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e A new annually resolved record of atmospheric fluoride deposition for the period 1951-2008.
e F~ concentrations derived from anthropogenic emissions were quantified using ice core record.
e Indian monsoon largely contributes the transport of anthropogenic fluoride.

ARTICLE INFO ABSTRACT
Keywords: Fluoride contamination poses great threat to ecosystems and human health, and has caused widespread concern.
Fluoride contamination Large gaps in knowledge still exist regarding the distribution, sources of fluoride and the influence of atmo-

Tibetan Plateau

Ice core

Source analysis
Atmospheric transport

spheric transport on its dispersal, particularly at high altitudes because of a lack of data due to geographic
constraints. Tibetan ice cores are a natural archive for chemical depositions from the atmosphere, and can be
used to reconstruct past variations of atmospheric fluoride in remote environment. In this study, we investigate
the trends, sources and controlling factor of atmospheric fluoride during 1951-2008 AD using high-resolution
chemical deposition records derived from the Zangser Kangri (ZK) ice core, central Tibetan Plateau (TP). Our
data shows that the concentration peaks of F~ coincide with those of typical crustal species (e.g., Ca®*, Mg?"),
indicating that variation of F~ in the ZK ice core is largely driven by dust activities, and dust emission from soil is
the primarily natural source of F~. F~ sources and transport pathways were further investigated by using the
empirical orthogonal function (EOF) analysis, excess (Ex) concentration, in combination with airmass backward
trajectory analysis. Ex F~ in the ZK ice core record could be attributed to anthropogenic emissions, and its
significant increase since 1990 was likely related to increased industrial and agricultural activities in the
northwestern Indian peninsula. In addition, the strength of the South Asian monsoon is also a key factor in the
transport of anthropogenic fluoride to the ZK glacier. This study provides valuable data for understanding the
past atmospheric fluoride budget in the central TP.

1. Introduction natural environment (Fordyce et al., 2007; Jha et al., 2011). Fluoride
contamination can lead to many problems for both ecosystems and

Fluorine is the 13th abundant element in the earth’s crust, and the human health (Mehta, 2013). Although trace amount of fluoride is
most common and lightest halogen with highest electronegativity in the beneficial to human growth, high fluoride intake can cause dental
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fluorosis, skeletal fluorosis and other diseases in humans (Kashyap et al.,
2021). Fluorosis has become a prominent health concern in many
countries around the world, especially in China and India, and received
widespread attention from many disciplines (Srivastava and Flora,
2020). In addition, fluoride contamination has significant biological
effects on vegetation. Fluoride can penetrate into plant tissue and affect
plant metabolism, thereby altering the structure and composition of
plant communities (Li et al., 2021). The distribution of fluoride has been
extensively studied in industrialized and agricultural areas, but knowl-
edge of the atmospheric fluoride deposition is lacking in remote
high-altitude environment due to sampling and monitoring challenges.
This limits the understanding of the global geochemical cycle of
fluorine.

The Tibetan Plateau (TP), known as the “roof of the world”, is the
highest (over 4000 m on average) and most extensive highland (3.08
million square kilometers) in the world (Chen et al., 2022; Xu et al.,
2014), with the most glaciers outside the polar regions (Yao et al.,
2012). These glaciers receive and store atmospheric pollutants trans-
ported by westerlies and monsoons, which could be released back to the
environment through increased snow melt under climate change (Zhao
et al., 2013). Therefore, it is of great significance to understand the
distribution and trend of fluoride concentrations in the glaciers, since
the quality and safety of glacial meltwater in this region is related to the
drinking water safety of billions of people downstream (Zhao et al.,
2020). Ice core is a valuable tool to examine past climate and environ-
mental change. Contiguous and high-resolution ice core records can
provide important information of anthropogenic and natural emissions
to the fluoride deposition (Preunkert et al., 2001; De Angelis and
Legrand, 1994), as well as past atmospheric conditions and circulation
patterns in remote areas.

