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Abstract The Himalayas form a major atmospheric barrier between South Asia and Tibetan Plateau, yet
cross‐barrier transport of anthropogenic metals remains poorly constrained. We use moss δ66Zn along a
750–4,100 m a.s.l. south‐north transect in Motuo to trace pollution sources and transport processes. On the
southern slope, trace metals (Zn, Pb, As, Ni, Co) display pronounced altitudinal gradients, with low elevations
showing high concentrations and light δ66Zn (− 0.41‰ to − 0.32‰) dominated by smelting (42%–50%). With
increasing elevation, concentrations decrease and δ66Zn becomes heavier (0.20‰ to 0.29‰), reflecting greater
coal combustion inputs (35%–50%). North of the crest, overall metal loads are lower, but high elevations
(>3,500 m) show heavy δ66Zn (0.30‰ to 0.44‰) and strong coal contributions (43%–54%). Our results show
that topography, anthropogenic emissions, and vegetation coverage regulate vertical pollutant distribution
patterns, providing direct Zn isotopic evidence for transboundary transport of coal combustion emissions from
South Asia to the Tibetan Plateau.

Plain Language Summary The Himalayas act as a natural barrier between South Asia and the
Tibetan Plateau, but it is not clear how human‐made heavy metals can cross this barrier. Here we used stable
zinc isotopes (δ66Zn) to track pollution sources and pathways along a south‐north mountain transect
(750–4,100 m a.s.l.). On the southern slope, metals such as Zn, Pb, As, Ni, and Co show clear patterns with
elevation. At low elevations, metal concentrations are high and δ66Zn values are low (− 0.41‰ to − 0.32‰),
mainly due to nearby industrial emissions, especially factory smelting (42%–50%). As elevation increases,
metal levels decrease and δ66Zn becomes higher and more stable (0.20‰ to 0.29‰), showing a growing
contribution from fine particles transported over long distances from coal burning (35%–50%). On the northern
slope, metal levels are generally lower, but at high elevations (>3,500 m a.s.l.), metals become enriched again,
with high δ66Zn values (0.30‰ to 0.44‰) and a strong influence from coal combustion (43%–54%). Overall,
the topography, human emissions, and vegetation cover together control the vertical distribution of metal
concentrations. Emissions from South Asian coal combustion can cross the Himalayas and affect the
atmospheric environment of the inner Tibetan Plateau.

1. Introduction
With accelerating industrialization, heavy metals such as Zn, As, Pb, Ni, and Co are increasingly released into the
atmosphere through industrial activities, transportation, and energy production, posing a growing global envi-
ronmental concern (Sen & Peucker‐Ehrenbrink, 2012; Tian et al., 2015; Zhu et al., 2020). These elements are
toxic, bioaccumulative, and capable of long‐range atmospheric transport, reaching remote regions including polar
areas and the Tibetan Plateau (Elsen et al., 2020; He et al., 2023; H. Zhang et al., 2013). In mountainous envi-
ronments, complex terrain and strong elevation gradients modify airflow and enhance deposition, often
concentrating pollutants on windward slopes and within valley systems (Bing et al., 2019). Altitudinal variations
in climate and vegetation further regulate scavenging efficiency and surface retention, producing pronounced
spatial heterogeneity and complicating the identification of transport pathways across major mountain barriers
(Bing et al., 2018; T. Li et al., 2017; Musah et al., 2025; Wu et al., 2014). As the “Third Pole,” the Tibetan Plateau
plays a key role in the Earth system by influencing the Asian monsoon, regional hydrology, and large‐scale
atmospheric circulation (Yao et al., 2022).
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Stable zinc isotopes (δ66Zn) provide source‐specific information linked to emission processes and have become
an effective tracer for atmospheric source apportionment (Duan et al., 2025; Schleicher & Weiss, 2023;
Schleicher et al., 2020). Different anthropogenic activities generate distinct isotopic signatures. Coal combustion
typically produces positive δ66Zn values (+0.17‰ to+1.66‰) through evaporation–condensation fractionation,
whereas high‐temperature metal smelting preferentially emits isotopically light Zn, resulting in negative values
(− 0.21‰ to − 0.09‰) (Gelly et al., 2019; Mattielli et al., 2009; Ochoa Gonzalez & Weiss, 2015; Wei
et al., 2025). Non‐exhaust traffic sources, such as brake and tire wear (− 0.03‰ to +0.58‰), and re‐suspended
road dust (− 0.03‰ to+0.34‰), also show characteristic isotopic compositions distinct from combustion‐related
emissions (Borrok et al., 2010; Jeong et al., 2022; Wu et al., 2024). These differences allow δ66Zn to be used to
quantify source contributions and trace atmospheric transport processes (Bunnell et al., 2025; S. Dong
et al., 2013; Kim et al., 2025).

