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Alpine-ice record of bismuth
pollution implies a major role
of military use during World War Il

Michel Legrand'?**, Joseph R. McConnell?, Gilles Bergametti?, Susanne Preunkert?,
Nathan Chellman3, Karine Desboeufs?, Laurence Lestel*, Andreas Plach® & Andreas Stohl®

Military conflicts result in local environmental damage, but documenting regional and larger scale
impacts such as heavy metal pollution has proven elusive. Anthropogenic emissions of bismuth (Bi)
include coal burning and various commodity productions but no emission estimates over the past
century exist. Here we used Bi measurements in ice cores from the French Alps to show evidence of
regional-scale Bi pollution concurrent with the Spanish Civil War and World War II. Tracers of the main
sources of Bi emissions measured in the same ice—coal-burning, steel- and aluminum-industry, alloy
and other metal processing—indicate a major, previously undocumented additional emissions source
that we attribute to military activities between 1935 and 1945 Common Era (CE) in western Europe.
These include the use of bismuth for low-melting point alloys for shells, thin-walled aluminum alloy
aircraft oil, and munitions.

Previous studies of past and present trace-metal emissions have focused on the most harmful species such as lead
(Pb), cadmium, and mercury’. Less attention has been paid to bismuth (Bi) because it previously was thought
that Bi was less harmful to environmental and human health. Recent studies, however, now recognize that a
range of living organisms are affected by increasing Bi exposure. For example, Bi may reduce sperm metabolism
and contribute to infertility in men?, and it has been shown to have harmful effects on reproduction in the
earthworm species Eisenia andrei’. Furthermore, earthworm activities in soil may increase Bi bioavailability,
potentially enhancing the risk of exposure for other soil organisms such as plants via trophic transfer. Very recent
studies indicate that high Bi exposure in garden cress seedlings resulted in toxicity symptoms at morphological
and genomic levels*. Less documented than for humans and animal cells, the toxicological assessment of Bi for
plants remains, however, poorly documented. Together these findings indicate that detailed reconstruction of
past environmental Bi contamination is important in terms of impacts on organisms that depend not only on
concentration in the environment but also exposure duration.

Sources of atmospheric Bi emissions include coal burning, non-ferrous smelters, and production of alu-
minium (Al), steel and alloys® but are poorly documented. A few ice-core studies have reported Bi increases from
pre-industrial (PI) times to present-day that were attributed either to coal burning®” or other end use processes®,
but no comparisons between ice-core data, past coal consumption and commodity production statistics have
been conducted to confirm (or not) the importance of these different processes on Bi pollution.

Here, we present a record of Bi deposition (1890-2000 CE) obtained in ice cores extracted from the Col du
Dome (CDD) glacier located near the Mont Blanc summit. Our main goal was to examine the relative importance
of different anthropogenic emissions in Europe. This was done by comparing the Bi record with those of species
emitted by specific anthropogenic processes including fossil fuel burning and production of different commodi-
ties. Bi ice-core data also were compared to estimates of past anthropogenic emissions using the state-of-the-art
FLEXPART transport and deposition modeling of atmospheric aerosol.

Results and discussions

The CDD records of Bi and other pollutants. The focus of this study is on long-term changes of
non-crustal Bi (ncBi, “Methods”) so we smoothed the ice records (first component of single spectra analysis,
SSA, with a 5-yr time window) to minimize the effect of year-to-year variability (Fig. 1a). ncBi concentrations
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Figure 1. Past concentration changes of non-crustal Bi (ncBi) and other pollutants in summer CDD ice.

The red line is the first component of singular spectrum analysis with a 5-yr time window for ncBi (a) that is
compared in (b) to those of ncTI (grey line) and ncV (black line), in (d) to non-coal F (black line), ncZn (grey
line), and ncMn (blue line). Panel (c) shows the ncBi/ncTl ratio in ice (red dashed line), the grey horizontal bar
denoting the range of Bi EF-to-T1 EF ratios for coal burning (see “Methods”).

increased slowly from 1890 CE (1 pg g™*) to 1925 CE (2.6 pg g*). The ncBi increase accelerated after 1930 CE,
with the highest concentrations (higher than 10 pg g™!) recorded between 1935 and 1945 CE (Fig. 1a). ncBi con-
centrations decreased rapidly after 1975 CE but remained three times higher than in 1890 CE. Throughout the
twentieth century, ncBi concentrations were well above the PI value (0.27 pg g™!, Supplementary Information)
indicating that anthropogenic emissions largely dominated natural sources. These changes in ncBi are in agree-
ment with those recorded at Colle Gnifetti (CG, Supplementary Table S1), with both records indicating already
high values prior to 1950 CE and a rapid decrease after 1975 CE.