Previous studies of Tibetan ice core have successfully reconstructed
the variation of atmospheric chemical composition over the past cen-
tury. They reveal that surrounding anthropogenic activities have pro-
foundly affected the glacier chemical records. For instance, in the
western TP, the records of Muztagata ice core show an increase in
anthropogenic ammonium since the 1940s (Zhao et al., 2008), and a
surge of anthropogenic sulfate and nitrate in the 1970s (Zhao et al.,
2011). In the southern TP, the records of East Rongbuk ice core show
that enhanced agricultural activities and energy consumption have
contributed to the anthropogenic input of ammonium since the 1950s
(Hou et al., 2003; Kang et al., 2002). In the central TP, anthropogenic
inputs of sulfate and nitrate were observed in the second half of the 20th
century based on nitrogen isotopes in the Qiangtang ice core (Li et al.,
2020) and major ion concentrations in the Tanggula ice core (Zheng
et al., 2010). The above glacier chemical records have greatly improved
our understanding of the atmospheric chemical composition of the TP.
They confirm that the Tibetan atmospheric environment has been
significantly affected by anthropogenic activities from the surroundings
regions since the 1950s. However, there are few data on the distribution,
sources and trends of atmospheric fluoride deposition in TP during this
period. The only assessment of the atmospheric fluoride budget over the
past few decades has been conducted in the Laohugou ice core, the
northeastern TP (Cui et al., 2010).

In this study, we present a high-resolution time series of F~ con-
centrations for the period 1951-2008 AD using the Zangser Kangri (ZK)
ice core from central TP. This study aims to: (1) examine the temporal
and spatial distribution of atmospheric F~ concentrations in central TP;
(2) investigate the atmospheric fluoride sources and the impact of dy-
namic processes; (3) assess the contributions from anthropogenic and
natural emissions. This study could enhance the understanding of fluo-
rine geochemical cycles in remote areas.

2. Site description

The ZK glacier is located on the Qiangtang Plateau in central TP,
surrounded by the mountains of Tanggula, Nyainqentanglha, and
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Gandisé Ranges (Fig. 1). This area is characterized by the typical arid
and semi-arid continental climate, and is under the influence of the
humid Indian monsoon in summer and the dry westerlies in winter (Yao
et al., 2013). Previous studies, based on measured water vapor isotope
data, found that the Indian monsoon can reach the ZK glacier at the
central TP, implying its importance in transporting atmospheric chem-
icals to the ZK glacier (Tian et al., 2007). The records from the nearby
meteorological stations show the local monthly mean temperature
ranges from —10.8 °C in January to 10.7 °C in July, and the annual mean
temperature is 0 °C. The annual mean precipitation is 257 mm, 75% of
which falls between June and September (Zou et al., 2020b). The ZK
glacier has an area of 337.98 km? and a volume of 41.70 km® with an
average annual accumulation rate of 190 mm w.e. year ~! (Shi et al.,
2008; Zou et al., 2020b). Thus, the geographical conditions of this region
are favorable for the preservation of glaciochemical records.

3. Methods
3.1. Sample collection

In April 2009, two ice cores to bedrock, Core 1 (127.7 m) and Core 2
(126.7 m), were retrieved from the ZK glacier (at 34°18' N, 85°51' E;
6226 m above sea level (a.s.])) (Fig. 1) through a dry borehole with an
electric drill. The borehole temperature varied from —15.2 °C to
—9.2 °C, favorable for the preservation of the ice cores, as the samples
were not affected by melting. Ice cores were placed in a freezer and
transported to the State Key Laboratory of Cryospheric Science (SKLCS)
in the city of Lanzhou. This study used the top 16.38 m of core 1. The
core segments were cut in a cold room (~—20 °C) at a resolution of 4-6
cm with a stainless-steel band saw. The samples were then scraped with
a ceramic knife in an ultra-clean laboratory (class 100) to remove the
outer layer to prevent contamination. The operator changed disposable
gloves and washed the ceramic knife with ultrapure water before pro-
cessing each sample to minimize possible contamination. The shavings
of ice core samples from the top 39.54 m were collected for § activity
analysis.
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Fig. 1. Map of the Tibetan Plateau with the location of Zangser Kangri ice core
drilling site (red star). This area is dominated by the Indian monsoon (red ar-
rows) in summer and westerlies (blue arrows) in winter (Yao et al., 2012). The
topographic data were extracted using ETOPO1 elevations global data, avail-
able from the National Oceanic and Atmospheric Administration (NOAA) at
http://www.ngdc.noaa. gov/mgg/global/global.html (last access: August
20, 2023).
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3.2. Chemical analysis and quality control

