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ABSTRACT: Industrial activities release aerosols containing toxic metals into the
atmosphere, where they are transported far from their sources, impacting
ecosystems and human health. Concomitantly, long-range-transported mineral
dust aerosols play a role in Earth’s radiative balance and supply micronutrients to
iron-limited ecosystems. To evaluate the sources of dust and pollutant aerosols to
Alaska following the 2001 phase-out of leaded gasoline in China, we measured Pb-
Sr-Nd isotopic compositions of particles collected in 2016 from snow pits across an
elevational transect (2180−5240 m-a.s.l) in Denali National Park, USA. We also
determined Pb flux and enrichment from 1991−2011 in the Denali ice core (3870
m-a.s.l). Chinese coal-burning and non-ferrous metal smelting account for up to
64% of Pb deposition at our sites, a value consistent across the western Arctic. Pb
isotope ratios in the aerosols did not change between 2001 and 2016, despite the
ban on lead additives. Emissions estimates demonstrate that industrial activities
have more than compensated for the phase-out of leaded gasoline, with China
emitting ∼37,000 metric tons year−1 of Pb during 2013−2015, approximately 78% of the Pb from East Asia. The Pb flux to Alaska
now equals that measured in southern Greenland during peak pollution from North America.
KEYWORDS: Sr-Nd-Pb isotopes, air pollution, ice core, lead emissions, lead flux, Alaska, China, North Pacific

■ INTRODUCTION
Atmospheric aerosols derived from anthropogenic and natural
sources have wide-ranging effects on ecosystems, humans, and
Earth’s climate. One of the most pervasive environmental
pollutants, lead (Pb), is a toxic heavy metal that has
detrimental impacts on both human health and ecosystems.1,2

The majority of modern atmospheric Pb is emitted through
human activities,3,4 including combustion of leaded gasoline
(phased out globally as of 20215), coal-burning, industrial
activities, waste incineration, and non-ferrous metal mining
and smelting.6,7 In addition to these anthropogenic sources,
natural volcanic and dust emissions deliver small quantities of
Pb to the environment. Fresh snow on a glacier surface acts as
a natural aerosol sampler, trapping particles through both wet
(e.g., scavenging, cloud condensation nuclei) and dry
deposition. Importantly, there are no significant sources of
aerosols to a pristine snow surface besides the atmosphere.
Thus, measurements from glacier surfaces can augment direct
atmospheric measurements by providing temporally resolved
archives of atmospheric particle deposition from remote
locations. Ice cores from Greenland and the European Alps
document significant declines in Pb deposition following the
bans on leaded gasoline in Europe and North America;8−10

however, new records of atmospheric deposition are needed in
order to track the history of Pb emissions in other regions of

the world. Existing snow and ice Pb isotope data from
northwestern North America only extend to 2001 (refs 11 and
12), and thus changes in Pb pollution sources to this region
following the 2001 phase-out of leaded gasoline in China have
not been documented.

In addition to the atmospheric transport of heavy metals,
mineral dust from desert and glacial sources has far-reaching
impacts and can be observed far downwind from its source
regions. Mineral dust in the atmosphere affects Earth’s
radiative balance by scattering short-wave and absorbing
long-wave radiation; net effects on surface temperature are
largely dependent on grain size and are now thought to be
positive, causing ∼0.15 W m−2 warming,13,14 equivalent to
about 9% of the radiative forcing from anthropogenic CO2 in
2011. Dust also delivers iron and other micronutrients to
offshore regions of the ocean, where primary production is
often iron-limited.15,16 Dust and pollution aerosols both serve
as cloud condensation nuclei, affecting cloud distribution and
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precipitation patterns.17−19 Provenance studies provide critical
constraints on the sources, transport pathways, and magnitudes
of deposition of dust and heavy metals, helping to constrain
potential impacts of dust and anthropogenic pollutant aerosols
on humans, ecosystems, and the climate.
To assess the sources of pollution alongside both local and

long-range-transported mineral dust aerosols, we collected
surface snow from an elevation transect in Denali National
Park, Alaska, USA, in June 2016 (Figure 1). We combine
strontium (Sr), neodymium (Nd), and Pb isotopic measure-
ments to fingerprint dust and pollution aerosols and trace them
to their source regions. We also characterize the compositions
of dust produced by glacier erosion in southcentral Alaska and
Yukon Territory, Canada, using 20 glaciofluvial silt and loess
samples (Figure 1). Our approach allows for five-dimensional
geochemical discrimination of dust and pollution sources to
the central Alaska Range (i.e., Sr, Nd, and up to 3 different Pb
isotope ratios), assessing both spatial and elevational gradients
in dust and pollution aerosol deposition in spring 2016. We
also present Pb concentration, enrichment, and flux data
spanning 1991−2011 from the Denali ice core drilled in 2013
(refs 20, and 21). The results represent the first assessment of
Pb pollution sources to northwestern North America since the
phase-out of leaded gasoline in China in 2001. Comparison
with published records from Barrow, Alaska and the Arctic
Ocean,22 the St. Elias Mountains of Yukon, Canada,11,12,23 the
Devon Ice Cap in Nunavut, Canada,24 and from Green-
land25−28 allows for a broader assessment of dust and pollution
sources to the western Arctic.