Although the Tibetan Plateau is relatively pristine, the adjacent South Asia region represents one of the world's
major pollution hotspots (Z. Dong et al., 2020; Reddington et al., 2019; Xu et al., 2023). Rapid growth in fossil
fuel consumption and industrial output has created high‐intensity emissions. By 2012 India consumed approx-
imately 0.68 billion tons of coal and produced approximately 3.6 million tons of non‐ferrous metals (Zhu
et al., 2020). Coal combustion contributes substantially to Pb, Cr, Mn, and Zn emissions (35%–97%) and
dominates As (∼60%) and Cr (∼96%) emissions, whereas metal smelting contributes 51%–77% of As, Cd, and Ni
emissions (Yu et al., 2022; Zhu et al., 2020). The Himalayas act both as a topographic barrier and a dynamic
modifier of atmospheric flow, producing strong contrasts in pollutant deposition between southern and northern
slopes (Dhungel et al., 2018; M. Zhang et al., 2020; Y. Zhang et al., 2020). Despite increasing evidence for such
trans‐Himalayan transport, the vertical distribution of pollutants and the relative importance of different sources
in high‐mountain environments remain poorly constrained (Bing et al., 2018; Hong et al., 2009; Nizam
et al., 2020).

Mosses provide an effective biomonitoring medium because they accumulate atmospheric inputs directly, exhibit
minimal isotopic fractionation, and lack root uptake. Their high surface area and physiological sensitivity allow
them to record both elemental concentrations and isotopic signatures of atmospheric deposition (Cloquet
et al., 2008; Dolgopolova et al., 2006). In this study, moss samples were collected along a 750–4,100 m eleva-
tional transect across the southern and northern slopes of the Himalayas in the Motuo region. Concentrations of
five atmospheric‐related metals (Zn, Pb, As, Ni, and Co) and Zn isotopic composition (δ66Zn) were measured to
characterize vertical distribution patterns and their controlling factors. Zinc isotopic fingerprints were further used
in a mixing framework to quantify anthropogenic and natural source contributions. The results provide new
constraints on trans‐Himalayan pollutant transport and its implications for atmospheric contamination of the
Tibetan Plateau interior.

2. Methodology
2.1. Site Description and Sampling

This study focuses on the Yarlung Tsangpo Grand Canyon in eastern Himalaya (Figure 1a), where vertical
transects on both the southern and northern slopes of the canyon were selected for moss sampling. Located on the
southern edge of the Tibetan Plateau, the region features a complex geography and diverse climates, representing
a pronounced climatic transition zone. Tropical and subtropical monsoon climates dominate the low‐elevation
valleys near Motuo county, while climate conditions shift progressively to cold temperate and alpine climates
with increasing elevation toward the plateau interior. This strong altitudinal climatic gradient makes the region
highly sensitive to atmospheric transport and orographic precipitation processes (H. Li et al., 2016). It is both a
key site for climate change research and an important corridor for transboundary transport of heavy metal pol-
lutants across the Himalayas (Cai et al., 2024; Yan et al., 2020) (Figure 1).

Sample data are summarized in Table S1 in Supporting Information S1. On the southern slope, 17 moss samples
(Bryum) were collected along altitudes ranging from 750 to 3,950 m a.s.l., with sampling points set at 200 m
elevation intervals to capture vertical variations in heavy metal deposition (red symbols in Figure 1b). The
southern slope exhibits typical windward characteristics, with a humid climate and abundant precipitation,
exceeding 2000 mm annually in low‐altitude areas. For comparison, 8 moss samples (Bryum) were collected on
the northern slope between 2,700 and 4,100 m a.s.l., also at 200 m intervals (orange symbols in Figure 1b).
Situated in the Himalayan rain shadow, the northern slope experiences drier conditions, with precipitation
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concentrated in the summer monsoon season and sparse vegetation dominated by alpine meadows and shrublands
(M. Zhang et al., 2020; Y. Zhang et al., 2020).