The chemical analyses included major soluble ions, water stable
isotopes and f activity. The ice core samples were first thawed at room
temperature (20 °C). They were then measured for the concentrations of
major cations (Na*, NHJ, K+, Mg?t and Ca?") and anions (Cl~, SO3,
NO3 and F™) with the Dionex-600 and ICS-2500 ion chromatographs in
the SKLCS laboratory. The cations were analyzed with a CS12 4 mm
column, 200 pL loop column and isocratic 18 mM methanesulfonic acid
(MSA) eluent; and the anions were analyzed with an AS11-HC 4 mm
column, 500 pL loop column and isocratic 25 mM potassium hydroxide
(KOH) eluent. For quality assurance and quality control (QA/QC), a
standard solution (Chinese National Standards) and a laboratory blank
(ultrapure water) were measured after every ten samples, and the results
were used to calibrate the analytical procedure. A linear calibration
curve was obtained by measurements of standard solutions diluted with
ultrapure water (Milli-Q, 18.2 MQ) and the correlation coefficients were
greater than 0.999. The limit of detection (LOD), defined as the con-
centration measured by the analytical instrument at a signal-to-noise
ratio x 3. The LOD for F~ is 0.3 ppb. All ultrapure water blank values
are lower than the LOD. The relative standard deviation (RSD) for
replicate was <5%. The precision of the method was determined by
running 10 consecutive samples, which is less than 0.1%. Detailed in-
formation about the instrumentation for ion determination can be found
in Tables S1 and S2 and Fig. S1. The samples were measured for water
stable isotope composition with a Picarro L2120-i Cavity Ring-Down
Spectrometer at the Ministry of Education Key Laboratory for Coast
and Island Development, Nanjing University.  activity was measured at
SKLCS with a MINI20 low background a/f counting system.

3.3. Ice core chronology

The ice core chronology was constructed with the annual layer
counting method based on seasonal cycles of Ca?*, SOF~ concentrations
and 5'80 value. The Ca®?" concentration peaks are associated with
winter/spring with high wind and dust load, whereas high 5!80 values
indicate high temperatures in summer. In addition, the global peak of
activity in 1963 was used to constrain the chronology of ZK ice core.
More details of dating methods and result could be found in Zou et al.
(2020b) and Zhang et al. (2017).

3.4. Airmass trajectory analysis

To establish the sources of atmospheric fluoride deposition in the ZK
ice core, we calculated the 7-day backward trajectories for air mass
originated at the drilling site at 0:00, 6:00, 12:00 and 18:00 for every
day for the period 1951-2008 AD using the Hybrid Single-Particle
Lagrangian Integrated Trajectory (HYSPLIT) model. The HYSPLIT
model was developed by the National Oceanic and Atmospheric
Administration (NOAA) Air Resources Laboratory (ARL) and has been
widely used to track wildfire smoke, windblown dust, air pollution and
water vapor combined with moisture (Stein et al., 2015). It is also widely
used to investigate sources of contaminants in ice cores (Grigholm et al.,
2017; Wei et al., 2021; Zhang et al., 2017).