■ MATERIALS AND METHODS
Isotopic ‘Fingerprinting’ Approach. Analysis of Sr, Nd,

and Pb isotope compositions of particles preserved in snow
and glacier ice allow tracing to their source through isotopic

‘fingerprinting’. This well-established approach benefits from
the following attributes: (1) differing rock compositions and
geologic histories result in distinctive bedrock Sr-Nd-Pb
isotope compositions; (2) sediment and aerosol Sr-Nd-Pb
compositions reflect those of their terrestrial and anthro-
pogenic sources; and (3) these isotope ratios do not chemically
fractionate during transport or geochemical processing.
However, heterogeneity among the mineral distributions may
result in some isotopic heterogeneity among different grain size
fractions, which in particular has been observed to impact Sr
and Pb isotopes.29−31 To mitigate the effects of physical
sorting on Sr and Pb isotope ratios, we follow the common
approach of using the <5 μm size fraction to characterize the
southcentral Alaska dust source region.32

Snow Pits and Sediments. In 2016 and 2017, we
collected 20 fine-grained sediment samples from the major
drainages of southcentral Alaska (Figure 1B), as well as from
the vicinity of Kluane Lake, Yukon Territory, Canada. Samples
include glaciofluvial silt and locally derived loess, which
together represent glaciogenic sediments from these catch-
ments. Locations and a full suite of major and trace element
data, as well as detailed iron geochemistry, have been
published previously, and data are available through the
EarthChem Library:33,34 https://ecl.earthchem.org/view.
php?id=1679. Snow pit samples were collected from an
elevational transect of sites (2180 to 5240 m a.s.l.) in Denali
National Park, Alaska (Figure 1). We sampled in June 2016,
and the samples represent springtime deposition, the season
when Asian dust emissions are at their highest.35 More
information on sampling protocols, assessment of seasonality,
grain size distributions, and determination of the potential
contribution of volcanic ash from the March 2016 Pavlof
eruption can be found in the SI.

Figure 1. Maps showing sites discussed in the text. (A) Overview map showing snow pit sampling locations: Denali (yellow star, this study), the St.
Elias mountains (red star11,12,23), and Barrow, Alaska and the Chukchi Sea sector of the Arctic Ocean (triangles22). (B) Digital elevation model
showing locations of sediments collected to characterize local dust source compositions. Samples were collected from the three major drainages of
southcentral Alaska: the Susitna, Knik, and Copper Rivers. (C) Schematic topographic profile showing snow pit elevations in Denali National Park.
Mt. Hunter is also the site of the Denali deep ice core used to estimate Pb flux and enrichment.
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Following laboratory processing (see the SI), filtered snow
pit dust and <5 μm sediment samples were digested on a
hotplate under HEPA filtration using HF + HNO3, with
HClO4 added if needed to oxidize organic carbon. Sr, Nd, and
Pb aliquots were separated using chromatographic columns
(see the SI), and isotope ratios were measured on a Neptune
Plus multicollector inductively coupled plasma mass spec-
trometer (MC-ICP-MS) at the Lamont-Doherty Earth
Observatory. Full analytical details, including blanks, standard
values, and reproducibility can be found in the SI. Sediment
and snow pit Sr-Nd-Pb isotope data can be accessed through
the EarthChem Library at https://ecl.earthchem.org/view.
php?id=2229.
Denali Ice Core. We use data from an ice core drilled in

Denali National Park to estimate the Pb flux and enrichment
over the period 1991−2011, excluding explosive eruptions (see
the SI for details). A parallel pair of cores were drilled 208 m to
bedrock on the Mt. Hunter summit saddle (Figure 1) in 2013
(refs 20 and 21). The timescale for this interval was developed
using annual layer counting and has an age uncertainty of <0.5
yr.20 In this study, we use Denali core 2. The ice core was
melted using a continuous melting system36,37 at Dartmouth
College, with discrete samples collected for ICP-MS and other
analyses. These were acidified to 1% v/v with Optima-grade
nitric acid and allowed to leach at room temperature for at
least 6 weeks before analysis to achieve stable concentrations
with the nitric acid leach.38 Lead concentrations were analyzed
using 208Pb in low-resolution mode on a Thermo-Finnigan
Element II high-resolution ICP-MS at the University of Maine.
Lead Emissions Estimates. Following the approach of ref

39, we developed Pb emissions estimates for China, Japan,
South Korea, and Russia using non-ferrous metal (Cu, Ni, Pb,
Zn) smelting data from the USGS Mineral Yearbook (https://
www.usgs.gov/centers/national-minerals-information-center/
commodity-statistics-and-information) and coal-burning data

from the World Bank Open Data database (https://data.
worldbank.org/); see the SI for details.

