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Widespread North American pollution and 
health impacts from early twentieth century 
copper production
 

Joseph R. McConnell    1  , Nathan J. Chellman    1, Sophie M. Wensman    1, 
Alison S. Criscitiello    2, Andreas Plach    3,4,5, Dorthe Dahl-Jensen6,7, 
Diedrich Fritzsche8, Kira M. Holland    2, Drake McCrimmon1, 
Matthew B. Osman9, John Sandlos10 & Andreas Stohl    3

Rapid expansion of fossil-fuel burning and base-metal production during 
the Second Industrial Revolution resulted in widespread pollution and 
potentially important health impacts. Here we used an array of Arctic ice 
cores, atmospheric modelling and epidemiology to investigate arsenic 
and other toxic heavy metal pollution. From multiple lines of evidence, 
we attribute the observed 1884–1918 increases of up to 15-fold in arsenic 
and other heavy metals primarily to emissions from copper production at 
Anaconda, Montana—then among the world’s largest copper producers 
and a well-documented source of arsenic emissions. We estimate emissions 
from Anaconda of 11 and 4.4 kt yr−1 for arsenic and lead, respectively, during 
the two decades of peak production that polluted much of North America. 
Installation of electrostatic precipitators, delayed for a decade by lax 
regulation, reduced heavy metal emissions by 65%, but not before exposing 
millions of Americans to cancer risks, cognitive declines and other ailments.

Arctic and near-Arctic ice core records show that deposition of many 
toxic heavy metals and other pollutants across large regions of the 
Arctic was substantially higher during the late nineteenth and early 
twentieth centuries1–3 than at any time during the past 170 years (Fig. 1). 
This period included the ~1870 to ~1914 Second Industrial Revolution 
(hereafter referred to as the Industrial Revolution) when widespread 
exploitation of many natural resources including fossil fuels and base 
metals such as copper (Cu), nickel (Ni), zinc (Zn) and lead (Pb) rapidly 
expanded, leading to pronounced increases in air pollution especially 
in North America (NA) and Europe. Following the Great Depression 
(1930–1935), resource exploitation and industrial output accelerated, 
resulting in increased atmospheric emissions of toxic substances 
through at least the early 1970s when regulatory policies such as the 

US Clean Air Act were first implemented. It is therefore contrary to 
expectations that the emissions of certain toxic heavy metal pollutants 
peaked in the early twentieth century.

Arsenic (As) and Pb are among the heavy metal pollutants most 
toxic to humans and ecosystems; the World Health Organization rec-
ommends no safe levels of exposure4. Based on their frequency of 
occurrence, toxicity and potential for human exposure, As and Pb are 
respectively first and second on the Agency for Toxic Substances and 
Disease Registry Substance Priory List, ahead of mercury (Hg) and 
other well-known highly toxic substances. Acute and chronic exposure 
to elemental As and its associated compounds, sometimes referred to 
as the ‘king of poisons’, have been linked to increased risk of cancer, 
neural complications, diabetes and other serious diseases5,6. Dangerous 
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Fig. 1 | Western Greenland heavy metal and sulfur pollution from 1850 to 2020. 
a,b, ncAs deposition and As enrichment at Summit, Greenland. c–i, Deposition 
(left axis) and enrichment (right axis) of ncBi, ncSb and ncPb, and sulfur 
deposition (i) in a six-core western Greenland composite (WGC, inset). Dates of 
major relevant historical events are shown.

levels of As exposure are associated with industrial pollution generated 
primarily by metal production, particularly Cu and other non-ferrous 
smelting of sulfide ores7, and coal burning. The severely detrimental 
effects of Pb exposure in humans during recent decades are well known, 
with infants and children especially vulnerable8.

Glacier ice contains the best indirect record of past atmospheric 
constituents, and ice core studies have examined the magnitude and 
sources of heavy metals during recent centuries and millennia (for 
example, refs. 2,9–15). Because of the short atmospheric lifetimes (typi-
cally days to weeks), concentrations and deposition rates of pollutants 
such as As, Pb2,11,16,17, sulfate (for example, ref. 18) and refractory black 
carbon19–23 vary rapidly in both space and time, thereby necessitating 
spatial arrays of observations to understand past sources, concentra-
tions and exposure levels. Although recent Arctic Pb pollution has been 
documented clearly in ice cores2,9,14,16,24,25, very few ice core As records 
have been reported, and those that exist are hampered by low temporal 
resolution and sparse geographic distribution3,26.

Here we used chemical and isotopic measurements in an Arctic- 
  wide array of ten high-depth-resolution, well-dated ice core records 
from Canada, Greenland and the Russian Arctic (Extended Data Table 1) 
to assess the timing, magnitude and likely sources of As, Pb, bismuth 
(Bi) and antimony (Sb) pollution in the higher-latitude Northern Hemi-
sphere. All four metals or metalloids are found in varying proportions 
in ferrous and non-ferrous ores and fossil fuels. They are volatile and 
are thus often co-emitted from industrial processes. We focused par-
ticularly on the 1850–1950 period extending from well before to well 
after the Second Industrial Revolution of 1870–1914. Measurements 
were made using the unique, well-established continuous ice core 
analytical system at the Desert Research Institute (DRI)27,28. Non-crustal 
components (for example, ncAs), enrichments relative to crustal dust 
(for example, enrAs), as well as depositional fluxes, were calculated 
following standard procedures (Methods)1. Following recent meth-
ods development, four of the ten cores included As measurements 
(Extended Data Table 1). Taking advantage of similar variability and 
consistent concentration ratios between ncBi and ncAs during and 
immediately after the Industrial Revolution (Extended Data Fig. 1), how-
ever, we used ncBi measurements in the remaining six cores as proxies 
to extend As deposition across the array (Methods). On the basis of 
spatial patterns of pollutant deposition, state-of-the-art FLEXPART 
atmospheric aerosol transport and deposition modelling (Methods), 
historical information including regional commodity production 
statistics, and Pb isotopic measurements, we determined the likely 
dominant emission source and evaluated the extent and severity of 
consequent air pollution. We assessed potential impacts of these As 
and Pb emissions on late nineteenth- and early twentieth-century 
human health using findings from modern epidemiology studies and 
census data (Methods).