3.5. Statistical analysis

In this study, the empirical orthogonal function (EOF) analysis was
conducted to identify the covariance characteristics, and trace common
sources and transport pathways of multiple ions. EOF analysis allows
robust assessment of relationships between multiple variables (Meeker
et al., 1995). This method can avoid the influence of dating error on the
multivariable relationship and is validated by chemical records in
multiple ice cores (Wang et al., 2019; Zheng et al., 2010). In addition, to
extract potential anthropogenic inputs of fluoride concentrations, excess
(Ex) F~ concentrations were calculated using the following formula
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(Sierra-Hernandez et al., 2018; Zou et al., 2020a):
Ex = X-[X/Na] pre-industrial ice X [Na]

where X represents the concentration of the target element (i.e. F7) in
this study, and [X/Na] pre.industrial ice F€presents the target element to Na
ratio before the Industrial Revolution, which was established using the
ice core records for the period 1800-1850 AD.

4. Results and discussion
4.1. The trends of F~ concentrations

The annual F~ concentrations from 1951 to 2008 were presented in
Fig. 2a. The F~ concentrations of the ZK ice core during this time range
from 0.86 ng g~! to 10.48 ng g~!, with a mean concentration of 3.90 ng
g1, which is an order of magnitude higher than the mean F~ concen-
trations in Greenland ice cores (0.19 ng g™}, 1971-1989) (De Angelis
and Legrand, 1994). This suggests that atmospheric fluoride concen-
trations are closely related to proximity to emission sources. We further
calculated the 5-year running average of F~ concentrations to remove
short-term interannual variability in order to examine decadal trends
and variabilities (Fig. 2a). Before 2000, the smoothed F~ concentrations
show several peaks around 1968, 1978, 1986 and 1995, which coincided
with peaks in Ca* (a proxy of dust) and other soluble ions (Fig. 3). This
suggests that F~ concentrations before 2000 were largely driven by dust
activities. After 2000, the F~ concentrations show a significant upward
trend until the end of the record at 2008, with a mean concentration
1.49 times higher than the Pre-2000 mean. However, the increase in F~
concentration during this period did not correspond to the trend in dust
activities, and was therefore likely caused by an increase in anthropo-
genic input for the period. This increase in anthropogenic input was
supported by some previous studies. For example, Sierra-Hernandez
et al. (2019) reported a significant increase in the excess concentrations
and enrichment factors of heavy metals from the nearby Guliya ice core
(Cd, Zn, Pb, and Ni) during the 2000-2015 period relative to that of the
1971-1990 period. However, Fig. 3 shows no significant increase in
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Fig. 2. (a) the annual F~ concentrations (ppb) for 1951-2008 AD, and 5-year
running average (bold black line); (b) the linear trend of F~ for 1951-2008 AD.
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Fig. 3. The raw concentrations (grey lines) and annual concentrations (bold black lines) of Cl~, Mg2+, cat, F~, NO3, SOZ ", K* and Na*. Blue shaded areas indicate

period of common peaks in major ions concentrations.

sulfate and nitrate in the ZK ice core during this period, despite the
opposite results found in some previous studies in the western Tibetan
ice cores (Zhao et al., 2011). This discrepancy could be due to the dif-
ference in dust activities, which are more dominant in their control over
the variability of ion concentration in the central than western Tibetan
glaciers. As a result, it is more difficult to detect anthropogenic inputs in
the raw concentration data in central Tibet. Similar results were found in
the Qiangtang ice core, also located in central TP (Wang et al., 2019). In
another study, using nitrogen isotope records from Qiangtang ice core,
Li et al. (2020) found an increasing trend of anthropogenic nitrate input
from South Asia since 1950, although NO3 showed no such increase.
These studies further suggest that anthropogenic input in the central
Tibetan glaciers could be masked by dust activities.