2.2. Isotope and Element Concentration Measurements

Moss samples were rinsed with ultrapure water to remove surface contaminants and dried at 40°C. Dried ma-
terials were homogenized by grinding to fine powders and stored in polyethylene bags. Grinding tools were
cleaned with ethanol between samples. Subsequently, samples were digested in Teflon beakers using a mixture of
2.5 mL HNO3 and 0.5 mL H2O2 on a hot plate at 200°C and evaporated to near dryness. After cooling, the
residues were dissolved in 0.5 mL HCl and diluted to 25 mL with double distilled deionized water (Bing
et al., 2018). Concentrations of Zn, Co, Ni, Pb, As, and Al were measured by ICP‐MS (Element XR, Thermo
Fisher Scientific, USA), calibrated against SPEX™ standard solutions. Analytical accuracy and precision were
evaluated using procedural blanks, duplicate samples, and certified reference materials (GBW07603 and
GBW07604). Recoveries exceeded 98%, and analytical precision was better than ±5% RSD.

Prior to isotope analysis, zinc was purified from pretreated samples using an anion‐exchange chromatography
method. The samples were loaded onto columns packed with pre‐cleaned resin (AG MP‐1M, 100–200 mesh, Bio‐
Rad, USA). Columns were sequentially rinsed with ∼8 M HCl +0.01‰ H2O2 and ∼2 M HCl +0.01‰ H2O2 to
remove matrix elements. After discarding ∼2 mL of 0.5 M HNO3, zinc was eluted in the subsequent ∼10 mL of
0.5 M HNO3. The collected fractions were evaporated to dryness at 80°C and redissolved in ∼1 mL of 3% HNO3

for isotopic measurement. Zinc isotopes were measured using a multi‐collector inductively coupled plasma mass
spectrometer (MC‐ICP‐MS, Neptune Plus). The accuracy and precision of the measurements were evaluated
through long‐term analyses of the geological standard reference material BCR‐2. Zinc isotope compositions in
this study are reported in δ notation relative to the IRMM‐3702 standard, a pure synthetic zinc provided by the
Institute for Reference Materials and Measurements, based on the 66Zn/64Zn ratio: δ66Zn = [(66Zn/64Zn) sample/
(66Zn/64Zn) IRMM − 1] × 1,000.

Figure 1. Study area and sampling locations on the Tibetan Plateau. (a) Geographic location of the study region and the 120‐
hr backward air mass trajectory in the study area during the sampling. (b) Sampling sites, with red symbols indicating sites on
southern slopes and orange symbols indicating sites on northern slopes.
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3. Results
3.1. Zn Isotopic Compositions and Metal Concentrations Across the South and North Slopes

Zinc isotopic compositions differed significantly between the southern and northern slopes (Welch's t‐test,
p < 0.01), with lower δ66Zn values on the southern slope (Figure 2a). The southern slope exhibited a broad
isotopic range (− 0.41‰ to 0.29‰; mean = 0.05 ± 0.44‰, 2σ, n = 17), whereas the northern slope a narrower
and consistently heavier δ66Zn distribution (0.30‰ to 0.44‰; mean = 0.37 ± 0.10‰, 2σ, n = 8).

Zinc concentrations differed significantly between slopes (Welch's t‐test, p < 0.05; Figure 2b), with higher mean
concentrations on the southern slope (184.66 ± 201.35 mg kg− 1, σ) than on the northern slope
(66.70± 27.08 mg kg− 1, σ). Mean concentrations of Co, Ni, Pb, and As were also generally higher on the southern
slope (13.64 ± 12.32 mg kg− 1, 21.58 ± 21.77 mg kg− 1, 21.91 ± 28.82 mg kg− 1, and 4.16 ± 2.89 mg kg− 1,
respectively) than on the northern slope (7.01 ± 4.77 mg kg− 1, 10.87 ± 11.98 mg kg− 1, 11.67 ± 11.98 mg kg− 1,
and 2.98 ± 1.77 mg kg− 1), although these differences were not statistically significant.