Results
The Summit2023 record measured at high resolution using the continu-
ous analytical system shows that pre-Industrial Revolution background 
levels of As were low, but well above concentrations expected from 
crustal dust alone indicated by an average enrichment (enrAs) of 14 
between 1850 and 1869 (Fig. 1). Enrichments rose slowly to ~45 by 1887, 
rapidly from 1888 to ~1895 to ~150, and then more slowly until World War 
I (WWI) when enrAs reached >200 or 15 times pre-Industrial Revolution 
background levels. Enrichments declined rapidly following WWI to 
~40 in 1920, recovered to >65, and then dropped again to 1850–1869 
background levels during the 1932–1934 nadir of the Great Depres-
sion. While enrichments increased again after the Depression, they 
remained well below 1898–1918 levels through 1950 and more generally 
through 2020. Changes in As and ncAs (Fig. 1) concentrations and depo-
sitional fluxes were similar, with ncAs deposition fluxes increasing from 
a pre-Industrial Revolution background of ~0.8–7.4 μg m−2 yr−1 between 
1914 and 1918. Following the end of WWI, ncAs fluxes declined sharply to 
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~3.4 μg m−2 yr−1 between 1919 and 1929 and then to ~1.0 during the Great 
Depression, only slightly above the 1850–1869 background. Annual 
ncAs fluxes remained well below early twentieth century deposition 
rates through 2020, generally between 1 and 3μg m−2 yr−1. Enrichments, 
concentrations and fluxes of total and non-crustal Bi (ncBi versus ncAs, 
r > 0.94, n = 58, P << 0.0001) and Sb (ncSb versus ncAs, r = 0.93, n = 58, 
P << 0.0001) in Summit2023 varied similarly to ncAs between 1875 and 
1932, suggesting common sources (all P values reported in this study 
are single sided). Moreover, ncAs concentrations closely tracked ncBi 
and with a consistent concentration ratio in Summit2023 and in the 
three other cores in which As was measured (Extended Data Fig. 1), 
implying that ncBi can be used as a proxy of ncAs during this period.

Non-crustal Pb measured in the Summit2023 ice core also showed 
strong similarities to ncAs between 1850 and 1950 but with some 
important differences (Extended Data Fig. 2). Consistent with earlier 
studies2,25, enrichment (enrPb) averaged ~30 and was relatively con-
stant during the pre-Industrial Revolution background period but 
increased to ~60 by 1880 and >130 by 1885. enrPb remained high but 
variable until the end of WWI before declining sharply to ~60 immedi-
ately following WWI and then nearly to 1850–1869 background levels 
during the Depression, before increasing again to >250 in the late 
1960s. The initial rise in enrPb from 1870 to 1880 indicates emission 
sources that did not contain appreciable amounts of As, Bi or Sb, and 
Pb isotopic ratios measured in the Summit2023 and Tunu2022b cores 
during this period are consistent with a mixture of western European 
and North American coals. However, 1880 to 1932 annual variations in 
enrPb and enrAs were similar (r = 0.76, n = 53, P << 0.0001) and even 
more similar between 1898 and 1918 (r = 0.88, n = 21, P << 0.0001), 
suggesting that some sources were common to both metals especially 

during the latter period. ncPb fluxes followed a similar pattern, increas-
ing from a pre-Industrial Revolution background average of 4.1 to an 
average of 15.4 μg m−2 yr−1 between 1898 and 1918 and 16.3 μg m−2 yr−1 
between 1914 and 1918 during WWI, before declining to ~8.0 μg m−2 yr−1 
between 1930 and 1934 during the Depression but still well above 
1850–1869 background.

Year-to-year variations in meteorology and long-range atmos-
pheric transport, in addition to glaciological noise from small-scale 
spatial variability in the timing of snow accumulation, result in uncer-
tainties in a single ice core record of aerosol deposition2,24,29. Because of 
highly significant correlations between the ice core pollutant records 
from western Greenland (Extended Data Table 2), we developed mul-
ticore, western Greenland composites (WGC) of ncBi, ncSb and ncPb 
(Fig. 1) using the geometric means (that is, log averages) of the six 
records (five for ncSb because we did not measure Sb in NUUS2015; 
Extended Data Figs. 3 and 4). We also developed a WGC emission sen-
sitivity field using the geometric mean of the six individual FLEXPART 
emission sensitivity fields to underpin interpretation.