4.2. Source analysis

The EOF analysis is a commonly used method to study potential
interspecies associations and the transport pathways of major soluble
ions, and could help identify environmental conditions controlling the
glaciochemistry of ZK ice core. We performed the EOF analysis on the
annual mean concentrations of Ca%*, Mg?*, Na*, K*, Cl~, NO3, SOF~
and F~, and the results are presented in Table 1. The first three EOFs
together explain ~91.40 % of the total variance. EOF 1 explains 70.79 %
of the variance, with strong loadings from all ions except F~. This strong
interspecies relationships in the ZK ice core were further confirmed by
high correlations among major soluble ions (Table 2). The high loadings
of crustal elements such as Ca®>" and Ma®" (proxies for dust) on EOF 1
indicate that the variations in the ZK ice core chemical records were
primarily driven by dust activities. EOF 2 accounts for 13.35% of the
total variance and is highly loaded by F~ (0.96), and partial loaded by
NO3 (0.12), SOF~ (0.18). The EOF 2 series (Fig. 4) represents sources
independent of dust and coincides with ExF~ concentrations. Therefore,
EOF 2 likely reflects the inputs from anthropogenic emission activities.
EOF 3 is dominated by Ca®" and Mg?", and represents 7.26 % of the total

Table 1
The statistical summary of EOF analysis of annual ions concentrations in the ZK
ice core.

EOF 1 EOF 2 EOF 3 Communality

Na® 0.94 0.06 —0.10 0.98
K 0.95 0.07 0.11 0.94
Mg+ 0.82 —0.24 0.41 0.98
CaZt 0.88 -0.16 0.31 0.99
Cl™ 0.93 0.00 —0.05 0.97
F —0.04 0.97 0.26 1.00
How 0.94 0.12 -0.22 0.96
NO3 0.82 0.18 —0.43 0.99
Variance (%) 70.79 13.35 7.26
Cum.Variance (%) 70.79 84.14 91.40

Table 2

Correlation matrix of major soluble ion (raw data) in the ZK ice core for the
period 1951-2008 AD, calculated from 296 samples. All correlations are sig-
nificant at the 99 % confidence level.

Na* K* Mg** Ca%* F~ clr- Nors NO3
Na'
K" 0.89
Mgt 0.71 0.84
Ca?* 0.72 0.78 0.82
F~ 0.33 0.35 0.26 0.30
al- 0.94 0.86 0.71 0.78 0.34
S0%~ 0.90 0.89 0.76 0.70 0.31 0.85
NO3 0.79 0.82 0.64 0.63 0.28 0.75 0.87

variance. This likely represents a secondary emission of local crustal
dust, which was also present in other glaciochemical records in the
central TP (Wang et al., 2019).

In order to investigate the sources of atmospheric pollution for the
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Fig. 4. (a) EOF 1 and (b) EOF 2 series calculated by EOF analysis for the period
1951-2008 AD. EOF 1 is primarily loaded by Na*, K*, Mg?*, Ca®*, Cl~, SO3~,
NO3. EOF 2 is separately loaded by F~. (c) Excess F~ concentrations and 5-year
mean concentrations (red line).

ZK glacier, we ran the HYSPLIT model to calculate the 7-day backward
trajectory of the air mass from 1951 to 2008. Fig. 5a shows the
normalized frequency of all trajectories. The results show that the
highest frequencies (>25%) of backward trajectories were found in the
Qiangtang Plateau and the northwestern Indian peninsula, including
northern Pakistan and Indus-Ganges River Basin. This region has expe-
rienced intense industrial and agricultural activities since 1950, thus is
likely to be the most important source of pollutants for the ZK glaciers.
F~ from these regions is likely to be transported to the ZK glacier during
the summer through the South Asian Monsoon. The expanded area of
influence (i.e. frequency>5%) comprised of Central Asia, the Middle
East, and northern Arabian Peninsula (Fig. 5a), although they make
smaller contributions. F~ from these regions is mostly transported to the
ZK glacier during the winter by the strong westerlies (Zou et al., 2022).

