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Abstract

The Tibetan Plateau (TP) has encountered rapid warming, with more than 50% of lakes
expanding and 80% of glaciers retreating. Melting glaciers are known as a secondary source of
pollutants, but the dynamics and release features of water-soluble emerging chemicals have not
been studied in the TP. Glacial ice and snow, meltwater runoff, rain, and lake water were
collected in Nam Co basin, in the central TP. The total concentrations of perfluoroalkyl acids
(PFAAs) were 1413 pg L™! for glacial ice, followed by 1277 pg L™! for meltwater runoff, 980
pg L™ for lake water, and 616 pg L™! for rain. Perfluorobutanoic acid (PFBA) is dominant in
runoff and glacial ice, while lake water contained high proportions of perfluorobutane sulfonate
(PFBS) and perfluorooctane sulfonate (PFOS). During the melting season, meltwater runoff
generally had greater PFAAs concentrations, and the PFAAs release fluxes were strongly
related to the glacial melt intensity. Due to the direct input of PFAAs by melted glaciers, south
shore of Lake Nam Co contained higher PFAAs concentrations. The estimated input fluxes of
PFAAs to the lake by rain, glacial and non-glacial runoff were 1425 mg day 2, 1342 mg day !
and 2192 mg day?, respectively. Taken together, these evidences suggest that melting glaciers
are sources of PFAAs, while the lake is the receptor. Given the continuity of glacial melt and
high concentrations of water-soluble emerging pollutants in glacier, the melting process will

increase the risks of emerging pollutants to freshwater sources, and should be of great concern.

Key Points:

e The PFASs release by glaciers has become a secondary source of PFASs in Lake Nam
Co in the central Tibetan Plateau.

e PFAA transport dynamics in glacial runoff is related to the chain length of PFAAs and
the melting process of ice and snow.

e _Glacial meltwater, non-glacial runoff and precipitation account for 28.7%, 44.2% and
27.1%, respectively, of the total annual PFAAs input in Lake Nam Co.

© 2019 American Geophysical Union. All rights reserved.



1. Introduction

The cryosphere is a critical component of the global water and chemical cycles (Barbante et
al., 2017; Grannas et al., 2013; Miner et al., 2017). Snow and ice are an active land surfaces
upon which chemical reactions, transportation and transformations may occur (Hodgkins &
Tranter, 1998; Motoyama et al., 2001). As snow is an efficient scavenger of atmospheric
pollutants, the cryosphere is an important contaminant reservoir for various kinds of pollutants
(Grannas.et al., 2013). Given the Earth’s solid water (cryosphere) is mainly located in the Arctic,
Antarctic, and on the Tibetan Plateau (TP), contamination of ice and snow in these regions has
raised considerable attention (Geisz et al., 2008; Hallanger et al., 2011; Koziol et al., 2017;
Kwok et al., 2013; Maclnnis et al., 2017; Wang et al., 2014; Wang et al., 2008a; Wang et al.,
2008Db).

The “Arctic Paradox” refers to the traditionally considered pristine Arctic in fact being under
serious threat from pollutants, especially those chemicals [persistent organic pollutants (POPs)
and mercury] that can undergo long-range atmospheric transport (Gabrielsen, 2005). To date,
POPs have been widely found in Arctic snow and ice. For example, ice cores from Svalbard
(Norwegian Arctic) are useful archives of the history of POPs (Miner et al., 2017), for either
legacy and currently used pesticides (Ruggirello et al., 2010) or emerging flame-retardant
compounds (Hermanson et al., 2010). Like the Arctic, the ice/snow of the Antarctic and the TP
has also been contaminated by POPs (Khairy et al., 2016;Wang et al., 2008a; Wang et al.,
2008b); and specifically concerning the latter, the close proximity of Tibetan glaciers to the
Indian subcontinent means that legacy pesticides such as DDTs and HCHs are commonly found

PQOPs in Tibetan glaciers (Wang et al., 2007; Wang et al., 2008a; Wang et al., 2008b).

Although incorporation into the snowpack and ice creates temporary reservoirs of POPs,
meltwater from glaciers can not only transport fresh water, but also contaminants. Melting
mountain glaciers have become a local secondary source of POPs (Bogdal et al., 2009; Miner

et al., 2019; Villa et al., 2006). Modeling results have revealed a significant loss of POPs via
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re-volatilization when the Arctic’s sea-ice melts (Friedman & Selin, 2016; Ma et al., 2011).
Due to climate warming, POPs can be released into lakes and even accumulate in lake
sediments (Bettinetti et al., 2011; Bogdal et al., 2009; Cheng et al., 2014; Schmid et al., 2011).
Taking legacy chemicals such as PCBs and DDTs into account, their accumulation trends in
sediment cores from proglacial lakes or glacier-fed lakes show a wide peak or two peaks
covering the period from their ban to the most recent decade (Bettinetti et al., 2011; Bogdal et
al., 2009). Such findings support the hypothesis of the release of POPs from melting alpine

glaciers.