Overall, the southern slope was characterized by lighter Zn isotopic compositions accompanied by higher trace
metal concentrations, whereas the northern slope exhibited heavier δ66Zn values and lower metal concentrations.

3.2. Elevational Distributions of Zn Isotopes and Metal Concentrations

On the southern slope, Zn isotopic compositions showed a significant non‐linear relationship with elevation
(p < 0.01), with δ66Zn values shifting from lighter to heavier values with increased elevation. The lightest δ66Zn
value (− 0.41‰) occurred at 950 m, whereas higher elevations were associated with heavier δ66Zn values. In
contrast, Zn isotopic compositions on the northern slope were confined to a narrower and heavier range, with no
significant relationship with elevation.

Concentrations of Zn, Pb, Ni, Co, and As on the southern slope were fitted using a Generalized Additive Models
(GAMs) (details are available in Supporting Information S1), revealing significant relationships with elevation
(p < 0.01), with R2 values ranging from 0.49 to 0.75 (Figure 3). The fitted curves show higher concentrations at
low elevations, decreasing toward mid‐elevations, followed by a slight increase or a tendency toward stabilization
at higher elevations. In contrast, trace metal concentrations on the northern slope showed an overall increasing
trend with elevation (Figure 3).

Overall, the southern slope displayed an altitudinal pattern characterized by higher trace metal concentrations and
lighter δ66Zn values at low elevations (− 0.41‰ to +0.07‰, <2,000 m), transitioning to lower metal

Figure 2. Comparisons of (a) δ66Zn values and (b) metal concentration between the south and north slopes. Boxplots show the
median (center line), interquartile range (IQR; box), and 1.5 × IQR whiskers. Shaded boxes in blue and orange correspond to
the south and north slopes, respectively. Significance between slopes was evaluated using two‐sample Welch's t‐tests, with
p < 0.05 (*) and p < 0.01 (**).
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concentrations and heavier δ66Zn values at higher elevations (+0.30‰ to +0.44‰, >3,000 m). By contrast, the
northern slope was characterized by lower metal concentrations, increasing concentrations toward higher ele-
vations, and consistently heavier Zn isotopic compositions with weak altitudinal variability.

Figure 3. Altitudinal variation of δ66Zn (a, b) and trace metal concentrations (Zn, Pb, Ni, Co, As) (c–l) measured in moss
samples along the south (left column) and north (right column) slopes. Points are sample values; solid lines are Generalized
Additive Models fits with 95% confidence intervals (shaded).
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4. Discussion
4.1. Atmospheric Deposition of Trace Metals Along Himalayan Slopes

Metal concentrations in mosses served as proxies for spatial variations in atmospheric deposition. The annual
atmospheric input accumulation estimated from Monte Carlo simulations shows clear differences between the
southern and northern slopes of the Himalayas, with higher atmospheric input fluxes of Zn, Pb, Ni, Co, and As on
the southern slope compared to the northern slope (Figure S1 in Supporting Information S1). Accumulated inputs
of trace metals peaked at low elevations, where contamination factors and enrichment factors showed elevated
contamination (Tables S2 and S3 in Supporting Information S1), likely reflecting influence from near surface
anthropogenic sources (Anjum et al., 2025; Guttikunda & Jawahar, 2014; Migaszewski et al., 2009).

On the southern slope, the contamination factor (CF) and enrichment factor (EF) values of all elements are
generally high, with persistently elevated levels at low elevations (EF > 10, CF > 8; Figure S2 in Supporting
Information S1), indicating stronger contamination and enrichment in these areas. In contrast, CF and EF on the
northern slope exhibit an overall increasing trend with elevation (GAM, p < 0.05), with higher levels observed at
high elevations (Figure S2 in Supporting Information S1). These patterns are consistent with the elevational
distribution of elemental concentrations, suggesting clear differences in pollution levels and their spatial distri-
bution between the two slopes.

Overall, accumulated inputs of trace metals from the atmosphere were higher at low elevations (<2,000 m) on the
southern slope, with elevated contamination levels and enrichment. On the northern slope, the highest accu-
mulation and elevated contamination and enrichment occurred at high elevations (>3,500 m). These patterns
highlight contrasting altitudinal distributions of trace metals across the two slopes of the Himalayas.