■ RESULTS AND DISCUSSION
Dust Provenance in Denali National Park and the

Western Arctic. Northwestern North America, with signifi-
cant glaciated landscapes in Alaska, British Columbia, and the
Yukon Territory, is both a source of glaciogenic dust and a
repository of local and long-range-transported dust and
pollution. Satellite and surface aerosol observations have
provided clear evidence of trans-Pacific dust transport from
the deserts of China and Mongolia to the region.35,40−42

Moreover, dust from the deserts of China has been
documented around the Northern Hemisphere.32,41,43,44

Local dust sources are also important as river valleys draining
glaciated catchments in southcentral Alaska supply dust to the
iron-limited waters of the Gulf of Alaska.45,46

Dust source regions and Pb pollution sources show
significant variations in Sr-Nd-Pb isotopic compositions across
the Northern Hemisphere.32,47 Among global pollution and
dust sources, Chinese Pb ore has a distinctly high thorogenic
composition (i.e., high 208Pb/204Pb and 208Pb/207Pb).7,47 In
addition, Chinese coal Pb can be distinguished isotopically
from both European and North American coal sources.48

Isotopic fingerprinting therefore provides a robust approach
for discerning among key potential Pb pollution and dust
sources in the Northern Hemisphere, providing information on
atmospheric transport pathways independent of satellite
observations and back-trajectory or transport modeling.

The combination of Sr-Nd-Pb isotopes allows for the
separation of dust and pollution signals. We use Sr and Nd
isotopes to characterize the dust component of aerosol
deposition, as these isotopes are minimally influenced by
pollution sources. The Denali snow pit samples display a range
of Sr-Nd isotope compositions that varies with elevation

Figure 2. Snow pit Sr-Nd-Pb isotope data from Denali and the St. Elias12 plotted as a function of elevation. (A) 87Sr/86Sr, (B) εNd, (C)
206Pb/207Pb, and (D) 208Pb/207Pb. The elevation dependence reflects aerosol contributions from different mixing ratios of sources at different
elevations. Error bars are plotted where they are greater than symbol size.
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(Figure 2). Samples from Denali Base Camp (2180 m) have
lower 87Sr/86Sr (0.7073−0.7092) and higher εNd (−3.6 to
−1.3), while samples from Camp 17 (5240 m) and Mt. Hunter
(3870 m) have higher 87Sr/86Sr (0.7118−0.7125) and lower
εNd (−11.2 to −5.4) (Figure 2). Other sites on the Denali
massif (elevations 2640 and 4310 m) have intermediate Sr-Nd
compositions. The Camp 14 sample (4310 m) appears to
contain a contribution of ash from the March 2016 eruption of
Pavlof Volcano in the Aleutian Islands (see the SI). Removing
this contribution to the Sr-Nd composition shifts the data
toward higher 87Sr/86Sr (0.7113) and lower εNd (−3.6), as
would be expected for this relatively high-elevation site. The
elevational trends are comparable to those observed in the St.
Elias12 (Figure 2).
Low-elevation snow pit samples are indistinguishable from

local glaciogenic sediments (Figure 3), suggesting that dust
transported from the glacier-fed river valleys of southcentral
Alaska reaches elevations of at least 2100 m. (See the SI for a
detailed characterization of local dust source areas). At higher
elevations (2640−5240 m), we see an increasing contribution
from an isotopically older crustal end-member, indicated by
higher 87Sr/86Sr and lower εNd values (Figure 3). Given
isotopic similarities, the predominance of Asian dust in the
North Pacific atmosphere,35,40 and previous geochemical
analyses of dust deposited in northwestern North America,12

we infer this end-member to be desert dust from China and
Mongolia.
The dust reaching high-elevation sites in the Alaska and St.

Elias ranges can be traced back to Asian desert source regions
using Sr-Nd isotopes (Figure 3). The differing Sr-Nd isotopic
compositions of these deserts reflect the region’s tectonic
history and derivation of sediments from cratons of different
crustal residence age. One sample from Denali (Camp 17,
5240 m) and one from Mt. Logan (King Col, 4150 m, yellow
star in Figure 3)12 are compatible with a North China desert
source, with 87Sr/86Sr > 0.713 and εNd ≈ −6 (ref.24). This
region, labeled ‘Region A’ in Figure 3, includes the Gobi,
Gurbantunggut, Onqin Daga, Horqin, and Hunlun Buir deserts
and sandy lands, which are derived from the North China

Craton and associated sediments.32,49,50 The Mt. Hunter,
Alaska, sample (3870 m) has a more negative εNd value of
−11, lower than the values from ‘Region A’ deserts. Its most
likely Asian source is the deserts and sandy lands of
northeastern China (‘Region C’ in Figure 3), which include
the Hobq and Mu Us deserts and the region of western
Beijing. This region is characterized by 87Sr/86Sr of 0.712−
0.725 and lower εNd-values of −21 to −12, reflecting the
erosion of older crustal materials associated with the Ordos
craton.49,50 The relatively low 87Sr/86Sr ratio of the Mt. Hunter
sample (0.7118) argues against the Taklamakan and Southern
Gobi region (‘Region B’ in Figure 3) as its main source region
as dust from these regions is characterized by 87Sr/86Sr of
0.715−0.733 and εNd of −12 to −8 (refs 49 and 50),
including the Qaidam Basin, Badain Jaran and Tengger deserts,
and the Chinese Loess Plateau. While our spring 2016 samples
appear to reflect the inputs of a subset of desert regions, we
expect that on longer timescales, dust deposition in north-
western North America reflects inputs from many or all of
these East Asian deserts.