Discussion
Source attribution
Continuous As measurements in three widely spaced cores and dis-
crete As measurements in Logan2022 (Extended Data Fig. 1) all showed 
similar 1875–1932 ncAs/ncBi ratios (26.7 ± 0.8 1 s.e., P < 0.0001 and 
26.4 ± 1.8 1 s.e., P < 0.0001 for the continuous and discrete measure-
ments, respectively). Together with the highly significant (P < 0.0001) 
co-variability in the WGC pollutant records (Extended Data Table 2 
and Fig. 3), this suggests that common emission sources influenced 
western Greenland during the pronounced high concentration anomaly 
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Fig. 2 | Relative arsenic deposition in Greenland and the Canadian and Russian 
Arctic. a, 1850–1950 annual ncAs flux measured in Summit2023 and the annual 
(light) and 11-yr median-filtered (dark) Russian Arctic AN to Greenland WGC 
ncBi flux ratio (as a proxy of ncAs). b, AN to WGC ratio in FLEXPART-simulated 
emission sensitivities, with triangles showing ice core locations and squares 
showing major pre-WWI base-metal mining and smelter complexes (northern 

NA: 1 – Tacoma, 2 – Trail, 3 – Butte/Anaconda, 4 – Keweenaw, 5 – Sudbury).  
c,d, Same as a and b but for Muller2025-SC. Ratios at both ice core sites during 
the late nineteenth and early twentieth century ncAs anomaly in Greenland show 
proportionally larger fluxes in Greenland (that is, WGC) consistent with northern 
NA smelter emissions. Northern Eurasian emissions would have resulted in 
proportionally greater fluxes in the Russian Arctic and Arctic Canada.
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particularly for ncAs and ncBi, but also for substantial portions of ncSb 
and ncPb fallout especially after ~1895. Pollutant deposition generally 
decreases with distance from the source. Thus, comparing ncAs and 
ncBi deposition in different ice cores may provide information on the 
location of the source. Following an approach previously used to inter-
pret broad arrays of Arctic and Antarctic ice core aerosol records2,11,20, 
we evaluated ratios of annual ncBi deposition (as a proxy of ncAs) in 
ice cores from other parts of the Arctic relative to WGC against similar 
ratios in their respective FLEXPART emission sensitivity fields (Fig. 2). 
While the absolute magnitude may be biased by different background 
fluxes, changes in the deposition ratios can indicate the location of the 
additional emission sources, provided there are sufficient differences 
between the two airsheds (that is, the geographic region from which 
atmospheric aerosol emissions influence impurity deposition at an 
ice core site21). Comparisons of ncBi fluxes in WGC against (1) Muller 
(Muller2025-SC) from far northern Canada and (2) Akademii Nauk 
(AN) from the Russian Arctic both show clear and sustained shifts in 
the deposition ratios towards WGC during the pronounced ~1888–1918 
ncAs anomaly in Greenland. The emission sensitivity ratio maps show 
that only emissions from northern NA are consistent with these marked 
changes. That is, northern NA shows high WGC ratios, indicating that 
additional emissions from these regions enhance deposition in western 
Greenland relative to other sites.

Cu smelters are thought to be among the largest sources of cur-
rent As pollution7 and demand for Cu and other base metals increased 
rapidly in the late nineteenth and early twentieth centuries follow-
ing widespread electrification and development of myriad industrial 

and military uses during the buildup to WWI30. While the pollutant 
deposition patterns (Fig. 2) clearly implicate emissions from northern 
NA, relatively few large-scale, non-ferrous mining and smelting sites 
were in operation in this region before WWI (Methods). The largest 
were located on Michigan’s Keweenaw Peninsula and near Butte/Ana-
conda in western Montana. Most of the production on the Keweenaw  
Peninsula, however, was from native Cu31 so As, Bi, Sb and Pb emissions 
were relatively low. Moreover, production in the Keweenaw Peninsula  
started decades before the anomalies recorded in Greenland ice 
(Extended Data Fig. 5).

Cu production in Montana which started in the 1870s was almost 
entirely from sulfide ores mined near Butte, and most of the ores 
were processed locally or in nearby Anaconda and Great Falls as early 
as 1884 but especially after construction of the enormous Washoe 
smelter in Anaconda in 1902 and consolidation of mine and smelter 
ownership31,32. Massive emissions from roasting and smelting of these 
sulfide ores were well-known sources of sulfuric acid and volatile 
heavy metal emissions at the time (for example, As, Bi, Sb, Pb, Hg). 
Damages from As emissions resulted in decades of litigation between 
the operators of Butte/Anaconda and nearby ranchers, farmers and 
eventually the US Forest Service31,32; the Silver Bow Creek/Butte Area 
Superfund site is now among the largest and most toxic environmen-
tal remediation sites in the United States31. Butte/Anaconda was the 
world’s largest Cu producer from 1892 to 1903 and production dwarfed 
that at other northern NA sites except Keweenaw well into the twen-
tieth century (Extended Data Fig. 5). Highly significant correlations 
between 1876 and 1918 annual Montana Cu production (for example, 
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Cottrell electrostatic precipitators (EP) at the Washoe (Butte/Anaconda) smelter. 
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b, Evaluations before (black) and after (red) EP installation indicate ~65% 
reduction in relative ncAs emissions. For illustration, Montana Cu production is 
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measured in the WGC array. Pearson’s r probabilities are one sided.
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ref. 33) and ncAs fluxes measured in the Summit2023 core (r = 0.90, 
n = 44, P << 0.0001), as well as ncBi (r = 0.93, n = 44, P << 0.0001) and 
ncSb (r = 0.86, P << 0.0001) fluxes measured in the WGC array, sug-
gest Butte/Anaconda emissions as the primary source of As, Bi and 
Sb pollution in western Greenland during this period (Fig. 3). In addi-
tion, the ncAs/ncBi ratio of 26.6 (±0.5 s.e.) in Greenland pollution 
(Extended Data Fig. 1) is nearly identical to the ratio of 25.2 (uncer-
tainties not available) estimated from 1911 spot measurements of 
Anaconda smelter exhaust fumes34. Similar comparisons between 
Greenland pollution and regional Cu and base-metal production 
from other potential northern NA sources showed no significant 
co-variation (Extended Data Fig. 5).