4.2. Controlling Factors of the Altitudinal Distribution Patterns of Trace Metals

4.2.1. Anthropogenic Activities

As the summer monsoon windward side of the Himalayas, the southern slope directly receives atmospheric
pollutants from high‐intensity source regions in South Asia, including industrial activities, traffic emissions, and
coal combustion. Elevated concentrations at low elevations (As: 9.26 mg kg− 1; Pb: 102.60 mg kg− 1; Zn:
452.00 mg kg− 1; Ni: 69.00 mg kg− 1; Co: 37.40 mg kg− 1) far exceed values reported for remote background
regions. Moss surveys in Alaska, a minimally impacted region, reported much lower levels (Zn: 44.70 mg kg− 1;
Ni: 4.70 mg kg− 1; Co: 1.40 mg kg− 1; As: ≤1.00 mg kg− 1) (Migaszewski et al., 2009). Relative to these baselines,
Zn, Ni, and Co are elevated by about one order of magnitude, with As approaching a similar enhancement.

Such enrichment is unlikely to reflect natural variability and instead indicates substantial anthropogenic inputs.
This is consistent with aerosol vertical profiles in Himalayan valleys, which show high pollutant loadings near the
southern foothills and decreasing concentrations with elevation (Babu et al., 2011; Yuan et al., 2020). For
example, aerosol observations in Nepal show Zn concentrations of 497–2,193 ng m− 3, with enrichment factors
(EFZn) reaching up to 201.5, while Ni, Co, and Pb also exhibit elevated concentrations and enrichment charac-
teristics indicative of strong anthropogenic sources. Similarly, the Indo‐Gangetic Plain shows high levels of trace
metal pollution and associated environmental risks, reflecting intensive industrial and vehicular emissions (Kang
et al., 2019; Rawat et al., 2021, 2024).

Differences in source characteristics further control transport. Metal smelting mainly releases pollutants into the
near‐surface atmosphere, causing strong low‐elevation contamination, whereas fine particles from coal com-
bustion and biomass burning are efficiently transported over long distances and can reach high altitudes (D. Li
et al., 2024; Sivry et al., 2008). The increase in δ66Zn from negative to positive values with elevation provides
geochemical evidence for this shift, indicating a transition from isotopically light Zn derived from near‐surface
smelting to heavier Zn associated with high‐altitude aerosols influenced by coal combustion.

In contrast, anthropogenic activity on the northern slope is limited, with emissions mainly from residential coal
use and transportation and no large‐scale industry or smelting. These local sources alone cannot explain the
observed high‐elevation enrichment (Zn: 103.00 mg kg− 1; Co: 17.30 mg kg− 1; Ni: 24.00 mg kg− 1; Pb:
40.00 mg kg− 1; As: 6.52 mg kg− 1). A more plausible explanation is transboundary transport of fine particulate
heavy metals from South Asia, particularly the Indo‐Gangetic Plain and Nepal.
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4.2.2. Meteorological and Topographic Controls

Once anthropogenic metals enter mountain environments, their spatial patterns are controlled by meteorology and
topography, which regulate deposition processes. Elevation gradients modify temperature and precipitation,
influencing dry and wet deposition and producing marked altitudinal differences in trace metal accumulation
(H. Zhang et al., 2013).

On the southern slope, the windward side of the Himalayas, the Indian summer monsoon brings abundant pre-
cipitation (>2,000 mm yr− 1 in Motuo). Pollutants are transported along deeply incised valleys by monsoonal
circulation and upper‐level westerlies, and efficient wet scavenging concentrates atmospheric inputs at low el-
evations, resulting in higher moss‐recorded metal accumulation (Figure S1 in Supporting Information S1) (Bing
et al., 2018; Liu et al., 2023). With increasing elevation, condensation‐related processes become more important,
and cloud and fog deposition enhances fine aerosol removal, leading to a slight increase in metal accumulation
above 3,000 m (Figure 3). Similar altitudinal patterns have been reported in other high‐altitude regions based on
multiple environmental archives, including moss biomonitoring, soils, and precipitation (Bing et al., 2018; T. Li
et al., 2017; Xiao et al., 2021).