To date, many researchers have presented evidence regarding the release of POPs from melting
glaciers; however, their works have focused mainly on legacy POPs with poor water solubility.
To the best of our knowledge, there has only been one study on the inputs of hydrophilic
perfluoroalkyl substances (PFASs) into rivers owing to melting Arctic glaciers (Kwok et al.,
2013). In fact, contaminants in the Arctic derive mainly from European countries and North
America, but in the meantime the manufacturing of PFASs has shifted from western countries
to Asian countries (Hogue, 2012), and from longer-chain chemicals (C8 and above) to shorter
chain ones (C4) (Hogue, 2012). Therefore, Asian glaciers are exposing the enhanced presence
of PFASs.. As compared with concentration of shorter chain (C4) perfluorobutanoic acid
(PFBA) in Arctic (1000pg L") and Antarctic snow (1112pg L") (Cai et al., 2012a; Cai et al.,
2012b), high concentrations (2569 pg L) of PFBA were found in fresh snow and ice cores
from the remote TP, highlighting the contribution of long-range atmospheric transport and the
accumulation of PFASs in the mid-latitude cryosphere (Wang et al., 2014). Tibetan glaciers are
retreating owing to their vulnerability to global warming, meaning there is an urgent need to

investigate the processes through which PFASs are released from Tibetan glaciers.

In the present study, samples from various environmental media, including glacial snow/ice,
glacial runoft, non-glacial runoff, precipitation, and lake water were collected in Nam Co basin.

The aims of the study were to: 1) obtain the concentrations of perfluoroalkyl acids (PFAAs) in

© 2019 American Geophysical Union. All rights reserved.



Nam Co basin; ii) test if glaciers are a secondary source of PFAAs in remote-area lakes under
the impact of climate warming; iii) understand the transport dynamics of PFAAs via the runoff
of melting glaciers; and iv) estimate the mass of PFAA input into remote lakes. This work will
provide new insights into the impact of global warming on the cycling of emerging pollutants.

2. Materials and methods

2.1 Description of study area

Nam Co basin (29°56-31°70'N, 89°21'-91°23'E) is located north of Gangdise-
Nyaingéntanglha Mountain in the central part of the TP and has a total area of about 10610 km?
(Figure 1). Dominated by the Indian monsoon in summer and westerlies in winter, Nam Co
basin has a cold and arid alpine climate with a mean annual air temperature of about —0.54°C
and annual precipitation of about 295-550 mm (Gao et al., 2017). Meanwhile, the regional
climate of Nam Co basin has strong seasonal characteristics of both temperature and
precipitation. The geomorphology of the basin comprises rivers, lakes, permafrost, wetland
(about 4700m), glaciers (about 5200m-7150m), alpine grassland and alpine meadow (about
4700m near the lake to 5200m). Lake Nam Co (30°30-30°56'N, 90°16'-90°01'E, 4718m), the
second largest lake on the TP, is a closed, semi-brackish lake with a total area of 2017 km?
(Figure 1) and the maximum depth more than 90 m (Zhou et al., 2013). The Nam Co
Monitoring and Research Station for Multi-sphere Interactions (NCMORS), operated by the
Chinese Academy of Sciences, is located near the southeastern shore (Figure 1).

A large number of glaciers are located in this basin, and most of them are distributed in the
Nyaingéntanglha Mountain Range (south of the basin). Remote sensing studies show that there
are 305 glaciers in Nam Co basin, covering an area of 198.1 + 5.6 km? (Bolch et al., 2010). As
glacier mass balance is the result of a combined effects of climatic factors such as moisture and
air temperatures, glaciers are sensitive to climate change (Oerlemans & Fortuin, 1992).
Previous study shows that glaciers in south of the basin decreased by 19.76 + 3.78% during the
period 1999-2015 under global warming (Ji et al., 2018). Meltwater from glaciers feeds Lake

Nam Co through runoff and accounts for 7-22% of the total water input into the lake.
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Meanwhile, pollutants stored in glaciers will be released and transferred to via glacial runoff
into the lake’s waters (Sun et al., 2017). In addition, precipitation and non-glacial meltwater
are the mainly water supplies of the lake, accounting for about 27% and 36% of the total annual
water input, which are also important ways for pollutants especially the water-soluble

pollutants to enter the lake.

2.2 Sample collection

Ice and snow samples were collected from Zhadang (ZD) glacier (1.9 km?, 5518-6042 m)
during 2017 (Figure 1). Four snow pits (ZD1-ZD4, Figure 1) were dug from 5578 m to 5778
m. Given the sampling was conducted in early May, when the melting had not yet started, and
at high elevation (5500-5700 m), where it was cold, the snow pit samples represented winter
and spring precipitation accumulation. An obvious brown belt of dust grains was found at the
bottom of snow pit ZD4 (50 cm deep, Figure S1), suggesting a strong dust storm had occurred.
In the middle and top layers of the snow pits, firn and fresh snow were observed. In total, nine
samples including fresh snow, firn snow, and dusty-layer snow were collected. Further details
on the snow pits can be found in Text S1, Figure S1 and Table S1. Under the base of snow pit
7ZD4, the snow had changed to ice, indicating melting might have happened. This ice sample
covered by deep snow was also collected; two other surface ice samples that were exposed to
air were collected in August and October, respectively. All ice and snow samples were collected
with a stainless-steel shovel, which had been cleaned before sampling, and were then stored in
sterile polyethylene sampling bags. Meanwhile, precipitation samples in the form of rain were

collected at NCMORS from July to September in 2017.