Following an approach employed in previous interpretations 
of arrays of ice core records using backward FLEXPART aerosol 
modelling16,20, we estimated year-by-year (Fig. 3) and average emis-
sions from Butte/Anaconda based on deposition measured in the 
WGC array. This approach yielded average emissions of 30 t d−1 or 
11 kt yr−1 for As during the 1898–1918 period of maximum As pollution 
(Fig. 1). These rates are similar to estimates from spot measurements 
of As in the Washoe smelter exhaust fumes during this period, rang-
ing from 5.8 to 15.7 kt yr−1 (ref. 31). For perspective, it is estimated that 
Chilean Cu smelters which are among the largest modern sources 
of atmospheric As emissions cumulatively released ~3 kt of As  
in 20155.

While several lines of evidence suggest that emissions from 
Butte/Anaconda Cu production were the dominant sources of As, Bi 
and Sb pollution in western Greenland, multiple sources (for exam-
ple, fossil-fuel combustion) and source regions probably contributed 
to ncPb pollution during this period. Spot measurements of As and 
Pb in the Washoe smelter exhaust fumes and dust in 1911 indicated  
Pb/As emission ratios of 0.4 (ref. 34), resulting in estimated 1898–1918  
average Pb emissions of 4.4 kt yr−1 that would account for ~20% of 
the non-crustal Pb deposited in the WGC array during this period. To 
further investigate this, we used new and existing Pb isotopic meas-
urements in the Tunu2022b and Summit20109 ice cores, respectively, 
as well as the Bayesian isotopic mixing model MixSIAR (Methods) 
and potential source signatures to estimate Butte/Anaconda Pb 
emissions. The Summit2010 and Summit2023 cores were drilled 
near each other and annual average Pb concentrations measured 
from 1875 to 1932 in the two cores are highly correlated (r > 0.96, 
n = 58, P << 0.0001). Background Pb isotopic ratios from 1875 to 1880 
before the start of substantial Butte/Anaconda (and other northern 
NA) base-metal mining and smelting other than on the Keweenaw 
Peninsula, were similar in both Summit2010 and Tunu2022b (Fig. 4), 
and consistent with a mixture of emissions from western European 
and North American coal combustion. The 1880–1920 isotopic 
ratios measured in the ice generally fall on a mixing line between 
the coal background and ore bodies and/or smelting emissions at  
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emission sources. a,c, 206Pb, 207Pb, 208Pb. b,d, 204Pb, 206Pb, 208Pb. Background 1875–
1880 ratios at both core sites before substantial emissions from most northern 
NA Cu production sites are consistent with a mixture of Western European and 
North American coals. The isotopic ratios measured in the ice generally fall on a 

mixing line between the coal background and ore bodies and/or smelting of Cu 
at Butte/Anaconda MT, Tacoma WA and Sudbury ON, and gold at Brookfield NS, 
although operations at Butte/Anaconda were orders of magnitude greater than 
at the other locations during this period. The isotopic ratios in the ice are not 
consistent with fallout dominated by emissions from Cu mining and smelting at 
Keweenaw MI, Copperhill TN or Sudbury ON.
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Butte/Anaconda MT, Tacoma WA, Sudbury ON and Brookfield NS. 
Although similarities in the isotopic ratios preclude more specific 
attribution, operations at Butte/Anaconda were orders of magnitude 
greater than at the other locations. Pb contributions predominately 
from Sudbury ON, the Keweenaw Peninsula MI and Copperhill TN 
are not consistent with the isotopic ratios in the ice (Fig.4). MixSIAR 
source apportionment in Tunu2022b and Summit2023 (Fig. 4) that 
accounts for uncertainties (Methods) suggests 1898–1918 average 
Butte/Anaconda emissions of ~7 ± 4 and ~14 ± 5 kt yr−1, respectively, 
accounting for ~60% of Pb pollution at both sites during this period. 
However, even minor inputs of Pb from sources not included in the 
MixSIAR modelling could have substantially altered the observed 
average Pb isotopic ratios, resulting in an overestimate of Butte/
Anaconda Pb emissions (Fig. 4). Therefore, we used the more con-
servative ~4.4 kt yr−1 (uncertainties not available) implied by the 
estimated As emissions and contemporaneous Pb/As spot measure-
ments of the exhaust31,34 to evaluate atmospheric Pb concentrations 
and potential health implications.

Pollution abatement
Pollution abatement efforts eventually implemented at Butte/ 
Anaconda principally involved the phased ~1919–1923 installation of 
Cottrell electrostatic precipitators at the Washoe smelter35 intended 
to recover valuable Cu and As from the exhaust fumes31. Although less 
closely than during the 1876–1918 period before precipitator instal-
lation, annual 1924–1950 Montana Cu production also covaried with 
Summit2023 ncAs (r = 0.66, n = 26, P << 0.0001) and WGC ncBi (r = 0.75, 
n = 26, P << 0.0001) deposition, suggesting that emissions from Butte/
Anaconda Cu production remained the dominant source of ncAs and 
ncBi pollution in Greenland at least until 1950. Comparisons of 1924–
1950 annual ncSb and ncPb fluxes in the WGC array with Montana Cu 
production showed little covariance indicating important additional 
sources of these two pollutants. Assuming Butte/Anaconda remained 
the dominant source and no other changes in smelter operations, the 
efficacy of Cottrell electrostatic precipitators in reducing emissions 
is estimated to be 63% for As and 70% for Bi (Fig. 3), meaning 53.0 
(±3.8 s.e.) and 19.7 (±4.5 s.e.) μg m−2 of ncAs pollution were deposited 
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Fig. 5 | Estimated air pollution concentrations, deposition and potential 
health impacts from Montana copper production. FLEXPART-simulated, non-
background (nb) a,b, air pollution concentrations and c,d, fluxes of As and Pb 