The very different history of ncBi pollution in CDD ice compared to those attributed to fossil fuel burning or
commodity manufacturing is illustrated in Fig. 1. The large ncBi increase in the mid-1930s occurred far later that
the main 1890-1910 CE increase of non-crustal thallium (ncT1) (Fig. 1b) which has been shown to be a reliable
tracer in CDD ice of fallout from coal burning emissions”'’. As a result, the ncBi/ncTl ratio (Fig. 1c) remained
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close to 0.5 (i.e., close to the Bi/Tl ratio in coal burning emissions, “Methods”) but only prior to 1930 CE. In
addition, the ncBi increase in the mid-1930s occurred well before the large increase in vanadium (V) fallout in
CDD ice previously attributed to increasing oil burning emissions'’.

For emissions related to commodity production, the large increase of the non-coal-burning fraction of
fluoride (F) in CDD ice deposited between the late 1930s and 1975 CE (Fig. 1d) previously was attributed to
increasing Al production that emitted large amounts of F (30 kg per tonne of Al produced)'. The post-1975 CE
rapid decrease of F in CDD ice resulted from the reduction of emission factors (EFs) that dropped to 3 kg of F
per produced Al tonne in the 1980s (Fig. 2a). The long-term trend of ncZn in CDD ice (Fig. 1d) previously was
attributed to non-ferrous smelter emissions that were enhanced particularly after 1950 CE, with the post-1975
CE decrease related to emission reductions’’.

Past anthropogenic emissions related to pig iron and steel productions have not yet been investigated in
CDD ice. European anthropogenic sources of Mn were evaluated for 1979 CE showing main Mn pollution
resulted from pig iron and steel production, with West Germany and France being the primary emitters'. In
1979 CE, 1200 and 2050 tonnes of Mn were emitted in France and west Germany, respectively, with only ~ 10%
resulting from coal burning, 30% from steel production, and 60% for pig iron production. Compared to ncTl,
past changes of ncMn concentrations in CDD ice were relatively minor from PI to 1930 CE (Fig. 1), suggesting
a weak contribution from coal burning to the anthropogenic Mn budget over Europe. Steel production grew
during the twentieth century, reaching a maximum in 1975 CE (Fig. 2b). The CDD ice record is consistent with
steel production statistics, with the main ncMn change occurring in the 1950s and 1960s followed by an overall
decreasing trend after 1975 CE. The decreasing trend of ncMn concentrations observed in the ice likely was
the result of a strong reduction of EFs similar to those seen in Pb emissions from the steel industry (Table 1).

The Bi trend does not match growing non-ferrous metal production indicated by the CDD ncZn record
(Fig. 1d), whereas the large increase of ncBi and ncBi/ncTl in the mid-1930s coincided with a marked increase
of non-coal F and ncMn, suggesting that early Bi emissions were related to its use as an additive in aluminum
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Figure 2. Production of Al (a) and pig iron (b) from European countries (https://www2.bgs.ac.uk/mineralsuk/

statistics/world Archive.html) scaled by emissions sensitivities estimated by FLEXPART. The dashed black lines
are past EFs for F and Mn emitted by Al and pig iron productions, respectively (Table 1).
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1950 1960 1970 1980 1985 1995 References
EF Tl (coal) (g tonne™) 0.61 0.61 0.44 | 0.4 0.4 0.2 Ref.!?
EF F (aluminum) (g tonne™") 27 (13) 16 (8) 9(4.5) |4(2) 2.6 (1.3) 2(1) Ref.!?
EF Pb (Pb smelters) (g tonne™) 9000 (4.5) | 9000 (4.5) | 9000 (4.5) | 6000 (3) | 3000 (1.5) |2000° (1) | Ref.*
EF Pb (iron and steel) (g tonne™") 75 (6.8) 75 (6.8) 75(6.8) | 19(1.7) |11(1) 11° (1) Ref?
a Bi (Bi use) (kg tonne™) 238(7) 136 (4) 85(2.5) | 68(2) 51(1.5) 34(1) This work