4.3. Contribution assessment

4.3.1. Natural sources

In this section, we investigate the impact of natural emissions on
atmospheric fluoride budget in central TP. The major natural sources of
atmospheric fluoride include volcanic eruptions, soil dust particles and
sea-salt spray. A previous study of Greenland ice core suggested that the
occasional fluoride peaks in the record were likely attributed to volcanic
eruptions in Iceland and the Aleutian Islands (De Angelis and Legrand,
1994). However, due to short atmospheric lifetime of volcanic HF, the
contribution of volcanic emissions to fluoride deposition decreases
sharply with distance from the emission source (Fuge, 2019). This is the
reason why the constant eruptions of Mount Etna (Sicily) contributed
little to the fluoride records in the ice cores from the Alps (Preunkert
et al., 2001). Paleoenvironmental reconstructions based on trace
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Fig. 5. (a) Normalized frequency plot of 7-day backward trajectories for the
period of 1951-2008 AD calculated by NOAA HYSPLIT; (b) population density
for 2000, from Center for International Earth Science Information Network
(CIESIN, 2000). Population density data have 30 arc-second resolutions from
the Gridded Population of the World (GPW) version v4, produced by CIESIN for
the year 2000 and it is available at https://sedac.Ciesin.columbia.edu/data/
collection/gpw-v4.

element Bi (a proxy for volcanic eruptions) in glaciers since the 1950s
(Xu et al., 2009) found significant impacts from major volcanic erup-
tions in 1951 (Krut), 1963 (Agung) and 1991 (Pinatubo) on the atmo-
spheric environment of the TP. However, we found no corresponding
peaks of fluoride concentrations in the ZK ice core record, implying
limited contributions from volcanic emissions. It is also likely that vol-
canic input may be overwhelmed by strong dust events and not easily
detected in in TP glaciers.

A recent systematic survey of fluoride concentrations in surface
waters of rivers and lakes on TP indicates that atmospheric F~ deposition
is an important source to fluoride in remote areas (Yang et al., 2022). As
early as the 1970s, Weinstein (1977) found that weathered soil particles
contributed to the increase in atmospheric F~ concentrations. Moreover,
studies of ice core from Greenland (De Angelis and Legrand, 1994) and
the Alps (Preunkert et al., 2001) confirmed that soil-derived dust par-
ticles play an important role for the atmospheric F~ deposition in pre-
cipitation. In the natural environment, fluoride-bearing minerals like
fluorite (CaFy), fluorapatite (Cas(PO4)sF), sallaite (MgF2), villiaumite
(NF), apatite, etc., and certain clays are important sources of aeolian
particles of atmospheric fluoride (Schlesinger et al., 2020). Given the
abundant weathered dust on the surface of TP, the emission of
fluorine-containing minerals could be an important natural source of F~
in the ZK ice core. Similar findings were also reported for the Laohugou
ice core in the northeast of TP (Cui et al., 2010).

Apart from the natural emissions discussed above, marine-derived F~
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is also an important factor affecting its geochemical cycles (Schlesinger
et al.,, 2020). However, marine-derived aerosols are unlikely to
contribute to fluoride deposition in the ZK ice core due to its remote
location. To confirm this, we calculated the fluoride fraction from
non-sea salt sources using the following formula (Cui et al., 2010; Zhang
et al., 2012):

SSx =R x M

where SSy represents sea salt source contribution of the target element; X
represents the concentration of the target element; M is the sea-salt
tracer ion concentration, and R is the ratio X/M of standard seawater
(Nabipour and Dobaradaran, 2013). ClI~ was selected as the sea salt
tracer ion, based on the Nat/Cl~ and Mg?*/Cl™ ratios that are greater
than those of standard sea-water (Na*/Cl~ = 0.86, Mg?/Cl~ = 0.20).
The result shows that the sea-salt contribution accounted for less than
1% of F~ in the ZK ice core. The contribution of sea-salt aerosols to the
chemical composition of the atmosphere decreases with increasing dis-
tance from the coast, and it is difficult for fluorinated aerosols from the
Indian Ocean to reach the hinterland of the TP (Klopper et al., 2020;
Okita et al., 1974; Torres-Sanchez et al., 2019).