To investigate the PFA As released from glaciers into Lake Nam Co via glacial meltwater runoff,
water samples were collected from Qugaqie River (QR; length: 15.4 km; average channel bed
slope: N 0.04), a glacial meltwater runoff river that drains into Lake Nam Co. Grab-water was
collected along QR, from the glacier terminus (site A, Figure 1) to downstream (sites B and C,
Figure 1) in August and October 2017, respectively. Given sites B and C represent the locations

of two discharge gauges in the midstream section (site B, 5364 m) and downstream section
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(site C, 4780 m) of QR, the temporal variation of chemical concentrations at sites B and C can
indicate the transport of chemicals over time. Diurnal variations of runoff were investigated
(Figure S2) and consecutive samples were collected every two hours from 08:00 to 20:00 at
both site B and site C in August and October, respectively. On the south side of Lake Nam Co,
there are around 12 major flows of glacial runoff; eight samples from these glacial runoff waters
were collected, and other rivers located in the west, north and east parts of Lake Nam Co (eight
non-glacial runoff samples in total) were also collected, for addressing the relative contribution

of glacial versus non-glacial loads of PFAAs into the lake.

In order to attain a comprehensive understanding of the PFAA levels in Lake Nam Co, 14 sites
(L1-L14) across the lake were selected to determine the spatial distribution of PFAAs (Figure
1); additionally, water samples were collected at a site close to NCMORS (Figure 1) about
every 15 days from late July to the end of September 2017 to study the temporal variations of
PFASs in the lake. All water samples were taken using 2.5-L polypropylene (PE) bottles rinsed
three times with lake or river water. All samples were stored at a cold temperature (~4°C), in
darkness, until analysis. Details regarding the sampling period, lake water properties, river
water properties, and hydrological information are provided in Table S2 and Table S3. Table 1

lists some statistical information and the mean concentrations of all samples.

2.3 Chemical Extraction and Analysis

Snow and ice samples were melted in darkness in the lab, and then transferred to clean PE
bottles. All samples were filtered through glass fiber filters (0.7 um, Whatman), and then
filtered samples were subjected to solid phase extraction (SPE) using Waters Oasis WAX
cartridges (150 mg, 6 cm>, 30 mm), as described in (Wang et al., 2014). Prior to extraction, the
samples were spiked with 2000 pg of recovery standard mix (Table S4). After preconditioning
with 5 mL MeOH and 5 mL distilled Milli-Q water, the SPE cartridge was loaded with the
water sample (2 L) and eluted at ~1-2 drops per second, after which each cartridge was washed
with 0.1% acetic acid and dried for 20 min under vacuum. The cartridges and filters were then

wrapped in Al-foil and sealed into airtight containers and stored at —20°C until extraction.
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Before elution, each cartridge was air-dried for 30 min under vacuum. For this operation, an
additional WAX cartridge was connected to the top of the sample cartridge to ensure that the
air stream was free of PFAAs. Analytes were eluted from the WAX cartridges using 10 mL
MeOH with 0.1% ammonium hydroxide, and then the extracts were concentrated to 200 pL by
nitrogen and spiked with 20 ng of injection-standard 2H-perfluoro-[1,2-'2C,]-2-decenoic acid

(8:2FTUCA) (50 pL of a 0.4 pg mL ™! solution, Table S4).

The analysis of PFAAs was conducted using a UltiMate™ 3000 DGLC-HPLC (ThermoFisher
Scientific, USA) and a TSQ Quantiva triple quadrupole mass spectrometer (ThermoFisher
Scientific, USA). The sample (10 puL) was injected onto an Acclaim 120 C18 column (5 pm,
100 A, 150 mm x 4.6 mm, ThermoFisher Scientific, USA). 10 mM of ammoniom acetate (pH
4, A) and acetonitrile (B) were used as the mobile phases. The flow rate was set at 1 mL min'.
The mobile phase gradient condition started at 10% B, held constant for 1.5 min, increased to
95% by 4 min, held constant until 8 min, returned to the initial condition by 8.5 min, and then
balanced for 1.5 min. The mass spectrometer (MS) was operated in the negative ion ESI-
MS/MS using the multiple reaction monitoring mode. The MS-related parameters were set as
follows: sheath gas, 40 units; aux gas, 12 units; source voltage, 2500 V; vaporizer temperature,
350 °C; capillary temperature, 400 °C; and scan time, 0.01 s. Quantification was performed
using response factors calculated and applied to a 7-point calibration curve ranging from 0 to
20 ppb for individual analytes. Target analytes included the C4—C13 perfluoro-carboxylic acids
(PECAs) and C4-C8 perfluoro-sulfonic acids (PFSAs). A full list of analytes is provided in

Table S5.

2.4 Quality Assurance and Controls (QA/QC)

All analytical procedures were monitored using strict quality assurance/control measures. In
order to reduce the pollution of the experiment itself, contact with the vessel and fluorine
material during the experimental and analysis processes was avoided. Three field blanks and
five laboratory procedural blanks were set. When the signal-to-noise ratio (S/N) was < 3, target

compounds were classified as not found (NF). The contaminants detected in field blanks and
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procedural blanks can be seen in Table S6, all of which were at very low concentrations (0.07—
14.3 pg Lt and 0.03-2.2 pg L2 for field blanks and procedural blanks, respectively). The limit
of detection (LOD) was defined as three times the standard deviation of the average blank. If
chemicals were classified as NF in the blanks, the LOD was calculated as an S/N ratio of 10.
The LOD of target chemicals was evaluated for each sample, the results of which are listed in
Table S7. The LOD range of all targets varied from 0.3 pg L™* to 16.6 pg L™, which was similar
to that reported in previous work (Wang et al., 2014). The blank test indicated that field
sampling did not result in contamination of the samples. Recoveries ranged between 35% and

80% for the recovery mix (Table S7). All results were recovery corrected.