Loess in the Fairbanks, Alaska region (northeast of Denali)
also carries an older crustal isotopic signature, similar to the
deserts of ‘Region C’ in northeastern China32 (Figure 3).
However, we think it is unlikely that this dust would be lofted
up and over the Alaska Range, given prevailing wind patterns,
so this source probably supplies only minor contributions to
our sites, at most. On the whole, we conclude that the
measured Sr-Nd compositions at higher elevations reflect
significant contributions of dust from the deserts of northern
and northeastern China.

Surprisingly, even at elevations of ∼4000 m, isotope mixing
calculations reveal that sites in the Alaska Range receive dust
from both southcentral Alaska river valleys and Asian desert
sources. We use a 2-component concentration-dependent
isotope mixing equation to estimate source contributions,
following the general form:

Figure 3. Snow pit Sr-Nd isotope compositions from Alaska, the St. Elias,12 and the western Arctic22 compared to potential dust source
regions.31,49,50 St. Elias snow pit elevations are as follows: red star, 2620 m; orange star, 2800 m; yellow star, 4150 m a.s.l. Barrow and Arctic Ocean
samples are from sea level. The dotted lines show calculated mixtures of southcentral Alaska dust with Region A and Region C desert sediments
that could plausibly produce several of the observed snow pit dust compositions. Beijing loess data are shown for context but are not considered an
independent source region. Source region data include the <5 μm fraction from refs 31 and 50and the HOAc-residue fraction from ref 49. Error
bars are generally smaller than symbols. Camp 14 data have been corrected to remove a volcanic contribution (see the SI).
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where MixAB is the isotope ratio of a given mixture of end-
members A and B; R is the isotope ratio of an end-member; C
is the concentration of the element of interest in that end-
member; and f represents the fraction of the mixture
contributed by each end-member. Depending on the sample,
we estimate that Asian deserts supply anywhere from ∼35 to
75% of the dust to our sites (Table S2). This implies a
significant role for locally sourced dust. Our results thus
suggest that deep ice cores drilled at high-elevation sites in the
Alaska and St. Elias ranges can be used to reconstruct trans-
Pacific transport of dust from Asia. At the same time, they also
are likely to reflect contributions of locally sourced dust. It
would be valuable for future work to assess the seasonality of
dust deposition from different sources, as prior work shows
that Asian dust emissions peak in spring,35 while emissions
from southcentral Alaska river valleys peak in the fall.45

Denali snow data can be compared to paired Sr-Nd-Pb
measurements on surface snow samples collected from Barrow,
AK in April−May 2015, and from the Chukchi Sea sector of
the Arctic Ocean (Figure 1) in August 2016 (ref.22), allowing
for an assessment of both dust and pollution sources along a
latitudinal gradient in northwestern North America. The
Barrow and Arctic Ocean sites have Sr-Nd compositions
similar to those from high-elevation sites in the Alaska Range,
but with a greater contribution of Chinese desert dust (i.e.,
lower εNd, higher Sr ratios) (Figure 3). This finding is
consistent with a trans-Arctic transport pathway of dust from
Asia to Greenland, where the deserts of China have been
inferred to be the primary source of dust.25,26,32

Deposition of Pollution Pb in Denali National Park
and Northwestern North America. Denali snow pit Pb
isotopes show a strong relationship to elevation, with more-
radiogenic Pb (higher 206Pb/204Pb, 207Pb/204Pb, 208Pb/204Pb,
208Pb/207Pb, and 206Pb/207Pb) values found at lower elevations

(Figure 2). Base Camp (2180 m) sample compositions are
consistent with primary contributions of Pb from local
glaciogenic sources (Figure 4 and Figure S4). High-elevation
sites are characterized by less-radiogenic Pb values of
206Pb/204Pb = 18.19−18.47, 207Pb/204Pb = 15.60−15.61,
208Pb/204Pb = 38.16−38.34, 206Pb/207Pb = 1.166−1.198, and
208Pb/207Pb = 2.446−2.464 (Figure 4 and Figure S4; Camp 14
values are revised slightly to remove contribution of Pavlof ash;
see the SI). The high-elevation Pb isotopic compositions are
less radiogenic than would be expected from any dust sources
in Alaska or Asia and instead point to a pollution source. These
samples have highly correlated 208Pb/207Pb and 206Pb/207Pb
values (R2 = 0.96), suggesting that the same primary sources
are supplying Pb across a range of elevations, though in
different mixing ratios.