resulting from estimated average 1898–1918 emissions of 11 and 4.4 kt yr−1 from 
Butte/Anaconda, respectively. Contours show estimated a, EPA-based cancer risk 
for arsenic and c, IQ deficits for lead exposures.
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at Summit for every megatonne (mt) of Cu produced at Butte/Ana-
conda before and after precipitator installation, respectively. These 
estimates are somewhat lower than the 80–90% efficacy for As reported 
by Anaconda smelter staff in 1923/24 on the basis of spot exhaust fume 
measurements31,36, but nearly identical to estimates of ~67% based on 
other contemporaneous exhaust fume measurements32,35. Although 
substantially reduced by the precipitator installation, As and other 
toxic emissions from Butte/Anaconda were still large after 1923.

Health implications
Emissions from Butte/Anaconda resulted in dangerous air concen-
trations over large parts of North America exemplified by pollution 
deposition across the WGC ice core array located 4,200 to 4,700 km 
from Butte/Anaconda (Extended Data Table 1) and potentially led to 
widespread health impacts (Fig. 5). On the basis of the 1910 and 1911 
census records from the United States and Canada, respectively, for-
ward FLEXPART modelling, and 1898–1918 average As emissions of 
11 kt yr−1, we estimate that 55% of Americans (50.5 million) and ~11% of 
Canadians (0.6 million) were exposed to average air concentrations 
>1 ng m−3. According to modern epidemiology findings, this expo-
sure corresponded to elevated lifetime risk for lung cancer (1.5/106 to 
5/106) as well as other serious ailments (Methods). Moreover, ~0.5% 
of Americans (0.43 million), including 93%, 28% and 13% of Montana, 
Wyoming and Idaho residents, respectively, were exposed for nearly 
30 years to As concentrations >6 ng m−3. This is the current maximum 
threshold level for chronic exposure recommended by the World Health 
Organization (WHO), corresponding to elevated lifetime risk for lung 
cancer of 10/106 to 30/106. For perspective, recent background As air 
concentrations in Europe and the United States typically range from 
0.1 to 0.5 ng m−3 (ref. 5). Similar evaluation of Pb concentrations in air 
using a conservative Pb emission rate of 4.4 kt yr−1 during this period 
(<7–14 kt yr−1 estimated from the lead isotopic records but consistent 
with the Pb/As ratio measured in the smelter exhaust fumes) indicates 
that 1.4 million Americans and Canadians, including all residents of 
Montana and Wyoming, were exposed to air pollution concentrations 
elevated by >1 ng m−3, while >0.27 million were exposed to >5 ng m−3, 
including 74% of Montanans. Although it is difficult to estimate cogni-
tive impacts without knowing ambient concentrations and background 
exposures, a >1 ng m−3 increase would have enhanced blood lead levels 
(BLLs) by >2.6 μg dl−1 in especially vulnerable children under 5 years, 
leading to widespread cognitive decline equivalent to IQ reductions of 
>2.6 points assuming preexisting BLLs of 1 μg dl−1. Here we focused on 
potential health effects from inhalation of primary As and Pb emissions, 
and not any additional impacts of increased heavy metal deposition 
over soils, crops and water supplies or resuspension of deposited heavy 
metals. We emphasize that current epidemiological understanding is 
that no level of exposure to As or Pb is without risk.

Lax regulation and delayed emission reductions
The Cottrell electrostatic precipitator was patented in 1908, and pre-
cipitators were soon widely adopted by smelters in the western United 
States and Canada (for example, the Trail BC smelter in 191437) as an 
effective means for removing sulfur (S), As, Pb and other toxic heavy 
metals from ore processing emissions. Cottrell was contracted by the 
Anaconda Smoke Commission in 1913 to investigate ways to reduce 
emissions by enhancing recovery of valuable Cu, S and As from the 
exhaust fumes31,35. Final installation of electrostatic precipitators at 
Butte/Anaconda, which our findings suggest reduced heavy metal 
emissions by ~65% (Fig. 3), however, was delayed for nearly a decade 
until 1923. This delay was partly because of technological challenges 
associated with the scale of the emissions but mainly because of regula-
tory policy at the time that required installation of emissions controls 
only if profitable to the polluter31,35. We estimate that this delay resulted 
in additional atmospheric As and Pb releases of ~60 and ~24 kt, respec-
tively, unnecessarily exposing hundreds of thousands or millions of 

Americans and Canadians to dangerously elevated toxic heavy metal 
air concentrations for many years, while depositing additional kilotons 
of these toxins over much of North America, including over Greenland 
nearly a continent away.