2.5 Mass loading estimation
The flux and total annual mass loadings of PFAAs that transported from runoff to the lake were

calculated using the following equations:

flux =C,, X Q (D)
Lyater = Cyw X Vs ()

Where, flux is the PFASs flux transported by runoff with the units of (mg/day); C,, is the
concentration of PFASs in water in units of pg L™; Q is the water flow rate of rivers with the
units of m s71; I, 4t is the annual mass loading of a chemical in water (dissolved phase) in

units of kg y''; V; is the annual supply water to the Lake Nam Co with the units of m® y,

Results and Discussion

3.1 PFAAsS in snow, ice and rain

Snow (fresh snow, firn snow and dusty snow) and ice samples were collected to detect the
occurrence of PFAAs in ZD glacier. Thirteen target analytes were determined in snow and ice
samples, and the full data on the PFAA concentrations measured are given in Table S8. The
quantified PFAAs were C4, C6 and C8 PFSAs, and C4-C13 PFCAs. The average

concentrations of YPFAAS in snow and ice were 1423 pg L™* (910.0-2614 pg L) and 1382
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pg L (943.3-1647 pg L), respectively. The snow Y. PFAAS concentration level in this study
is lower than that previously reported for surface snow of Lake Nam Co (1875-4236 pg L ™)
(Wang et al., 2014). However, the concentration of 2. PFAAS in ice measured is higher than that
reported for a TP ice core (Wang et al., 2014). The >.PFAAs for snow and ice found in the
present research were also compared with those observed in polar and remote regions, as shown
in Table 2. The concentrations of 2PFAAS in snow for ZD glacier are similar to those reported
for the Fildes Peninsula (King George Island of Antarctica, 1129-2491 pg L%, Table 2) and the
Devon Island icecap (High Arctic, 472-2195 pg L%, Table 2) (Cai et al., 2012a; Maclnnis et
al., 2017), but higher than those of the glaciers around Ny-Alesund in north of Norway (Arctic,
330-692 pg L1, Table 2) (Xie et al., 2015). The YPFAAs concentration in surface ice is similar
to that found in a study based on sea ice cores from the North Pacific to the Arctic Ocean (Cai
et al., 2012b), but higher than that found for the Melville Ice Cap of the Canadian Arctic (Young

et al., 2007) (Table 2).

Shorter-chain PFAAs (less than or equal toC7) accounted for a large proportion in both snow
and ice samples. The compositional profiles of individual PFAAs in snow showed a trend as
follows: PFBA > PFBS > PFPeA =~ PFOA =~ PFHpA = PFNA; while in the ice samples the trend
was: PFBA > PFOA > PFNA > PFPeA =~ PFDA = PFHpA. PFBA was the dominant substance
in both snow and surface ice, contributing 39% and 37% on average, respectively. Compared
to shorter-chain PFAAs, longer-chain (C11-C13) PFAA concentrations were relatively lower,
ranging from a few to tens of pg L™1. This phenomenon may be related to the shift in the
manufacturing of PFASs from longer-chain chemicals (C8 and above) to shorter-chain ones
(C4) (Butt et al., 2010). Such results are similar to previous studies on PFAS in snow/ice of
polar regions and remote areas (Casal et al., 2017; Kwok et al., 2013; Maclnnis et al., 2017;
Wang et al., 2014), indicating that the contamination of snow in remote regions by PFASs is

ubiquitous, and PFBA is in dominance.

As precipitation is one of the most effective scavengers for the removal of particulates and
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atmospheric pollutants (Barton et al., 2007), apart from snow (from October to May) rain water
during the monsoon season (August and September) was also collected. Concentrations of
PFASs have been measured previously in precipitation samples from North America (Loewen
et al., 2005), China (Zhao et al., 2013), and Germany (Dreyer et al., 2010). The highest PFOS
concentrations (up to 113 ng L") were reported in rain samples from Dalian (Liu et al., 2009),
China. As compared with concentrations of PFAAs in rain over urban regions (in units of ng
L"), the PFAA concentrations in rain over Nam Co were two to three orders of magnitude
lower (within the range of tens to thousands of pg L™!). The detailed information about PFAAs

concentrations in rain samples is given in Table S8.

3.2 Possible sources of PFAAs in precipitation

Long-range atmospheric transport (LRAT) is researched to be the main source of PFAAs in the
TP (Wang et al., 2019; Wang et al., 2014). As PFAAs have high water solubility, precipitation
is the main form of deposition for PFA As. Figure S3 shows the PFAAs composition profiles of
precipitation, which includes snow (winter, from October to May) and rain collected during the
monsoon season (August and September) in Nam Co basin. Clearly, the PFAAs chemical
compositions in each snow layers were similar, but differed to those monitored for rain (Figure
S3). Previous study indicated that no temperature-related or wind direction—connected trend
was observed for PFASs in rain from urban regions (Kwok et al., 2010), but the variation in
PFAS compositional profiles found for different precipitation events has been shown to be
strongly source-related (e.g. traffic conditions or industrial activity) (Zhu et al., 2015). As the
climate of Nam Co is influenced by westerly winds in winter and the Indian monsoon in
summer, the differences in the compositional profiles of PFAAs may provide an indication of

the emissions characteristics of different source regions.

Table S9 summarizes the average proportions of each PFAA in different seasons. PFHxA,
PFHpA, PFHxS, PFOS, and PFTrDA were similarly proportioned in the two seasons, while

distinct differences were found for other chemicals (Table S9). For the shorter-chain PFASs

© 2019 American Geophysical Union. All rights reserved.