Arctic snow samples show comparably low (less-radiogenic)
Pb isotope ratios, suggesting a pollution source similar to the
Denali snow samples.22 Taken together, the data from the
three sites form a tight linear array that indicates primarily two-
component mixing (Figure 4B). One end-member appears to
be mineral dust, with relatively high 206Pb/207Pb and
208Pb/207Pb (refs 32 and 51), while the other end-member
strongly indicates a pollution source. The array of snow pit Pb
isotope data extends beyond the majority of Chinese coal
sources, which generally have higher 208Pb/207Pb values52,53

compared to the Denali-Arctic Pb isotope trend (Figure 4A).
Likewise, the snow pit array trends in the opposite direction
from the field for North American coal sources (which plot off
the chart area), which are characterized by very high
206Pb/207Pb and 208Pb/207Pb values (e.g., ∼1.3 and ∼2.5,
respectively54,55). Instead, the pollution end-member supplying
Pb to Denali and Arctic snow appears to be pollutant aerosols
from China43,53 with 206Pb/207Pb of 1.162 ± 0.011 (mean ±
1σ) and 208Pb/207Pb of 2.451 ± 0.014 (blue field representing
2002−2012 aerosol data in Figure 4). We explore the
composition of this end-member in more detail in the section
entitled ‘Pb Pollution Source Apportionment’.

Figure 4. 206Pb/207Pb vs 208Pb/207Pb of Alaska and Arctic snow pit samples22 compared to potential dust31,51 and pollution43,52,53,55 sources. Denali
Base Camp samples fall within the field of southcentral Alaska glaciogenic sediments (A), while higher-elevation samples follow a mixing line
between a mixed-dust end-member and a pollution end-member (B). Barrow, Alaska and Arctic Ocean snow samples follow a similar trend,22 and
Arctic samples are indistinguishable from Chinese aerosols. The mixed-dust end-member represents an ∼60/40 mixture of southcentral Alaska and
Asian dust source sediments, based on the Sr-Nd isotope data. The pollution end-member, with 206Pb/207Pb of 1.1542 and 208Pb/207Pb of 2.4386, is
calculated using ice core Pb enrichment data from Mt. Hunter, assuming the other Pb source is the mixed-dust end-member (see text). China
unleaded fuels are shown for reference but are not considered a major Pb source. Error bars on samples from this study represent 2σ external errors
and are smaller than the symbol size.
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The Pb isotope compositions of Pb sources and aerosols
from Japan, South Korea, and Russia also plot near those from
China (Figure S5). Because the contributions from these other
industrialized nations cannot be quantified using Pb isotope
ratios, we have developed Pb emissions estimates using data
for gasoline consumption, coal-burning, and non-ferrous (Cu,
Ni, Pb, Zn) metal smelting, the three largest sources of Pb
emissions,56 following the approach of ref 39 (see Methods).
The emissions data illustrate the predominance of Chinese Pb
inputs to the North Pacific region from 1990 to 2015 (Figure
5). A lack of data from the former Soviet Union prevents a full
assessment of relative contributions prior to 1990, but it is
clear from Figure 5 that Chinese emissions from coal-burning
and gasoline combustion both increased during the 1980s and
remained well above those from Japan and South Korea.

Regarding Russian emissions, as of 2016, only about 1% of
the total capacity (in metric tons per year) of Cu, Ni, Pb, and
Zn processing plants in Russia was represented by plants in the
Far East (e.g., in the Primorskiy Kray region that includes
Vladivostok).57 Likewise, the majority of Russian coal-fired
power plants are located well to the west of East Asia.58

Therefore, if anything, Figure 5D likely overestimates the
potential Russian contribution to northwestern North America.
What is clear from the emissions data is that China has
accounted for an increasing share of total Pb emissions from
this region through time, from 50 to 60% during the 1990s to
70 to 80% during 2005−2015 (Figure 5D). Based on the most
recent emissions data, we estimate that China contributed
∼78% of the pollution Pb to our sample sites and to the North
Pacific region more generally. The remaining portion came
primarily from coal-burning and non-ferrous metal smelting in
Japan and South Korea and, to a lesser extent, Russia. The
interpretations based on geochemical data and emissions
estimates are supported by atmospheric back-trajectory
modeling (Figure S6).
Quantifying Lead Deposition in Denali National Park.

To constrain the flux and the enrichment levels from pollution
of Pb deposited in Denali National Park, we use data from the
Denali ice core (208 m long) collected in 2013 on Mt. Hunter
(3870 m, refs 20 and 21) (see the SI). We find that Pb
concentrations deposited between 1991 and 2011 are very high
compared to upper continental crust,59 enriched by a factor of
3−5 relative to preindustrial times (see the SI). In other words,
the ice core data suggest that about 66−80% of the Pb
deposited at high elevations in Denali National Park during
1991−2011 came from anthropogenic sources. This compares
to a pollution contribution estimate of >90% in the Mt. Logan
ice core (5300 m) over the period 1981−1998 (ref 23), likely
reflecting a smaller Pb contribution from local dust sources at
the higher-elevation site. Average Pb flux for 1991−2011 on
Mt. Hunter was 64−93 μg Pb m−2 yr−1, including both crustal
and anthropogenic Pb sources and excluding explosive volcanic
eruptions. This compares to a preindustrial flux of 5−7 μg Pb
m−2 yr−1. The 1991−2011 values are likely lower than more
recent Pb flux values, considering how Pb emissions have
increased since 2011 (Figure 5). Given the increase in Pb
emissions from China, we assume that the higher ice-core-
based estimate of 80% pollution-sourced Pb on Mt. Hunter is
most congruent with our 2016 results.