Methods
Ice core records
The ice cores were collected using electro-mechanical drills and han-
dled in the field following standard procedures. Details can be found 
in the citations listed for each core in Extended Data Table 1. All cores 
were analysed for a broad range of elements and chemical species 
using the well-established continuous ice core analytical system at the 
Desert Research Institute (DRI)27,28. Included were S, sodium (Na) and 
calcium (Ca) that underpinned volcanically constrained annual layer 
counting used to establish ice core chronologies2, cerium (Ce) used 
here as a crustal dust indicator, and potential heavy metal and metal-
loid pollution such as Bi, Sb and Pb. Typical detection limits defined as 
three times the standard deviation of the blank were 0.0009, 0.0005, 
0.0004 and 0.0001 ng g−1 for Ce, Sb, Pb and Bi, respectively. Following 
ref. 11, non-crustal concentrations and enrichments were derived from 
measured total concentrations using simultaneous measurements of 
the rock-forming rare earth element Ce and relative mean soil abun-
dances for Ce (83 μg g−1) and each metal (As 7.7 μg g−1, Bi 0.4 μg g−1, Sb 
1.2 μg g−1, Pb 19 μg g−1)38. Annual depositional fluxes were calculated 
as the product of the annual average concentration and the recent 
average net water-equivalent snow accumulation rate at each site 
(Extended Data Table 1) following standard procedures.

Arsenic measurements
The DRI continuous method was expanded in 2024 to include As, 
so concentrations of arsenic were measured continuously in the 
Tunu2022b, Summit23 and Muller2025-SC ice cores. The DRI ana-
lytical system includes two Thermo Element2 high-resolution induc-
tively couple mass spectrometers (HR-ICP-MS) operating in parallel 
to make simultaneous measurements of a broad range of elements. 
Because of possible isobaric interferences, As is ideally measured in 
high HR-ICP-MS slit resolution, resulting in relatively low sensitiv-
ity. However, extensive comparisons of As measured discretely and 
continuously in low, medium and high slit resolutions in Summit2023 
(Extended Data Fig. 6), Tunu2022b, Muller2025-SC and Logan2022 ice 
samples suggest that isobaric interferences are minimal when analysing 
meltwater at these sites. Therefore, continuous analyses conducted in 
low-resolution were used in the interpretation to maximize sensitivity. 
During the Tunu2022b analysis, typical As detection limits for low slit 
resolution were 0.0003 ng g−1. This compares to typical annual aver-
age As concentrations of ~0.0022 ng g−1 and monthly As concentra-
tions ranging from ~0.0007 to ~0.005 ng g−1 in pre-industrial ice. Until 
the early twenty-first century, As concentrations during much of the 
industrial period were an order of magnitude (or more) higher. Discrete 
measurements of As, Bi and Ce in the Logan2022 core were made on 
discrete acidified samples of meltwater that had been collected during 
the continuous analyses in ice corresponding to 1873–1999.

Determining proxy ncAs records from measured ncBi
Annual concentrations of ncAs closely tracked ncBi (Extended Data 
Fig. 1) from 1850 to 1950 in each of the three ice cores with continuous 
As and Bi measurements. The ncAs/ncBi ratios during the 1875–1932 
period of focus were 26.1 (±0.61 s.e., r = 0.98, n = 58, P << 0.0001) and 
27.4 (±0.88 s.e., r = 0.97, n = 58, P << 0.0001) in the two Greenland 
records (Summit2023, Tunu2022b) and 30.7 (±0.94 s.e., r = 0.97, n = 58, 
P << 0.0001) in the Muller2025-SC core from northeastern Canada. 
Concentrations of ncAs and ncBi from 1877 to 1931 also covaried in 
the discrete Logan2022 measurements (r = 0.96, n = 21, P < 0.0001), 
with an ncAs/ncBi ratio of 26.4 (±1.8 s.e.). As a result, we created proxy 
ncAs records from the measured ncBi concentrations in the five cores 
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in the WGC array that did not have As measurements using an ncAs/
ncBi scaler of 27.

Atmospheric aerosol deposition and transport modelling
The state-of-the-art atmospheric aerosol transport and deposition 
model FLEXPART39 was used in backward mode to determine emission 
sensitivity fields40 at all of the ice core sites (Extended Data Table 1). 
Without detailed meteorological fields necessary for such modelling 
throughout the 1850–2020 study period, we assumed as in previous 
studies2,11,16,20,24 that meteorological conditions driving large-scale 
atmospheric transport were relatively stable. Therefore, 1960–1969 
backward FLEXPART (v.11)41 simulations were conducted using global 
ERA-5 reanalysis data (0.5° × 0.5° resolution, 137 vertical layers, of which 
41 are located below 5,000 m asl42). Furthermore, we assumed that 
metallurgical processes emitted heavy metals in the gaseous phase that 
quickly adsorbed onto ambient 1 µm dust particles, and these relatively 
inert small particles were transported to higher latitudes and deposited 
in glaciers and ice sheets (for example, ref. 24). To test sensitivity to the 
assumed ambient aerosol type, we also performed separate calcula-
tions for 5 µm mineral dust, as well as sulfate and black carbon aerosols 
with assumed diameters of 0.4 µm (refs. 2,24). Using atmospheric As 
emissions from Butte/Anaconda constrained by the ice core heavy 
metal records and backward FLEXPART simulations, we estimated 
atmospheric As concentrations and depositional fluxes across the 
Northern Hemisphere on the basis of forward FLEXPART simulations.

Lead isotopic ratios
We used previously published Pb isotopic ratios from the nearby  
Summit2010 core9 because such measurements were not made on  
the Summit2023 core. For Tunu2022b and Logan2022 (Extended 
Data Table 1), Pb isotopic ratios were measured following established 
methods9,11 in meltwater samples routinely collected as part of the 
continuous ice core measurements24. Briefly, reconstituted acidified 
samples were introduced into an Element2 HR-ICP-MS (Thermo) using 
an Apex IR inlet system fitted with a PFA MicroFlow nebulizer (Elemen-
tal Scientific) and N2 used as the additional gas.