Table 1. Estimated emission factors (EFs) of TI for coal burning, F from Al production, Pb from Pb smelters,
and Pb from steel production in Europe from the 1950s to the 1990s and comparison with the amount of

Bi that was assumed to be emitted per tonne of consumed (processed) Bi in the 1990s in this study (a, see
“Methods”). Values under parenthesis refer to the increase of EF (or a) relative to the 1995 value. *Estimated
from ref.".

and steel. The most striking feature of the Bi record, however, was the maximum from 1935 to 1945 CE that was
well ahead of other pollutants and not attributable to known emission sources.

Contribution of coal burning, Bi ores, and Pb smelters. Except prior to 1930 CE, Bi deposition
fluxes (¢g;) at CDD due to coal burning calculated from the emissions statistics, estimated EFs, and modelled by
FLEXPART (see “Methods”) represented less than 20% of total ¢y; (Fig. 3¢) for most of the record, confirming
the minor contribution of coal burning in the European Bi budget. Based on the high TI-Bi correlation observed
in ice cores extracted in Wyoming?®, coal burning was suggested to be the main source of Bi pollution there. The
Bi/T1 ratio during the pollution maximum at that site was higher than at CDD (8 instead of <4, Fig. 1c), sug-
gesting either that coal-burning emissions were accompanied by metallurgical emissions or the Bi content of
combusted coal was far higher than in western Europe. Examination of coal consumption statistics, Bi content in
coal, location of large metallurgical sites and atmospheric transport in North America are needed to understand
this difference, but that is outside the scope of this study which is focused on European Bi pollution.

Bi deposition related to the small Bi production from ores in Europe (“Methods”) as calculated by FLEXPART
indicate only a relatively small contribution to total Bi deposition at CDD (0.22 10~* mg m™ compared to 1 to
3107 mg m™ for coal burning). If present, Bi also will be emitted during Pb ore extraction. Assuming 0.2% Bi
in Pb ores (see “Methods”), we calculated that ¢@p; from Pb ore extraction was about half of the coal-burning
contribution (Fig. 3¢). Though an approximation due largely to limited information, these estimates indicate that
emissions from coal burning and ore extraction during Bi and Pb production were not large enough to explain
the large increase of Bi observed in the ice after 1930 CE.

Contribution of Bi commodity production and use. From the available statistics, we calculated total
Bi consumption for each European country (Fig. 3a). To estimate corresponding ¢p; at CDD using FLEXPART,
we assumed that 34 kg of Bi were emitted per tonne of Bi consumed, a value denoted as a,y, that was chosen
to fit ice-concentrations and FLEXPART deposition fluxes in the late 1990s (Fig. 3¢c). The ay of 34 kg of Bi
per tonne of Bi consumed is an integrated value that reflects all known production and uses. The true a value
probably is lower since the Al industry in western Europe was located mainly near the Alps (France, Italy, and
Switzerland, Fig. 2a) where hydroelectricity needed for the electrolytic process was available and CDD would be
3 to 4 times more sensitive to emissions from these nearby alpine regions compared to those from other regions
of Italy and France (Supplementary Fig. S4). To a lesser extent, this also applies to steel production with facilities
mainly located in eastern France (Alsace, Lorraine) and the Ruhr region of Germany.

In the absence of information on the origin of purified Bi used in pharmacy, we also calculated ¢g; by
considering only metallurgical processes instead of total consumption (see “Methods”). Considering that, we
determined an a,,, value of 70 kg per tonne of Bi used by fitting modelled FLEXPART deposition fluxes in the
late 1990s to the CDD measurements. There is, however, no major difference in past @g; changes between the
two scenarios that considered total or metallurgical Bi uses (Fig. 3¢).