(PFBA, PFBS), the winter season showed enhanced proportions (t-test, P < 0.05, Table S9),
whereas the summer season showed greater percentages of the longer-chain PFASs (PFOA,
PFNA, PFDA etc., Table S9). Back-trajectories for precipitation events and the winter season
are presented in Figure S4. The link between trajectories and the proportions of chemicals
indicates that the dominance of PFBA and PFBS is likely caused by air masses from local
regions, northwestern India/Nepal, and even Pakistan and central Asia; whereas, the richness
of longer-chain PFASs may be due to transport from the south and east coasts of India and even
some regions of Bangladesh and Myanmar (Figure S4). The ice sample collected in August
displayed similar compositional patterns as the rain samples (Figure S3), showing relatively
larger proportions of longer-chain PFA As. This similarity suggests that precipitation in August

(either snow or rain) reflect the feature of up-wind emission sources.

3.3 Variation of PFAAs in snow pits and ice

High PFAA concentrations in snow samples provides evidence that the snowpack acts as a
reservoir of PFAAs. In this study, fresh snow, firn snow and dusty snow samples (from top to
bottom) in snow pits were analyzed to study the potential change in PFAAs after their
deposition in snow. The average concentrations and compositional profiles of PFAAs in
different snow layers are shown in Figures 2a and b. The average concentrations of PFAAs
increased with increasing depth, with snow in the dusty layer having the highest concentration
(~1900 pg L™1). However, the congener profiles of fresh snow, firn snow and dusty snow were
similar, indicating the PFAAs in these snow layers might have been from the same source
(Figure 2b). The composition showed PFBA (accounting for 38%—40% of all PFAAs) was the
main component, followed by PFPeA (8%-21%), PFBS (9%—-16%) and PFOA (6%-13%). As
mentioned above, the snow pit samples represented winter/spring precipitation. During that
time, the atmospheric circulation pattern of Nam Co is controlled by westerly winds, which
flow over northern India and central Asia countries (Figure S4). Thus, the congener profile in
Figure 2 is mainly representative of the characteristics of these upwind sources. Recently,

Kirkgeroge et al. (2016) measured the PFAA congener profile in a 10-m firn core from the
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glacier of Alto dell’Ortles (3830 m a.s.l., Southern Rhaetic Alps, Italy) and found that PFBA,
PFOA and PFNA were the dominant chemicals. Comparing the results of our study with
Kirchgeorg et al. (2016), the occurrence of a high proportion of PFBS is a distinct feature of
the snow in Nam Co. PFBS derives from the photochemical oxidation of volatile precursor
products of fluorobutane sulfonamide, and has been found in the atmosphere over India (Li et
al., 2011). During winter, westerly flow moves southward, which can also pass over some
regions of northern India (Figure S4), potentially leading to the occurrence of PFBS in the snow
of Nam Co. Overall, the snow pits in Nam Co mainly recorded PFASs originating from the

upwind direction (northern India).

Figure 2 displays the composition of PFAAs in the ice layer of the ZD4 snow pit. Although the
chemical composition of this ice layer was broadly similar to that of the snow, the concentration
of ZPFAAS in the ice was lower than that of the overlying snow (Figure 2). Two other ice
samples were collected in August and October 2017, respectively (Figure 2); however, the
dominant PFAA in the ice collected in August was PFOA (accounting for 25%), followed by
PFBA (16%) and PFDA (10%). As mentioned above, the concentrations of shorter-chain (C4—
C7) chemicals showed a clear reduction in August ice (Figure 2d). Up-wind sources of PFAAs
might lead to this phenomenon, while, melting can also result in the fraction of PFAAs.
Previous studies have shown that shorter-chain perfluoroalkyl congeners with higher water
solubility can infiltrate with meltwater more easily, which caused the reduction in shorter-chain
PFAAs (Codling et al., 2014; Kirchgeorg et al., 2016) and thus an increase in longer-chain
congeners (Figure 2) during the summer season. As August is a rapid ablation period for the
ZD glacier (Gao et al., 2017), the difference in the composition of surface ice samples in August
may also be attributable to the melting of the glacier. Melting process and the characteristics of
the chemical compositions from different source regions can jointly influence the composition
of PFAAs in ice collected in August (summer season, Figure S3). The concentration of X PFAAs
in the ice from October was similar to that of August (Figure 2c), whereas its chemical

composition was more similar to that observed for the ice layer in ZD4 [Figure 2d, PFBA
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detected with the highest proportion, accounting for 50% and 49% of XPFAAs in ZD4 (ice in
May) and ice in October, respectively]. This might have been due to the similar atmospheric

circulation patterns during these sampling periods (Figure S4).

3.4 Release of PFAAs and their transport via glacial runoff

There are around 12 major meltwater streams that originate from the ZD glacier and run into
Lake Nam Co. QR is one of these streams. Against the background of global warming, a
melting glacier can release POPs back into environment (air and lakes) (Bogdal et al., 2009),
and thus PFAAs can be transported via rivers to Lake Nam Co. Relatively high concentrations
of PFASs have been found in fish from Lake Nam Co (Shi et al., 2010); however, the
transportation processes of PFAAs in glacial meltwater runoff remain unclear. Accordingly,
surface water samples from QR were collected, designed to assess the transport dynamics from
the end of the glacier to downstream regions (refer back to section 2.2 for further details on the
sampling campaign). The mean concentration of ZPFAAs in all runoff samples from QR was
1277 pg L ! (653.5-2421 pg L™1), which was relatively low compared with that of the snow
and ice. Further details on the concentrations of PFAAs in QR are provided in Table S10 and

Text S2.

