes. The target analytes,
including C4–C13 perfluorocarboxylic acids (PFCAs) and C4, C6
and C8 perfluoroalkanesulfonic acids (PFSAs), are listed in
Supplementary Table 11.

Quality assurance and controls. All analytical procedures were
monitored using strict quality assurance/control measures.
Experimental blanks were conducted for each batch of 10 samples
(n= 5), to check for possible laboratory contamination, and
results are given in Supplementary Table 12. The limit of detec-
tion (LOD) was determined at the signal-to-noise (S/N) ratio of 3
for each compound, which ranged from 2.0 to 15.0 pg g−1 dw,
and displayed in Supplementary Table 12. Mean recoveries in this
study ranged between 42% and 70% for the recovery mix (Sup-
plementary Table 13). All results were recovery corrected.

Sediment core dating and flux calculation. The date and sedi-
mentation rates were calculated based on 210Pb results using the
Constant Rate of Supply (CRS) model60, and the peak of 137Cs
was used as the time mark for comparison. The activities of 210Pb,
137Cs and 226Ra in sediment cores were determined by a high-
purity germanium detector (OTEC GWL), and excess 210Pb
(210Pbexc) was obtained by subtracting 226Ra from 210Pb. The
absolute efficiency of the detector was tested using sediment
samples of known activity and calibration sources. The 137Cs
activity versus depth in sediment cores from the QY Lake and the
PM Lake peaked at 12–12.5 cm and 9–9.5 cm (Supplementary
Figs. 5,6), respectively, which recorded the maximum 1963 fallout
from the atmospheric testing of nuclear weapons61. On the other
hand, 210Pbexc calculation of the CRS model estimates the year at
12.5 cm to be 1958 in the sediment core from the QY Lake, and
placed 1958 at 10.0 cm of the PM Lake sediment core (Supple-
mentary Tables 14 and 15). The 137Cs and CRS results of sedi-
ment cores were seen to have good consistency, which indicates
that the chronological sequence is relatively accurate (Supple-
mentary Figs. 5, 6). As a result, due to the absence of the surface
two layers (0–1 cm), the QY core represents data spanning from
1958 to 2009, while the PM core includes data ranging from 1958
to 2013 (close to the sampling time of 2014). This provided us
with the opportunity to compare the PFAS accumulation of the
TP in different climate patterns (dry vs. wet), over half a century
(from 1958 to 2013).

The sedimentary fluxes were calculated using the following
equations:

Fsed ¼ Csed ´Rsed ´ 10 ð1Þ
where Fsed (ng m−2 y−1) is the sedimentary fluxes of PFAS; Csed
(pg g−1 dw) is the concentration of PFAS in sediment cores; Rsed
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(g cm−2 y−1) is the sedimentary rate. The sediment rates were
presented in Supplementary Tables 14, 15.

Principal component and multiple linear regression analysis.
Principal component analysis combined with multiple linear
regression analysis (PCA-MLR) was used to apportion different
sources of organic pollutants in the environment10,27. PCA is
based on varimax rotation and retain principal components (PCs)
whose eigenvalues were the top three, the purpose of which is to
sort out the major factors that influence the levels of con-
taminants (Supplementary Fig. 7). The goal of MLR was to
quantify the contribution of the different PCs. In brief, factor
scores of each PCs obtained from the PCA were regressed against
the standard normalized deviate (Z-score)24 and used as inde-
pendent variables.

Z ¼ ðX � μÞ=σ ð2Þ
where Z is the Z-score, X is the data point, μ is the mean of the
dataset, and σ is the standard deviation of the dataset.

The MLR was run with the chemical fluxes/concentrations
(using PFAS fluxes of sediment cores in this study) as the
dependent variables, the details of which can be found in
previously published research62. The mean percent contribution
of each major factor was calculated based on the coefficients (Bi)
of the factor scores (determined with a stipulated minimum 95%
confidence limit):

Ri ¼
Bi

∑n
1Bn

� �
´ 100% ð3Þ

where Ri (%) is the average contribution of the major factor i, Bi
is the normalization factor of the major factor i.