The northern slope is affected by a strong rain shadow, where limited precipitation reduces wet deposition and
increases the relative importance of dry deposition (Cherednichenko et al., 2021). Under the combined influence
of regional topography and monsoon circulation, aerosols from South Asia are advected into the interior of the
Tibetan Plateau (R. Zhang et al., 2015; M. Zhang et al., 2020; Y. Zhang et al., 2020). Topographically induced
airflow convergence and mountain trapping further favor pollutant retention and accumulation at high elevations.

4.2.3. Vegetation Effects

Spatial variations in vegetation cover also influence the transport and deposition of atmospheric trace metals. The
Yarlung Tsangpo Grand Canyon region exhibits dense vegetation, with NDVI > 0.6 below 3,000 m and well‐
developed forests (H. Li et al., 2016; Yu et al., 2022). On the southern slope, forest canopies intercept pollut-
ants through stomatal uptake and foliar adsorption. During rainfall, retained metals are washed off, producing
metal‐enriched throughfall (He et al., 2023; Tan et al., 2019) that enhances trace metal inputs to understory
mosses.

Observations from Mount Gongga show that trace metal concentrations in throughfall exceed those in open
precipitation and decrease with elevation (Bing et al., 2018). Mosses therefore accumulate metals from enriched
throughfall and surface runoff, leading to increased concentrations and altered spatial patterns (Gandois
et al., 2010; T. Li et al., 2017). In contrast, vegetation on the northern slope is sparse, especially at high elevations
where alpine meadows and shrublands dominate. Under these conditions, mosses act as primary receptors of
atmospheric deposition, directly capturing airborne particles. Consequently, trace metal accumulation is less
affected by vegetation filtering and more directly reflects atmospheric inputs.

To evaluate the effects of environmental factors on the spatial distribution of Zn isotopes (δ66Zn), a multiple linear
regression model was applied to quantify their relative contributions to δ66Zn variability (Text S3 in Supporting
Information S1). The factor contributions of elevation, anthropogenic activity, and vegetation coverage to δ66Zn
spatial variability in the region are 44.2%, 28.8%, and 26.9%, respectively (R2 = 0.82, p < 0.01). The interaction
among factors is negligible (ΔR2 = 0.006), indicating limited synergistic effects. Overall, elevation‐associated
environmental conditions play a dominant role in controlling the spatial distribution of δ66Zn and metal
concentrations.

4.3. Source Apportionment of Heavy Metal Pollutants Constrained by Zinc Isotopes

Stable zinc isotopes (δ66Zn) were used as a tracer for source discrimination, assuming conservative behavior
during atmospheric transport and moss uptake, as isotopic fractionation in mosses is negligible (Cloquet
et al., 2008). Accordingly, δ66Zn values were taken to represent atmospheric inputs. A Bayesian mixing model
(MixSIAR) was applied (Table S4 in Supporting Information S1) to quantify the relative contributions of four
major sources—coal combustion, metal smelting, natural dust, and non‐exhaust traffic emissions—and their
altitudinal variations on the southern and northern slopes.
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On the southern slope, source contributions show clear altitudinal differentiation. At low elevations (<1,150 m),
smelting dominates (42%–50%), consistent with the region acting as a near‐source receptor of South Asian in-
dustrial emissions. Smelting releases isotopically light Zn, producing lower δ66Zn values (Mattielli et al., 2009;
Sivry et al., 2008). With increasing elevation, smelting contributions decline to 12%–18%, while coal combustion
increases markedly from ∼10% to up to 42% (Figure 4a). This shift indicates increasing influence of coal‐derived
fine aerosols (e.g., fly ash and soot) transported at higher altitudes and characterized by heavier isotopic signatures
(Toutain et al., 2008; Wu et al., 2024). In contrast, natural dust and non‐exhaust traffic emissions vary little with
elevation, averaging 26.6% and 26.2%, respectively (Figure 4c).