4.3.2. Anthropogenic sources

Since the Industrial Revolution, increased anthropogenic emissions
have significantly affected the Earth system by altering the geochemical
cycles of element (Sen and Peucker-Ehrenbrink, 2012; Kamenov et al.,
2009). The chemical records from the Tibetan ice cores also revealed
strong influence on the atmospheric depositions from surrounding
anthropogenic inputs since the 1950s (Hou et al., 2003; Zhao et al.,
2008; Zheng et al., 2010). To investigate potential anthropogenic
sources of atmospheric F~, Ex F~ concentrations were calculated (see
Section 3.5) and presented in Fig. 4c. The record shows two periods of
high Ex F~ concentrations: 1960-1970 AD and 1990-2008 AD. More-
over, it also shows a significant increase in Ex F~ since 1990 based on the
5-year mean concentration trend (Fig. 4c), suggesting intensified
anthropogenic input during this period.

Anthropogenic input of atmospheric F~ in central TP primarily comes
from both industrial emissions (such as coal combustion, brickmaking,
aluminum smelting), and agricultural emissions (such as application of
phosphate fertilizer and the practice of stubble burning) (Fuge, 2019). Due
to the extensive fluorine content in clay minerals and mica used for brick
making, up to 85.4% of fluorides (mainly HF and SiF,4) are released to the
environment during the production process in a high temperature envi-
ronment (1100 °C) (Weinstein and Davison, 2004; Xie et al., 2003). India
is the second largest brick-making country in the world, with brick fac-
tories in the suburbs of all major cities (Kumbhar et al., 2014). These
factories emit a large amount of fluoride into the environment due to poor
management (Ahmad et al., 2012). The global average fluorine concen-
tration in coal is as high as 88 mg kg™!, and at a high temperature of
800 °C, 80% of the fluorine in coal is released into the environment in
gaseous and particulate forms (Fuge, 2019; Ketris and Yudovich, 2009).
Therefore, coal combustion is the primarily source of industrial emission
with estimated annual fluorine flux of 12,000-102,000 t (Jayarathne
et al., 2014; Tavener and Clark, 2006). Similarly, in the process of
aluminum smelting, cryolite (NagAlFe), as a co-solvent for electrolysis
aluminum production, can release fluoride into the environment at high
temperatures of 960 °C (Fuge, 2019). In agriculture, the application of
phosphate fertilizer is a non-negligible anthropogenic source of atmo-
spheric fluoride (Schlesinger et al., 2020). According to Ramteke et al.
(2018), commonly used phosphate fertilizers (Single superphosphate,
Diammonium phosphate, Ammonium nitrophosphate) in India contain
3.14-74.8% original F~ (Ramteke et al., 2018). In soils fertilized by
phosphates, high concentrations of fluoride accumulate in this area as
fluoride are typically adsorbed by clay minerals, aluminum oxy-
hydroxides, and iron oxyhydroxides, which eventually become a potential
source of atmospheric fluoride (Fuge, 2019).
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As important potential source regions for atmospheric pollutants
arriving in the ZK ice core site, Pakistan and India have experienced a
significant population increase trend from 1951 to 2008 (Fig. 6). Pop-
ulation density is the highest along the Ganges and Indus rivers in the
northern part of the Indian peninsula (Fig. 5b). The consequent increases
in industrial and agricultural activities in this region could be major
contributors to atmospheric fluoride in the ZK ice core record. Fig. 6
shows the historical trends of selected variables indicating such indus-
trial and agricultural activities that might lead to F~ emissions. They all
show significant increases since 1961, which is consistent with the 5-
year mean Ex F~ concentration trend in ZK ice core. Therefore, the in-
crease in atmospheric F~ content in the central TP region is likely to be
attributed to anthropogenic activities in the northwestern part of the
Indian peninsula.