The rapid decrease in calculated @g; from ~ 1970 to 1990 CE is in line with observed ice-core changes. That
reflects a decrease in Bi consumption (Fig. 3c) due to the fact that France—the main European consumer with
1500 tonnes in 1974 CE (67%, Fig. 2a)—drastically reduced its consumption following the 1974 ban of Bi use
in pharmaceuticals (https://www.pharmacorama.com/pharmacologie/medicaments-elements/divers/bismuth-
pharmacologie/). Prior to 1990 CE, calculated @y; values are, however, lower than observed. This likely is due to
larger o values at that time compared to 2000 CE. Assuming an a of 1.5 times a,y, for 1985 CE, 2.0 times o9y,
for 1980 CE, 2.5 times @, for 1970 CE, 4 times g, for 1960 CE, and 7 times a9, before 1950 CE, results in
better agreement from 1950 to 2000 CE between the ice-core trends and FLEXPART-calculated ¢y;. This agree-
ment persists back to 1915 CE with the notable exception from 1935 to 1945 CE discussed below. Although the
a parameter accounts for emissions from all commodity production (Al steel, alloys) as well as from commodity
uses (e.g., alloys for solders or safety devices), their increases over the past remain quite similar to those of EF
values for other industrial processes (Al and steel production, non-ferrous smelters) (Table 1), with relatively
minor increases from 2000 to 1980 CE becoming larger back to 1960.

The large 1935-1945 CE pollution caused by World War Il.  The largest Bi pollution was recorded
in CDD ice between 1935 and 1945 CE. Even if the highest value during the period is eliminated (25 pg g™
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Figure 3. Contribution of coal burning and various metallurgical processes leading to Bi pollution as recorded
in CDD ice. (a) Bismuth consumption scaled by FLEXPART emission sensitivities of European countries
contributing to deposition at CDD. (b) Fraction of Bi consumption used for metallurgy in the United States. (c)
Summer ice-core trends of non-crustal Bi from which the pre-industrial value (0.27 pg g™') was subtracted (red
line), and deposition fluxes at CDD calculated by FLEXPART using estimated past anthropogenic emissions
from coal burning (black line), coal burning plus Pb smelter (grey line) and coal burning plus Pb smelter and Bi
use (blue solid line). The blue squares refer to deposition fluxes calculated by assuming changes over time of the
amount of Bi emitted per tonne of Bi consumed (a values, see “Methods”) to account for emission reductions
following technological improvements. The dashed blue line refers to emission scenario that considers only Bi
use in metallurgy.

in 1938, Fig. 1a), the 1935-1945 peak still reached 10 pg g™*. As above discussed, this peak did not coincide
with prominent increases of other pollutants (Fig. 1). Furthermore, changes in European Bi consumption and
a values adequately explain the ice-core records from 1915 to 1930 CE and 1950-2000 CE (Fig. 3c), but not
the peak suggesting additional sources between 1935 and 1945 CE. Use of alloys was the main Bi metallurgical
application' at that time and both production and the subsequent use of low-melting-point alloys, may have
enhanced emissions compared to years when other applications such as steel additives in the 1960s dominated
applications. It is, however, unlikely that a values were enhanced by a factor of 30 (instead of 7 in 1950 CE)
with respect to a,y, an enhancement that is required to explain concentrations higher than 8 pg g™! seen in ice
deposited from 1935 to 1945 CE.

The period between 1935 and 1945 CE coincided with the Spanish civil war (1936-1939 CE) and World War
II (1939-1944 CE). Bi demand for alloys during the war was so large that, as stated in the 1939-1945 reports
from U.S. Geological Survey statistics (https://www.usgs.gov/centers/nmic/minerals-yearbook-metals-and-miner
als), the War Production Board ordered reductions in Bi pharmaceutical use and stockpiling of Bi in national
defense industries for thin-walled aluminum alloy aircraft oils. Bi alloys also were used for decompression of
gases contained in shells in order to avoid explosion following sudden temperature increases's, in addition to
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plugs for military vehicles to prevent explosion of diesel fuel tanks in fires'®. Bi also was used in munitions during
the two World Wars as a component of chemical irritants (sternutatory)'”. By their nature, these military uses
had higher EFs than civilian uses, resulting in additional Bi emissions.