The northern slope exhibits a vertically uniform mixed‐source pattern. Coal combustion consistently represents
the largest contribution (43%–54%) across all elevations, consistent with long‐range transport influencing the
interior of the Tibetan Plateau (Wei et al., 2025; Wu et al., 2024). Smelting contributions remain low (10%–12%)
and show minimal altitudinal change (Figure 4b), indicating limited local industrial influence and restricted cross‐
barrier transport of direct industrial emissions. Natural dust and non‐exhaust traffic emissions also show weak
variability, with mean contributions of 20.7% and 19.7%, respectively (Figure 4c). Mosses integrate atmospheric
deposition over months to years and record ambient Zn levels over their growth period, which in our study region
mainly occurs from June to September, coinciding with the Indian summer monsoon. Backward trajectory and
wind field analyses (Figure 1 and Figure S3 in Supporting Information S1) indicate that air masses during the
sampling period were predominantly controlled by the Indian summer monsoon, facilitating the transport of
pollutants from South Asia to the Tibetan Plateau. Given the relatively stable isotopic signatures of dominant
sources, moss δ66Zn primarily records monsoon‐driven transboundary transport.

4.4. Transboundary Transport and Cross‐Himalayan Deposition Mechanisms of Pollutants

Integrating source apportionment with trace metal distributions reveals distinct pollution regimes and transport
pathways across the Himalayas. On the southern slope, the Yarlung Tsangpo Grand Canyon acts as a major
corridor for transboundary pollutants from South Asia, with deposition controlled by strong source inputs and
elevation‐dependent scavenging. At low elevations (<2,000 m), efficient wet deposition concentrates particulate
pollutants, accompanied by high contributions of isotopically light Zn from smelting, indicating dominant in-
fluence of near‐surface anthropogenic emissions.

Figure 4. Zn source apportionment in mosses from the southern and northern slopes based on δ66Zn of potential sources,
including natural dust (+0.25 ± 0.15‰), smelting (− 0.68 ± 0.07‰), coal combustion (+1.31 ± 0.11‰), and non‐exhaust
traffic emissions (+0.22 ± 0.07‰). (a) Altitudinal variations in δ66Zn and Bayesian‐estimated source contributions;
(b) Stacked bars showing elevation‐dependent contributions of sources, with LOESS‐smoothed trends; (c) Slope‐averaged
contributions of each source.
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With increasing elevation, coarse particles are progressively removed, and fine aerosols from coal combustion
become more important. These particles, characterized by relatively heavy δ66Zn, are efficiently scavenged by
cloud and fog, resulting in modest increases in metal inputs above 3,000 m, coal contributions of∼35%–43%, and
persistently positive isotopic values (Figure 4b). This vertical pattern reflects a shift from low‐elevation depo-
sition dominated by coarse smelting emissions to high‐elevation inputs increasingly influenced by long‐range
transported coal‐derived fine particles.

In contrast, the northern slope is mainly affected by cross‐barrier transport of high‐altitude aerosols enriched in
heavy Zn isotopes. Upper‐level circulation advects polluted air masses across the Himalayas (Figure S3 in
Supporting Information S1), leading to consistently high coal combustion contributions (43%–54%) and
enhanced metal accumulation above 3,500 m. These patterns indicate that long‐range atmospheric transport and
high‐elevation deposition, rather than local emissions, dominate trace metal inputs on the northern slope and the
interior of the Tibetan Plateau.

5. Conclusion
This study applies moss Zn isotopic compositions to constrain the sources and cross‐border transport of
anthropogenic heavy metals (Zn, Pb, As, Ni, Co) across the Himalayas. Pronounced altitudinal gradients in metal
concentrations and δ66Zn (− 0.41‰ to 0.29‰) on the southern slope indicate a transition from local industrial
emissions (42%–50%) at low elevations to increasing contributions from long‐range transported coal combustion
at higher elevations. On the northern slope, lower metal loads but systematically heavier δ66Zn values (0.30‰ to
0.44‰) suggest a dominant influence of transported coal‐derived emissions (43%–54%). Topography, anthro-
pogenic activities, and vegetation coverage collectively regulate the vertical distribution of pollutants. These
results provide isotopic evidence that anthropogenic emissions from South Asia, particularly coal combustion,
can cross the Himalayan barrier and influence the atmospheric environment of the southern Tibetan Plateau.
However, the limited availability of atmospheric Zn isotopic data in remote regions constrains direct comparison.
Future work incorporating in situ aerosol Zn isotope observations, particularly at high elevations, is needed to
further resolve transboundary transport processes.
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