4.4. South Asia monsoon influence

The South Asian summer monsoon plays an important role in
transporting pollutants from anthropogenic activities in South Asia to
the TP glaciers. This is confirmed by numerous studies in glacier
chemical records and field monitoring data (Li et al., 2007; Zou et al.,
2020Db). In order to study the effect of South Asian monsoon activity on
the trend of anthropogenic F~ concentration in the ZK ice core, we
examined the correlation between the reconstructed South Asian sum-
mer monsoon index (SASMI) (Li and Zeng, 2002) and the Ex F~ con-
centration (Fig. 7). SASMI is a monsoon index developed by Li and Zeng
(2002), and can be used to quantify the strength of Indian summer
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Fig. 6. Trends of coal consumptions for India and Pakistan (data from https://
www.bp.com/en/global/corporate/energy-economics/statistical-review-of-wo
rld-energy/downloads.html), total P,Os for South Asia (data from http
s://www.ifastat.org), aluminum (Al) production for India (data from https://
www2.bgs.ac.uk/mineralsuk/statistics/worldArchive.html), population for
India and Pakistan (data from https://www.fao.org/faostat/en/#data/OA).
These are associated with industrial and agricultural activities contributing to
fluoride emission for the period 1951-2008 AD.
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Fig. 7. Comparison of excess F~ concentration in the ZK ice core with the South
Asian summer monsoon index (SASMI) during the period 1951-2008 AD.

monsoon. During the strong SASMI periods, greater land-sea thermal
contrast leads to strong southwesterly winds during summer, which, in
turn, transports more fluoride from the Indian Peninsula to the central
TP. Our results show that two peaks (around 1968 and 1995, respec-
tively) in the Ex F~ concentrations coincided with SASMI peaks, and that
the increasing trend of the Ex F~ concentrations after the 1990s is
consistent with a strengthening trend of SASMI (Fig. 7). In 2005, a
decline in Ex F~ concentrations corresponded to a shift in the SASMI
trend. This relationship was further confirmed by a statistically signifi-
cant positive correlation (r = 0.28, p < 0.05) between the five-year
running average concentrations of Ex F~ and SASMI. We performed
the cross wavelet transform (XWT) and wavelet coherence (WTC)
analysis between SASMI and annual F~ concentration for 1951-2008 AD
(Fig. 8) (Grinsted et al., 2004). The XWT results show that the common
high energy region occurred at a time scale of 7-10 years for 1961-1974
and 4-6 years for 1984-1994 (Fig. 8a). The WTC results show that
significantly high wavelet coherence was found at a time scale of 2-3
years in 1965-1978 and 0-2 years in 1988-1996 (Fig. 8b). These sig-
nificant resonance periods suggest that SASM has a significant effect on
F~ deposition in ZK ice core during the above periods. These results
suggest that the South Asian monsoon plays an important role in
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transporting fluorine-containing aerosols originated from South Asian
anthropogenic emissions. Previous studies found that the Indian
monsoon can reach the northern edge of the TP (~35°N) during the
monsoon period (June-September), passing the study site (Zou et al.,
2022). The present prevailing updraft below 200 hpa on the southern
margin of the TP is favorable for transporting aerosols from the
Indo-Gangetic Basin to the interior of the TP (Xu et al., 2014).

5. Conclusion

This study provided a detailed assessment of atmospheric fluoride
deposition in central TP for the period 1951-2008, using the ZK ice core
record. The mean F~ concentration in this area is an order of magnitude
higher than that of the Greenland ice core during the same period, and
the emission of F-bearing minerals after weathering is the main source of
its natural activities. Linear regression analysis shows that the F~ con-
centrations have shown a slight upward trend since 1951. Coincided
peaks of F~ and Ca?" (a proxy for dust) indicate that its primarily natural
source is soil particle deposition driven by wind activity. Based on
empirical orthogonal function (EOF) and Ex concentration analysis, F~
concentrations contributed from anthropogenic emissions were quanti-
fied and showed a significant upward trend since 1990. And analysis of
backward trajectories of airmass shows that the pollutants in the ZK
glacier mainly come from the northwestern part of the Indian peninsula.
Based on a survey of potential anthropogenic emissions of atmospheric
F~ in this region, the significantly increased anthropogenic emissions
since 1961 likely contributed to the enrichment of F~ in the ZK ice core.
In addition, the similar trends between SASMI and Ex F~ concentrations
indicate that the South Asian monsoon plays an important role in
transporting F-containing aerosols from anthropogenic emissions in
South Asia. This study provides valuable insights into the biogeochem-
ical cycles of fluorine in remote areas, filling the gaps in knowledge due
to a lack of observation data.
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