The ice core-based estimates of Pb flux can be used to
determine the amount of pollutant Pb deposited in Denali
National Park over the period 1991−2011 (see the SI).
Applying the Mt. Hunter pollution estimate of 80% yields an
annual pollutant Pb flux of 51−74 μg m−2 yr−1. This range is
comparable to other flux estimates in the northeast Pacific. For
instance, Pb flux over the period 1981−1998 on Mt. Logan was
26 μg m−2 yr−1 while the Eclipse ice core recorded about 900
μg m−2 yr−1 across the same interval,11,23 likely reflecting a
larger flux of local terrestrial dust. The Denali total Pb flux of
64−93 μg Pb m−2 yr−1 is comparable to that recorded at the
PARCA Act2 site in south-central Greenland during peak 20th
century pollution (1950−1975 average), where a total Pb flux
including natural and anthropogenic sources of 91 μg m−2 yr−1

was recorded.8,9,23 Thus, Pb aerosol deposition in northwest-
ern North America roughly equals that in southern Greenland
during peak pollution from North American leaded gasoline
emissions, despite a longer transport distance across the Pacific

Figure 5. Atmospheric Pb emissions estimates for countries in Asia.
(A) Gasoline, (B) coal-burning, and (C) smelting of Cu, Ni, Pb, and
Zn ores, which comprise the three largest sources of Pb emissions
over the period shown. (D) Total Pb emissions are calculated as the
sum of leaded gasoline, coal-burning, and non-ferrous metal smelting
emissions. *Excludes additional minor sources of Pb emissions,
including iron and steel smelting, unleaded vehicle exhaust, cement
production, and waste incineration.56 (E) Comparison of Chinese Pb
emissions by source. Gasoline data, coal data up to 1989, and smelting
data up to 2002 are from ref 39. Offsets in panel (C) likely reflect
differences in how the underlying ore data were reported, as the same
approach was used to calculate Pb emissions between the two studies;
see Materials and Methods and the SI for details and data sources.
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and the phasing out of leaded gasoline in both China and
Russia.
Pb Pollution Source Apportionment. Using the Pb

enrichment values, we can independently calculate the
expected Pb isotopic composition of the pollution end-
member (Figure 4B). This is possible because the Sr-Nd
isotope data provide the approximate proportions of local
Alaska and long-range transported dust (e.g., 60% Alaska, 40%
China; Table S2), and the linear nature of the snow pit Pb
isotope data array further constrains the Pb isotope
composition of the dust end-member. Using the median
values for China and Alaska dust sources, we calculate a mixed-
dust end-member with 208Pb/207Pb = 2.476 and 206Pb/207Pb =
1.213 (Figure 4B). We can then use this dust end-member,
along with the proportion of pollution Pb estimated for Mt.
Hunter, to calculate the pollution end-member composition.
By mass balance (shown for 206Pb/207Pb), 206Pb/207PbSample =
206Pb/207PbPollution × f + 206Pb/207PbDust(1 − f), where f is the
fraction of Pb from pollution (0.8 on Mt. Hunter). Since the
Pb isotope ratio of the pollutant is the unknown in this case,
we can rearrange the equation to calculate it :
206Pb/207PbPollution = [206Pb/207PbSample − 206Pb/207PbDust(1 −
f)]/f. We find that the Pb isotope ratios of the pollution source
to Denali are 208Pb/207Pb = 2.439 and 206Pb/207Pb = 1.154.
Because the Pb isotope compositions of the two dust sources
are very similar, the specific values used for each dust source
(median vs extreme high or extreme low Pb isotope ratios)
make little difference in the calculated pollution end-member.
The composition of our calculated pollution end-member plots
within the field for modern (2002−2012) urban aerosols in
China43,53 (Figure 4A), strengthening our interpretation that
Chinese air pollution is the primary pollution source of Pb to
our samples.
Recognizing that air pollution inherently represents a

mixture of sources, we wanted to quantify the contributions
of Pb from coal-burning and non-ferrous metal smelting to the
calculated pollution end-member as these two sources
represent the main contributors of Pb emissions following
the phase-out of leaded gasoline in China. We used MixSIAR,
an advanced Bayesian isotope mixing model,60−62 to quantify
the contributions of Pb from Chinese ore and coal sources to
our calculated pollution end-member (see the SI). The end-
member values are defined as the mean ± 1σ of the published
data for each source (Table S1, Figure 4 and Figure S5). The
model indicates that a median of 19% (1σ range: 11−27%)
comes from ore bodies with 206Pb/207Pb of ∼0.98−1.08 and
208Pb/207Pb of ∼2.25−2.44, which we term ‘ore 1’; 49% (26−
72%) of the Pb comes from ore bodies with 206Pb/207Pb of
∼1.13−1.18 and 208Pb/207Pb of ∼2.45−2.49, which we term
‘ore 2’; and 31% (10−52%) comes from coal-burning. The
uncertainty in the Pb isotopic composition of the pollution
end-member is much smaller than the uncertainty in the model
results, likely reflecting the large range of compositions within
Chinese ore and coal fields (Figure 4A). Pollution aerosols in
China thus represent multiple sources of Pb with a large range
of compositions.
Considering that our samples plot in a linear array between