3.4.1 Spatial distribution of PFAAs in QR

As described above, surface water samples from QR were collected at point A (upstream,
glacier terminus), B (midstream, collection of small river branches from upstream region) and
C (downstream, river outlet of the ZD basin), in two months (August and October), for testing
the transport process of chemicals in and after the melting period. The results showed that
PFAA levels in the glacial ice were always higher than in the meltwater from the streams of
QR (Figure 3). Meanwhile, the concentration of 2 PFAAS increased from the upper to middle
and-downstream areas in August, whereas the trend in October was different, with a peak

occurring in the midstream samples (Figure 3). Glacial meltwater is representative of hundreds
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of years of deposition, whereas glacial surface ice is merely representative of the deposition
that has taken place in recent years (Kohler et al., 2007). Emissions of PFASs have only
happened in recent decades, meaning older ice and water, such as deep ice core samples or
waters collected from deep wells, can usually be used to represent the natural background of
PFASs. Thus, diluted by older ice containing much less anthropogenic PFAAs, the glacial

meltwater (upstream) showed lower PFAA concentrations compared to that of surface ice.

Given the remoteness of ZD basin, and that there are no emission sources in this basin, the
variation in the concentration of PFAAs from upstream to downstream may be caused by the
hydrological condition of runoff and the interactions between water and other matrixes (such
as soil) during the transport. In order to clarify the transport mechanism of PFAAs in QR, the
variation of individual PFAA concentrations from ZD glacier to the downstream region was
investigated (Figure 3). The concentrations of shorter-chain PFAAs (C4-C7) in the
downstream region of QR (point C) were generally higher than or similar to those in the
midstream samples (point B, Figure 3). However, longer-chain PFAAs (C8—C11) showed a
different trend, with the concentrations downstream generally being lower than those in the
midstream region. The results suggest that, spatially, the transport of PFAAs in QR may be
affected by the different behaviors of PFFAs with different numbers of carbon atoms. The level
of absorption of shorter-chain congeners by clay and organic matter in soil is lower than that
of longer-chain ones (Arp et al., 2006). Therefore, shorter-chain chemicals can be easily
transported to downstream locations, while longer-chain chemicals tend to accumulate in the
surface soil/vegetation of upper and midstream locations, thus displaying low concentrations

downstream (Figure 3).

3.4.2 Melting dynamics (diurnal variation) of PFAAs in QR
Sampling on two consecutive days was carried out in the midstream and downstream regions
of QR (sites B and C, Figure 1) to investigate the temporal variation of PFA As during transport.

Detailed information regarding the concentrations of PFAAs are provided in Table S10. Site B
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was located at the point of convergence between two upstream glacier rivulets (Figure 1),
whereas Site C was situated at the river mouth, where the waters converge with those of around
ten other rivers in ZD basin. The flow rate of the river at sites B and C was measured, as
presented in Figure S2. Sampling was conducted separately in August and October,
representing the extensive melting period and the end of melting, respectively. The overall
input fluxes of chemicals were calculated by multiplying the river water concentration
measured at sampling sites B and C with the river flow rate recorded at the time of sampling.
The input fluxes, flow rate and PFAA concentrations during the period 08:00 to 20:00 are
presented in Figure 4 and Figure S5. Our motivation in this respect was to find out if the fluxes
of PFAAs substantially increased during the early stage of melting, and whether the
concentrations of PFAAs in the runoff water or the melting intensity of the glacier controls the

total release fluxes.

Figure 4 and Figure S5 show the temporal trends of the flow rates at sites B and C on different
days. In August (Figure 4), the maximum flow rate occurred from 16:00 to 18:00 in the
midstream area, whereas it exhibited a continuous increase after 18:00 in the downstream area
(site C, Figure 4). This trend resulted in the fluxes of PFAAs remarkably increasing at the end
of the melting period at the watershed scale (Figure 4). Previously, based on a lab-controlled
melting experiment, the peak flow of water-soluble chemicals was found to usually take place
in the early melting stage (Meyer & Wania, 2011). This difference with our findings might be
due to the lab-based experiment being too idealistic; in the field, the absorption of PFAAs by
soil/vegetation may hamper their release. Figure 4 shows that the flux curves of PFAAs had a
similar trend to those of flow rate; the transfer of PFAAs was strongly and highly significantly
correlated with the river flow rate and chemical flux at both sites B and C (Figure S6),
indicating that the transfer during melting is mainly controlled by the intensity of melting. A
similar phenomenon has been observed in Highland Creek flows through the eastern part of

the city of Toronto and into Lake Ontario (Meyer et al., 2011).

In October, different temporal patterns of flow rates were observed at sites B and C. Given site
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B was close to the glacier, the flow rate generally showed a peak at the beginning of the melting
period (~10:00, Figure S5), whereas the flow rate at site C remained relatively constant (Figure
S5) or presented a large peak at the end of melting (18:00, Figure S5). The correlations between
fluxes and flow rate, and between fluxes and >PFAA concentrations, are provided in Figure
S7 for sites B and C. Positive correlations were found between chemical fluxes and
concentrations, indicating that at the end of the melting season the melting intensity is very low
and PFAAs stored in the glacier contribute to the final release amount. However, in this
sampling campaign, due to the harsh environment, nighttime samples were not considered;

further research should take into account the melting process at night.