Considering inherent ice-core dating uncertainties, we cannot rule out that the highest 1938 summer con-
centration (25 pg g™, Fig. 1a) corresponded either to the so-called “premiére bataille des Alpes” (June 1940 CE)
or the end of the Spanish civil war with the bombing of Guernica and Durango in northern Spain (spring 1937
CE) and Barcelona (March 1938 CE). Note that during World War I (1914-1918 CE), ncBi ice concentrations
had already increased from to 2-3 to 5 pg ¢! (Fig. 1a). Even higher concentrations also were observed at Colle
Gnifetti (CG) between 1910 and 1920 CE (from 6 to 8 pg g™*), although direct comparisons of the summer-only
CDD and year-round CG records are of limited value.

Conclusions

Chemical measurements in alpine ice-cores were used to document Bi pollution in western Europe over the
twentieth century. The large increase of Bi concentrations observed in alpine ice layers in the mid-1930s occurred
far later that the main 1890-1910 increase of European coal consumption, a finding that calls into question
previous assumptions that Bi pollution in this region originated largely from coal burning. We conclude that Bi
production and its use in low-melting-point and aluminum alloys, as well as its use as an additive to steel and
aluminum, caused most of the Bi pollution in western Europe. Surprisingly, Bi pollution reached its maximum
concentration in ice in the years just before and during World War II, probably as a result of military uses includ-
ing in the aviation industry, in alloys for decompression of gases contained in shells, plugs of vehicles, and in
munitions. EF values of these process, however, are virtually unknown, and further studies are needed to better
quantify their contribution to past Bi pollution in Europe. We emphasize that the dominance of emissions from
production and use of Bi commodities with respect to coal burning would be different in other regions where
emissions from metallurgical activities are lower and/or the Bi content in combusted coal is higher.

Methods

Ice-core dating and analysis. Chemical analyses were made on ice cores extracted from the CDD site
located in the French Alps. Ice cores were dated by annual layer counting primarily using pronounced ammo-
nium seasonal variations (Supplementary Fig. S1), resulting in a composite continuous record from 1890 to
2000 CE (detailed in the Supplementary Information). Because of much greater wind erosion after winter snow
deposition, the CDD record better documented summer deposition during the twentieth century (Supplemen-
tary Fig. S2). Furthermore, stronger upward transport from polluted boundary layers to high-elevation alpine
regions means that pollution reaching CDD is much more directly connected to surrounding surface emissions
in summer than in winter. Therefore, we split the chemical records into summer and winter periods and focused
discussions on summer trends.

The analyses were conducted using the continuous flow ice core system'® at the Desert Research Institute. Lon-
gitudinal core samples (3.3 x 3.3 cm) were melted sequentially. Bi and co-analysed cerium (Ce) and manganese
(Mn) were measured in meltwater from the innermost 10% of the sample cross-section using two inductively
coupled plasma mass spectrometers operating in parallel. Ce was used to estimate the crustal fractions of Bi
and Mn (Supplementary Information), the latter used here as a proxy of anthropogenic emissions from the steel
industry (Main Text). The detection limits determined as three times the standard deviation of the blank were
0.02 pg g™! for Bi, 0.03 pg g"! for Ce, and 3.0 pg ¢! for Mn. As shown in Supplementary Table S1, Bi concentra-
tions in CDD ice were similar to those previously observed at other mid-latitude glacier sites.

Calculation of non-crustal Bi fraction. Bi is emitted to the atmosphere along with terrigenous parti-
cles. With the aim of documenting anthropogenic and natural non-crustal fractions (ncBi), we subtracted from
the total measured concentrations the crustal fraction estimated from measured Ce concentrations. Since the
Bi-to-Ce ratio in dust reaching CDD can deviate from the “mean sediment” value reported in ref.'” we used
measurements in crustal-dust-dominated CDD samples to estimate a site-specific Bi-to-Ce ratio (detailed in the
Supplementary Information). The observed Bi-Ce relationships in these samples suggested a site-specific crustal
Bi/Ce ratio of 0.005 (Supplementary Fig. S3), very close to 0.0048 reported for “mean sediments™". The crustal
component of Bi in CDD summer was small, only 7.5% of the total on average.