the mixed-dust end-member and the pollution end-member,
we can calculate the proportion of Pb sourced from pollution
to each sample by solving for the pollution fraction f and then
apply the modeled proportions of Chinese ore and coal-
derived Pb based on the modeling results. We assume that Pb

emissions from Japan, Korea, and Russia together account for
22% of the pollution contribution to each sample, based on the
Pb emissions estimates for 2015 (Figure 5D). The remainder
of the pollution contribution, representing 21−64% of the Pb
delivered to high-elevation sites in Denali National Park,
depending on the site, comes from Chinese pollution sources
(Figure 6). Results for the Barrow and Arctic Ocean sites22 are

comparable to the Denali snow pits, with 37% and 64% of their
Pb sourced from China, respectively. Our results, showing that
the major proportion of Pb deposited at high elevations and
high latitudes in northwestern North America comes from
Chinese pollution sources (Figure 6), are likely representative
of high-altitude aerosol transport in the North Pacific and
western Arctic more generally and provide an important
geochemical benchmark for future studies.
Increasing Influence of Chinese Pollution in North-

western North America and the Western Arctic. Over the
past four decades, Pb aerosols in northwestern North America
and across the western Arctic have increasingly been
influenced by the trans-Pacific transport of East Asian
pollution. This is evident from both Pb emissions estimates
(Figure 5) and from environmental archives. The timing and
pace of industrialization in East Asian nations have differed,
and these different histories are recorded by natural archives,
including ice cores,11,23,27 corals,63 and North Pacific ocean
waters.39,64 Ice core records from the St. Elias mountains
(Figure 1), including from the Mt. Logan ice core (5300 m asl,
spanning through 1998 C.E.) and Eclipse ice core (3017 m asl,
1970−2001 C.E.), show Pb concentrations increasing in
parallel with Chinese industrialization during the late 20th
century. The Mt. Logan ice core shows that anthropogenic Pb
deposition increased markedly after 1950 with post-World War
II industrialization, while the largest jump to values ten times
above the pre-industrial baseline occurred in the 1980s.23 Over
the period 1970−2001, Eclipse ice core Pb isotope analyses
indicate contributions from both East Asia (China and Japan)
and from North America, with an increasing Asian pollution
signal through time11 (the Mt. Logan record does not include
Pb isotopes). Lead isotope data from the Ogasawara coral
record from Japan show that Japanese Pb emissions dominated
deposition in that part of the northwest Pacific through much

Figure 6. Bar plot showing median source proportions of pollution Pb
calculated for each site. The major portion (21−64%) of pollution Pb
deposited in high-elevation and high-latitude sites can be attributed to
Chinese pollution sources, with lesser contributions (totaling 5−16%)
from Japan, South Korea, and Russia. The Barrow and Arctic Ocean
data are from ref 22.
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of the 20th century.63 However, beginning in 1980, Pb
concentrations and 208Pb/207Pb ratios increased, signaling the
rapid industrialization of China.63 By the end of the Ogasawara
record in 2001, 64 ± 14% of Pb deposition at that location
could be attributed to Chinese sources.63 Lead isotope data
from the northwest Pacific Ocean surface mixed layer (max
depth ranging from 12−110 m, interpreted to represent a 5-
year integrated signal, i.e., ∼1997−2002) are indistinguishable
from Chinese aerosol data.39 By coupling Pb isotope data with
emissions estimates, the authors determined that Chinese
emissions accounted for the majority of Pb deposition in the
northwest Pacific, with lesser contributions from Russia and
Japan (other countries’ inputs were considered minimal).39

Overall, Pb data from across the North Pacific region show
that China has been the dominant source of Pb pollution since
the 1990s. On a broader scale, aerosol measurements made
across the continental U.S. show that Pb pollution sources to
the western and eastern US began to differ in the 1990s, a shift
attributed to an increasing proportion of Chinese industrial Pb
pollution following the elimination of leaded gasoline in the
US.47 As of 2008, Chinese aerosols contributed a median of
∼30% of Pb pollution to sites in northern California.43

Comparison of the high-elevation Denali snow pit data with
the Pb isotope record from the Eclipse ice core11 demonstrates
the changing history of Pb pollution in northwestern North
America (Figure 7, Eclipse error bars are shown in Figure S7).
During the 1970s, the Eclipse record was largely influenced by
pollution aerosols from the US (Figure 7A). Beginning in the

1980s, the increasing influence of Chinese industrialization can
be seen as a shift toward higher 208Pb/207Pb values (Figure
7B), with Eclipse data overlapping the field of Chinese urban
aerosols.47 During the 1990s, the Eclipse data span the fields of
U.S. and Chinese aerosols and bracket the range of Denali
snow values from this study (Figure 7C). By the end of the
Eclipse ice core record in 2001, the Eclipse data plot almost
entirely within the Chinese source fields, with most data
indistinguishable from Chinese urban aerosols (Figure 7D).
The Eclipse data overlap the data from two of the highest-
elevation Denali snow pits, which according to Denali ice core
Pb enrichment data receive up to 80% of their Pb from
pollution sources. Together these records, along with the data
from Barrow and the Arctic Ocean,22 demonstrate the
pervasive trans-Pacific deposition of Chinese pollution aerosols
in northwestern North America.