3.5 Comparison between PFAAs in non-glacial and glacial runoff

There are about 70 rivers that infuse into Lake Nam Co. Among them, QR is fed by glacial
runoff, but there are 27 on the south shore that are supplied by alpine snow and glacial
meltwater, as well as precipitation. The rest, located in western and northern parts of the lake,
are mainly supplied by groundwater and precipitation (Figure 1). River samples were collected
from 16 large rivers (Figure 1) around the lake in August 2017 in order to check if there are
differences between the glacial and non-glacial rivers. The PFAA concentrations and
compositions of runoff are presented in Figures 5a and b. Clearly, the concentrations of
YPFAA:s in glacial runoff were generally higher than those of non-glacial runoff (Figure 5a, p
<0.01, #-test). Meanwhile, the compositions PFAAs also differed, with the proportion of PFBA
in glacial runoff being remarkably higher than that in non-glacial runoff (Figure 5b). A similar
phenomenon has been found in the Antarctic and European Alps (Cai et al., 2012a; Kwok et
al., 2013). Further detail on the composition statistics is provided in Table S10, revealing that
PFBA (62%) and PFPeA (14%) were the main PFAAs in most glacial runoft water, which was
similar to the results for QR; meanwhile, the dominant PFAAs in non-glacial runoff were

PFPeA (23%) and PFBS (21%, Table S11).

According to the flow rate of each river, we calculated the flux of PFAAs into the lake (Table

S11). The flux of PFAAs in runoff around the lake varied widely: the greatest flux was about
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1728.5 mg day !, which was found for the largest river in Lake Nam Co (R10, non-glacial);
and the smallest was just 0.1mg day !, also found for a small non-glacial river (R14). Regarding
the input fluxes of glacial rivers, values ranged from 20 to ~1000 mg day ' (Table Sl11,
maximum found for R7). Although the flow rate of R7 was a quarter of that of R10, the flux of
R7 was around a half of that of R10, which caused the relatively high concentration of PFAAs
in the glacial river (Table S11). The flux of PFAAs in runoff in August correlated positively
with the discharge flow rate (R*>= 0.85; n = 16, p < 0.05), but had no significant correlation
with ZPFAA concentrations (Figure S8). This suggests that the inflow flux of PFAAs is mainly
controlled by river discharge in August, which is similar to the result found for QR, further
confirming that the melting intensity of glaciers is a key factor controlling the inflow flux of

PFAAs during the melting season.

3.6 PFAAs in Lake Nam Co

Lake Nam Co is mainly supplied by precipitation and runoff. In order to detect the
spatiotemporal distribution and variation of PFAAs in Lake Nam Co, 19 surface water samples
were collected from July to September 2017. The concentrations of PFAAs in Lake Nam Co
ranged from 353.0 to 2171 pg L™!, with a mean value of 979.8 pg L™! (see Table S12 for more
information). In general, the results are comparable to previous studies on lakes in polar regions.
Forinstance, the ZPFAA concentrations of Lake Nam Co are slightly lower than those reported
for alake in-Longyearbyen, Svalbard Arctic (2495.6 pg L) (Kwok et al., 2013), but higher
than for the Meromictic Lakes in High Arctic Canada (27-754 pg L") (Veillette et al., 2012).
However, the results of the present study are one to two orders of magnitude lower than those
reported for East Lake in central China (30.12-125.35 ng L™!) (Zhou et al., 2016) and
Washington Park Lake in America (9.49-35.9 ng L™!) (Kim & Kannan, 2007). PFBA and PFOS
were the dominant compounds in Lake Nam Co, contributing 19% and 17% of all PFAAs,
respectively. This is slightly different from the profile of PFAA concentrations for lakes in
Fildes Peninsula, Antarctica, which are dominated by PFBA and PFTrDA (Cai et al., 2012a),

but similar to those of the Meromictic Lakes in High Arctic Canada (Veillette et al., 2012).
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The TP is often referred to as the “Third Pole of the Earth”, being remote and far from pollution
sources; however, as PFAAs mainly derive from atmospheric transport, either directly or in
terms of their precursor compounds (Wang et al., 2014), it is relevant to study their presence.
The concentrations and compositional profiles of PFAAs across Lake Nam Co for the present
study are presented in Figures 5c and d. As we can see, the PFAA concentrations were generally
high in the southern part of the lake, where glacial meltwater runoft flows into the lake (Figure
5¢,p <0.01, t-test), suggesting that the release of PFAAs stored in glaciers has a distinct impact
on the concentrations of PFAAs in lake water. This result confirms that Tibetan glaciers have
become secondary sources of organic pollutants to downstream environments. Again, the
PFBA composition (mean + SD: 23%+13%) in southern Lake Nam Co was significantly higher
(p <0.01, t-test) than that in the northern part (mean £ SD: 16%=%7%). The mean proportions
of PFBA.in ice, snow and glacial runoff samples were 37%, 39% and 59%, respectively,
potentially leading to the high proportions of PFBA in the lake’s southern waters. Although
precipitation also contributes to the level and composition of PFAAs in the lake, it cannot have
caused this spatial difference found from south to north. Therefore, the enhanced PFBA levels
in the southern part of the lake can be largely attributed to the release of PFBA from the glacier.
Besides, there were two points in the northern part of the lake (L10 and L14, Figure 1) where
the PFAA concentrations were relatively high possibly because of local PFAA contamination
at the nearby towns of Baoji and Nam Co—a result similar to that previously reported for
polycyclic aromatic hydrocarbons in this region (Ren et al., 2017). Compared to the spatial
distribution, the temporal variation of PFAAs in the Lake Nam Co from late July to the end of

September varied slightly and has no significant regularity (figure S9).