All samples and standards were normalized to the bracketing 
standard (National Institute of Standards and Technologies (NIST, 
USA) SRM 981 natural lead (isotopic) standard). Procedural blanks for 
the Tunu2022 and MountLogan2022 ice cores contributed an average 
of 0.6 ± 0.3% and 0.2 ± 0.1% of the sample lead signal, respectively. 
Measured reference materials differed from published values for 
BCR-2 Columbia River Basalt43 and AGV-1 Guano Valley Andesite, and 
NIST 1643f Trace Elements in Water9 by 0.5% for 206Pb/207Pb and 0.3% 
for 208Pb/207Pb.

We used the Bayesian isotopic mixing model MixSIAR (v.3.1.12)44 
to apportion sources of late nineteenth- to early twentieth-century 
Pb pollution in Greenland and Canada based on the Tunu2022, Sum-
mit2010 and MountLogan2022 measurements. MixSIAR was chosen 
over a simple linear mixing model because it accounts for source het-
erogeneity44 and has been successfully applied to the stable Pb isotopic 
system11,45. The end-member isotopic compositions were defined using 
coal sources from North America46,47 and Western Europe47–49, as well 
as smelting sources that most likely contributed to emissions from 
Anaconda50,51 and Sudbury52–54. Other sources55–59 were considered, but 
either did not appreciably contribute to the MixSIAR results or were 
removed due to the timing of their use.

Non-ferrous mining and smelting in northern North America
The pollutant deposition patterns in the Arctic and near-Arctic (Fig. 2) 
point to emissions from northern NA. However, only a few large-scale 
non-ferrous mining and smelting sites were in operation in these 
higher-latitude regions before and during WWI. These included Butte/
Anaconda MT (46.1° N, 112.9° W), the Keweenaw Peninsula MI (47.1° N, 
88.6° W) and a Pb/Cu smelter in Tacoma WA (47.3° N, 122.5° W)60 in the 

United States, as well as Canadian complexes near Sudbury ON (46.5° N, 
48.2° W), Trail BC (49.1° N, 117.8° W) and smaller operations such those 
near Ely QC30, although by far the largest two before and during WWI  
were Butte/Anaconda and on Keweenaw Peninsula. For example, although 
the Canadian Horne smelter located at Rouyn-Noranda (48.3° N, 79.0° W) 
and the Flin Flon (54.8° N, 101.9° W) mine and associated ore processing 
activities were well-documented sources of atmospheric As emissions61, 
operations did not start until the mid to late 1920s, while activities at 
another major source of high-latitude arsenic emissions, the Canadian 
Giant Mine (62.5° N, 114.4° W), only started in the late 1940s30.

Effects of As and Pb exposure on human health
Although current understanding is that no level of As or Pb exposure is 
free of risk and exposure has been linked to a range of ailments includ-
ing lung, bladder, liver and other cancer, diabetes, cognitive decline 
and heart disease, here we focus on lung cancer risk (CR) from chronic 
background As exposure and cognitive decline for Pb exposure. To 
estimate CR (10−6), we multiplied FLEXPART-simulated 1988–1918 
average air concentrations (μg m−3) by the EPA Inhalation Unit Risk 
of 0.0043 μg m−3 (ref. 62), although we acknowledge that the WHO 
Inhalation Unit Risk is about a factor of three lower63. To estimate 
health impacts of enhanced Pb exposure from the conservative aver-
age 1898–1918 Butte/Anaconda emissions of 4.4 kt yr−1, we followed the 
approach of ref. 16. Literature-based, modern nonlinear relationships 
between (1) ambient concentrations of Pb in air and BLLs for different 
age groups were used to estimate BLL enhancements, and (2) linkages 
between BLL and IQ deficit8,64 were used to assess possible levels of 
additional cognitive decline assuming a background BLL of 1 µg dl−1.  
For BLL enhancements, we used the log-linear model BLL (µg dl−1) =  
exp(1.932(±0.181) + 0.140(±0.054) × ln(air concentration)) for 1–5-year-old 
children65. IQ deficits associated with these BLLs were estimated using 
a log-linear model with IQ deficit = −3.315(±0.6155) × ln(BLL + 1)64. For 
both models, reported uncertainties are 1 s.d.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
Data that underpin the findings of this study are available in figshare 
at https://doi.org/10.6084/m9.figshare.33991051 (ref. 66).

Code availability
The FLEXPART and MixSIAR models used in this study are available at 
https://www.flexpart.eu/ (ref. 67) and https://github.com/brianstock/
mixsiar (ref. 68), respectively. All maps were created using Python’s 
Cartopy (v.0.11.2.22-Aug-2014 Met Office, UK) and Natural Earth’s 
public domain vector data. Cartopy is available at https://github.com/
SciTools/cartopy/archive/v0.11.2.tar.gz.
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Extended Data Table 1 | Ice core array details

Core 
Site

Lat. 
oN

Lon. 
oE

Elev. 
m

Distance to 
Butte km

Recent Net Snowfall 
kg/m2/y

Year 
Collected

Arsenic 
Measurement

General 
References

cTunu2022b 78.0 -33.9 2105 4771 114 2022 Continuous This study
aSummit2023 72.6 -38.3 3258 4674 221 2023 Continuous This study