On the opposite side of North America, ice cores from
Greenland document changing European Pb emissions over
the past nearly three millennia, including significant Pb
emissions from North America, which peaked during the
mid-20th century.8,65,66 However, recent Greenland snow
samples register the imprint of Chinese pollution. Beginning in
the late 1990s, about 50% of Pb deposition in central
Greenland27 and up to 73% of Pb deposition in northwestern
Greenland28 could be attributed to Chinese pollution sources.
Thus, across the western Arctic from Alaska to Greenland, Pb
isotopes reflect the substantial and increasing influence of
pollutant aerosols from China. In contrast, ice core records

Figure 7. Comparison of Denali high-elevation snow pit Pb isotope compositions from 2016 (yellow squares) with Eclipse Icefield ice core data11

(circles, color bar in years C.E.). Panels show the progressive shift toward higher 208Pb/207Pb values over the past 50 years including (A) 1970s,
(B), 1980s, (C), 1990s, and (D) 2000−2001. Panel (D) shows the mixed-dust end-member (teal diamond) and pollution end-member (gray
circle) inferred for the Denali samples. Error bars for the Denali samples are smaller than the symbol size. Eclipse error bars can be seen in Figure
S7. Source data citations are the same as in Figure 4.
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from the European Alps10 and Altai67 document declining Pb
emissions from Western and Eastern Europe related to the
phasing out of leaded gasoline and economic collapse of the
Soviet Union, respectively. These records, along with those
from Greenland8,9 and Devon Island,24 highlight the positive
and ongoing impact of Pb abatement measures.
The new data from Denali are among the first from

northwestern North America that demonstrate potential
changes in the Pb isotope compositions of long-range-
transported aerosols following the 2001 phase-out of leaded
gasoline in China. A comparison of our 2016 samples with the
most recent samples from the Eclipse ice core (e.g., 2000−
2001; Figure 7D) demonstrates similarities in their Pb isotope
compositions, indicating that the isotopic signature of long-
range-transported pollutants remained fairly stable over the
past two decades in spite of the phase-out of leaded gasoline in
China. This likely reflects the fact that Chinese tetraethyl Pb
made use of locally sourced Pb ore, which continues to be
emitted through smelting and other industrial activities. This
can be seen in the overlapping fields for leaded gasoline and
‘ore 2’ (Figure 7) as well as the second field for leaded gasoline,
which plots near ‘ore 1’ (the latter field is just off the lower axis
bounds in Figure 7). Consistent with this interpretation, North
Pacific shallow ocean Pb concentrations from the early 2000s
suggest that industrial emissions had more than compensated
for the decline in leaded gasoline emissions.39 This conclusion
is corroborated by Pb emissions data, which show that by
2006, total Chinese emissions had rebounded from the dip due
to the phase-out of tetraethyl Pb. From 2006 to 2014,
emissions increased sharply, reaching over 37,000 metric tons
of Pb per year (Figure 5). The 2015 data show a slight
decrease, likely reflecting significant Chinese governmental
efforts to abate Pb emissions.68 It can be hoped that as new
emissions data become available, a downward trend will
emerge.
While aerosols measured in China show a slight shift toward

higher 206Pb/207Pb and lower 208Pb/206Pb values (i.e., from a
more “ore-like” to a more “coal-like” composition) following
the gasoline Pb additive ban,53 our data indicate that the ban
did not have a significant impact on long-range pollutant Pb
isotope compositions. This finding, though surprising, parallels
results from the Devon Ice Cap in the eastern Canadian Arctic,
where ice core Pb isotope data showed no change following
the leaded gasoline bans in North America (1970) and Europe
(1980)24 despite declining Pb deposition. Together, these
studies show that remote locations across the Arctic continue
to accumulate anthropogenic heavy metal pollutants from
distal locations. Although Pb deposition rates in the Arctic
from Asian pollution sources are not high enough to be
considered toxic,69 data from remote locations serve as an
important testament to the global nature of heavy metal
pollution. While the complete global phase-out of leaded
gasoline5 represents a victory for human health and the
environment, our results suggest that some of the benefits of
banning Pb additives from gasoline have been short-lived as
other industrial uses of Pb have increased over the past two
decades. Further efforts are needed to decrease Pb emissions to
reduce impacts of Pb on vulnerable children, particularly in
developing nations.70
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