The contribution of each factor i to the PFAS fluxes in each
sediment samples (presented different year) involves four main
steps, with workflow of calculation shown in Supplementary
Fig. 8.

Step 1: Conducted a PCA analysis of selected parameters to
obtain PC1, PC2 and PC3, and define the meaning of each PC.

Step 2: Obtain the factor score of each PCs for every sample
(dated for different year).

Step 3: Perform a Multiple linear regression (MLR) analysis
with the factor scores of PC1, PC2 and PC3 as independent
variable and ∑11PFAS flux as the dependent variable to calculate
the coefficients (Bi) for each PC.

Step 4: Utilize the obtained values in the following equations to
derive the results:

Fi ¼ mean Fsed ´
Bi

Bi

� �
þ BiσFsedFSi ð4Þ

where Fi (ng m
−2 y−1) refers to the contribution of major factor i

to PFAS deposition flux in the sediment core, mean Fsed denotes
the average value of PFAS deposition flux in the sediment core,
σFsed (ng m−2 y−1) is the standard deviation of PFAS deposition
flux, and FSi represents the factor score of major factor i.

Model development and multimedia modeling. To investigate
the transport fate of PFAS in the glacial rivers, a modified
Quantitative Water Air Sediment Interaction (QWASI) model
was used with local parameters47,63,64. The concentrations of all
target PFAS in water and sediment and their migration fluxes
between these two phrases are simulated. Briefly, the modified
QWASI model is based on mass conservation (assuming the
water and sediment is well-mixed) by means of defining a series
of Z values (aquivalent capacity, dimensionless) and D values
(transfer parameters, m3 h−1), using “aquivalence” (A, mol m−3)
as the equilibrium criterion to establish a mass balance equation

for the water and sediment phases under state conditions. Of
note, the aquivalence capacity in water (ZW) is defined as “1” and
A (mol m−3) values represent the aquivalence values which could
be converted to the phase concentrations (C, pg L−1 in water or
pg g−1 in sediment). The mass conservation equations in the
modified QWASI are presented below:

Water phase equation:

Twater in þ Tatmospheric deposition þ Tresuspension þ Tsediment to water ¼
Tparticulate deposition þ Twater to sediment þ Twater out þ Twater degredation

ð5Þ
ðin detailÞEw þ EA þ ES ´ DR þ DSW

� � ¼ AW ´ DD þ DWS þ DO þ DWU

� �
ð6Þ

Sediment phase equation:

Tparticulate deposition þ Twater to sediment ¼ Tresuspension þ Tsediment to water

þTsediment burial þ Tsediment degredation

ð7Þ
ðin detailÞAw ´ DD þ DWS

� � ¼ AS ´ DR þ DSW þ DB þ DSU

� �
ð8Þ

where T represents the transfer process, and the subscript refers
to the name of the specific process. W refers to water, S refers to
Sediment. EW and EA are the “input” into the water (g y−1) and
the atmospheric deposition (g y−1), respectively, which is
calculated by the corresponding mass flux and concentrations.
D (m3 h−1) is the transfer parameter, DR is the sediment
resuspension, DSW is the sediment-water diffusion, DD is the
suspended particles deposition, DWS is the water-sediment
diffusion, DO is the water outflow, DWU is the degradation of
PFAS in water, DB is the sediment burial, DSU is the degradation
of PFAS in sediment. The calculations and parameters for
determining the parameter values are described in Supplementary
Tables 16 and 17.

The model incorporates 24 parameters that comprise environ-
mental, physical, chemical, and kinetic factors, which have been
obtained from a variety of sources such as literature reviews,
laboratory experiments, and calculations. Each parameter, along
with its symbol, description, value, and source, is listed in
Supplementary Tables 18 and 19. The model’s sensitivity was
evaluated using the method outlined in Supplementary Note 2
and depicted in Supplementary Fig. 9.

Data availability
All data used to generate charts and graphs are available in the supplementary
information of this paper, also published in the National Tibetan Plateau/Third Pole
Environment Data Center (https://doi.org/10.11888/Cryos.tpdc.300893), and available
on request to the corresponding author.
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