Muller2025-SC 79.9 -91.8 1863 3846 273 2025 Continuous This study

Logan2022 60.6 -140.5 5334 2403 2890 2022 Discrete 69
aACT11d 65.5 -46.3 2148 4402 342 2011 Not measured 2
aACT2 66 -45.2 2408 4455 376 2004 Not measured 1,2
aD4 71.4 -43.9 2766 4485 419 2003 Not measured 2,70
a,bNUUS2015 70.5 -52.3 2010 4175 ~325 2015 Not measured 71
aNEEM-2011-S1 77.5 -51.1 2454 4362 207 2011 Not measured 2,72

Akademii Nauk 80.5 94.8 750 5828 460 1999 Not measured 2,73
c,dSummit2010 72.6 -38.3 3258 4674 221 2010 Not measured 2,9

aPart of the WGC array bAntimony not measured cLead isotopes measured on discrete samples dCollected within ~500 m of the Summit2023 core.
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Extended Data Table 2 | 1850 to 1950 heavy metal correlations (Pearson’s r) in the WGC array

Non-crustal Antimony (ncSb)

Summit2023 ACT2 ACT11d D4 NEEM_2011_S1 NUUS2015

Summit2023 1.00 0.60 0.56 0.85 0.72 N/A

ACT2 1.00 0.37 0.57 0.57 N/A

ACT11d 1.00 0.56 0.40 N/A

D4 1.00 0.74 N/A

NEEM_2011_S1 1.00 N/A

NUUS2015 N/A

Non-crustal Bismuth (ncBi)

- Summit2023 ACT2 ACT11d D4 NEEM_2011_S1 NUUS2015

Summit2023 1.00 0.85 0.84 0.89 0.84 0.60

ACT2 1.00 0.72 0.77 0.79 0.51

ACT11d 1.00 0.76 0.76 0.48

D4 1.00 0.83 0.73

NEEM_2011_S1 1.00 0.59

NUUS2015 1.00

Non-crustal Lead (ncPb)

- Summit2023 ACT2 ACT11d D4 NEEM_2011_S1 NUUS2015

Summit2023 1.00 0.56 0.34 0.76 0.48 0.37

ACT2 1.00 0.22 0.54 0.36 0.34

ACT11d 1.00 0.35 0.26 0.21

D4 1.00 0.51 0.35

NEEM_2011_S1 1.00 0.27

NUUS2015 1.00

n = 101 p < 0.0001 (one-sided) p < 0.001 (one-sided).
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Extended Data Fig. 1 | Co-registered non-crustal arsenic and bismuth 
concentrations between 1850 and 1950 in four Arctic and near Arctic ice cores. 
a,b, Summit2023; c,d, Tunu2022b; e,f, Muller2025-SC; g,h, Logan2022. Cross 
plots are for 1875 to 1932, and all correlations are highly significant (p < 0.0001, 

one-sided). Inset shows ice core locations: 1. Summit2023, 2. Tunu2022b, 
3. Muller2025-SC, 4. Logan2022. Arsenic was measured continuously in 
Summit2023, Tunu2022b, and Muller2025-SC, and in discrete meltwater samples 
in Logan2022.
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Extended Data Fig. 2 | Annual average non-crustal heavy metal deposition and enrichment relative to cerium (Ce) measured continuously in the Summit2023 
core. a, Arsenic. b, Bismuth. c, Antimony. d, Lead.
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Extended Data Fig. 3 | Individual west Greenland and geometric mean (that is, log average) composite (WGC) records of annual average heavy metal deposition from 
1850 to 1950. a, Non-crustal bismuth (ncBi). b, Non-crustal lead (ncPb). c, Non-crustal antimony ncSb). Note that antimony was not measured in the NUUS2015 core.
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Extended Data Fig. 4 | Comparison of 1850-1950 proxy and measured 
annual non-crustal As deposition in Greenland. a, WGC proxy ncAs created 
by log averaging and scaling by 27 (see text) measurements of ncBi in the 

six west Greenland ice cores including Summit2023. b, ncAs measured in 
the Summit2023 ice core. c, ncAs measured in the Tunu2022b ice core from 
northeast Greenland.
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Extended Data Fig. 5 | U.S. and Canadian copper production statistics from 
1858 to 1950 compared to non-crustal bismuth (as a proxy of non-crustal 
arsenic) deposition in western Greenland. U.S. Cu production statistics (Butte/
Anaconda, Keweenaw) were gleaned from U.S. Geological Survey reports (for 
example,33). Canadian Cu shipment (production not available) statistics are from 
the Natural Resources Canada and Statistics Canada’s Annual Mineral Production 
Survey. Montana production was almost entirely from the Butte/Anaconda 
region including the nearby smelter at Great Falls. Note the similar variability 

and near constant ratio between Montana Cu production and ncBi pollution in 
Greenland prior to 1919 when the phased installation of Cottrell electrostatic 
precipitators began with the primary aim of recovering valuable Cu and As from 
the exhaust fumes and inadvertently decreasing toxic heavy metal emissions. 
Correlations between WGC ncBi and Montana Cu production following 
installation of electrostatic precipitators were also highly significant (Fig. 3). 
Prior to the Great Depression, Ontario base metal production was dominated by 
Sudbury and British Columbia production by Trail.
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Extended Data Fig. 6 | Evaluation of arsenic measured using different HR-ICP-
MS slit resolutions. a, Continuous and discrete analysis of As in the Summit2023 
at different HR-ICP-MS resolutions. Also shown are published discrete As 

measurements3 in the NEEM-2009-S1 shallow core that was drilled near the 
NEEM-2011-S1 core (Extended Data Table 1). b, Cross-plot of the Summit2023 
measurements with one-sided p values.
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