3.7-Annual mass loadings of PFAAs in glacial meltwater runoff into the lake

The inputs of PFA As via precipitation, glacial runoff and non-glacial runoff into Lake Nam Co
were _estimated based on (1) concentration data composed of the mean concentrations of
2 PFAAs in precipitation, non-glacial runoff and glacial runoff determined in the present study

and (2) hydrological data comprising mean values for Lake Nam Co from 1992 to 2004 (Table

© 2019 American Geophysical Union. All rights reserved.



S13) reported by (Zhu et al., 2010); with (3) PFAAs absorbed by solid particles in water
samples neglected. Under these conditions, the estimated total annual input of TPFAAS into
Lake Nam Co was approximately 1.81 kg yr™!, with an annual input of 4959 mg day ! (Table
S13). Compared to equivalent research in the Arctic Ocean, our result is 1.7 x 10* and 1.4 x
10° times lower than the PFAS budgets of the surface ocean and melt pond water of the central
Arctic, albeit the water volumes of which were 1.4 x 10° and 1.8 x 10° times higher than in this

study, respectively (Yeung et al., 2017).

Figure 6 illustrates the contributions of precipitation, glacial runoff and non-glacial runoff to
the total annual mass input of 2 PFAAS from water sources. Precipitation (28.73%) and glacial
runoff (27.07%) accounted for more than 55% of the total annual input of the lake. Previous
research shows that the volume of Lake Nam Co increased at a rate of 2.37 x 108 m® yr ! from
1971 to 2004, and that glacial meltwater accounted for 52.86% of the total increase in water
supply (Zhu et al., 2010), meaning the input of PFAAs into the lake by glacial meltwater
increased with expansion of the lake. There are more than 1500 lakes distributed over the TP
that are sensitive to climate change because of its unique environment. Research has shown
that under global warming the total lake area of the TP increased from 35638.11 km? in the
early 1970s to 41938.66 km? in 2011 (Song et al., 2013), and glacial melt and precipitation
were the main contributors to this lake expansion (Yang et al., 2014; Yao et al., 2012). As
PFAAs present high concentrations in glaciers, such glacial melt under global warming will

cause a more significant effect on the local environment than might otherwise be expected.

4 _Conclusion

This study confirms that melting glaciers are secondary sources of emerging PFAAs in Tibetan
lakes. Because PFA A concentrations in glacial ice/snow are greater than those of legacy POPs,
the mean input fluxes of PFAAs from glaciers to lakes can reach 1342 mg day '. PFBA is the
dominant chemical in ice/snow and lake water directly fed by glacial runoff. Shorter-chain
chemicals can easily enter lakes, and the potential risk of this for freshwater resources on the

plateau should be considered. The post-deposition characteristics of PFAAs in snow and ice
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should also be studied, to clarify the transfer mechanisms of PFAAs under sunlight and melting

percolation.
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Tabel Sampling information and the ranges and averages of >PFAAs concentration by sample type.

X L Number of  Average concentration
Object Sample types Sampling site
samples of >PFAAs (pg L?)
Glacier Snow ZD1-ZD4 9 1423 (910.9-2614)
i
Ice ZD glacier 3 1382 (943.3-1647)
. A-C (from glacier
QR River water . . 61 1277 (653.4-2421)
terminus to river mouth)
Lake Nam Co Lake water L1-L14 and NCMORS 19 980 (353.0- 2171)
Runoff around water at river
R1-R16 16 1023 (443.2-1940)
the lake mouth
Precipitation Rain water NCMORS 15 616 (115.1-1370)
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Table 2 Comparison of PFAS concentrations (pg L) obtained in this study with data from

other remote regions.

Analytes Concentration Sample Site Study Reference
types period
PFAAs -~ 910-2614 Surface ZD glacier in central TP 2018  This Study
snow
PFAAs - 1875-4236 Fresh ~ Lake Nam Coincentral TP 2010  (Wang et al.,
snow 2014)
PFASSs 760-3600 Fresh Livingston Island, Maritime 2014- (Casal et al.,
snow Antarctica 2015  2017)
PFASs  330-692 Surface Glaciers around Ny- 2012 (Xieetal,
snow Alesund, Arctic 2015)
PFASs 1129-2491 Snow  King George Island, 2011 (Caietal.,
Antarctica 2012a)
PFASs 125-303 Snow  Antarctic Peninsula 2011  (Wanget al.,
2015)
PFCAs "+ 472-2195 Snow  Devon Ice Cap, High Arctic 2008  (Maclnnis et
al., 2017)
PFCAs = 260-1500 Snow  From north Pacific to Arctic 2010 (Caietal.,
Ocean 2012b)
PEASs 134 — 848 Melted Meromictic Lakes, Arctic 2008  (Veillette et
SNOwW Canada al., 2012)
Surface
PFAAs . 943.3-1647 e ZD glacier in central TP 2017  This study
Ice (Kwok et
PFASs 95-166 Svalbard, Norway, Arctic 2006
core al., 2013)
PFASs 20.4-435.7 Ice Melville Ice Cap, Canadian 2005- (Young et

© 2019 American Geophysical Union. All rights reserved.



Arctic 2006  al.,2007)

Firn Glacier Alto dell’Ortles, (Kirchgeorg
PFASs 1000-5800 2009

core eastern European Alps etal., 2016)

Firn (Kirchgeorg
PEASs 1130-3710 European Alps 2008

core etal., 2013)

Sea ice From North Pacific to Arctic (Caietal.,
PFASs  220-2200 2010

core Ocean 2012b)
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