FLEXPART model simulations. The Bi trend in CDD ice was used to constrain estimates of past anthro-
pogenic emissions in Europe. To account for effects of atmospheric transport and deposition, we used backward
simulations of the Lagrangian particle dispersion model FLEXPART? to determine the sensitivity of the CDD
deposition to aerosol emissions in Europe. This approach assumes that variations in ice concentrations and
deposition at CDD reflect changes in atmospheric concentrations determined by natural and anthropogenic
emissions to the atmosphere. While no information on past precipitation variability at CDD can be derived from
ice-core stratigraphy (Supplementary Information), prior studies suggest that precipitation rates in the Alps
did not change significantly after 1901 CE*' so we assumed that snow deposition conditions at CDD remained
similar over the twentieth century.

The model was run at monthly intervals from 1901 to 1999 CE, and particles were traced backward for
30 days. Calculations were made by using the coupled climate reanalysis for the twentieth century (CERA-20C)*
performed at the European Centre for Medium Range Weather Forecasts at a 2° x 2° resolution (with 27 vertical
layers located below 5000 m asl) every six hours. Supplementary Fig. S4 shows a map of average summer emission
sensitivities for the CDD site, with emission sensitivity representing a source-receptor relationship that maps
the sensitivity of deposition at the site (receptor) to an emission flux (source). The model was run for 0.4 um
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diameter aerosol because metals emitted by anthropogenic sources typically consist of < 1 um particles®?*. Emis-
sion sensitivities were averaged for each country to calculate the deposition fluxes at CDD related to European
emissions. This was done by weighting emissions from each country by its emission sensitivity and summed.

The FLEXPART-based approach that compares relative changes over the past, however, does not directly assess
how well simulated deposition fluxes agree with the ice-core observations. As discussed in ref.', consideration
of Pb for which recent past European anthropogenic emissions are much better documented, permitted evalu-
ation of the bias in FLEXPART-simulated deposition largely as a result of the coarse resolution of the model
(220 km x 155 km for the CDD grid cell) that poorly resolves alpine orography. Results of this evaluation showed
that 3.6 ng g~ of Pb in summer ice would correspond to a summer deposition flux of 9 mg m™ simulated by
FLEXPART. Since most metals emitted by anthropogenic activities behave similarly (size distribution, hygro-
scopicity) with respect to deposition, this relation between Pb ice-concentrations and FLEXPART deposition
fluxes at CDD also can be used to evaluate European Bi emissions.

Anthropogenic processes leading to Bi emissions. Previous studies suggested emissions from coal
burning and metallurgical processes were the major sources of anthropogenic Bi pollution. We therefore evalu-
ated the ice-core data initially with respect to these source categories.

For coal burning we used annual coal consumption statistics from ref.?* prior to 1975 CE and from British
Petroleum?® for 1975 to 2000 CE. The coal-burning contribution to Bi deposition (¢g) at CDD was calculated
from estimated EFs (i.e., the amount emitted per mass of burned coal). Unlike toxic metals such as Pb and
T1?, coal-burning EFs have not been reported for Bi. Both the abundance in coal and the behavior of Bi during
combustion determine the EFs. Large EFs for Bi and Tl in fly ash compared to slag were observed (3 and 2.5,
respectively)®, suggesting a similar high volatility during combustion. The few published reports of Bi content
in coal suggested < 0.05 ppm in most deposits*®. 0.4 ppm of Tl and 0.2 ppm of Bi were measured in Spanish coal
used by a European large power station*’. Bi was found to be 4 times less abundant than Tl in numerous UK
coals®. Based on these sparse measurements, we have assumed that the coal-burning EF was three times lower
for Bi than for Tl, the latter having been estimated (Table 1) from the examination of past T1 deposition in CDD
ice!. Here we focused on summertime pollution and we assumed that winter emissions from coal combustion
were double those in summer in most European countries®’. For other emissions sources, it is reasonable to
assume no seasonal variability.

There were numerous uses for Bi and its compounds, including in pharmaceutical and cosmetic products,
fusible alloys, steel and AI*'. Metallurgical processes that result in atmospheric Bi emissions include extraction
from ores or recovery from lead refining, as well as the production of aluminum, steel, and various alloys. In
addition, the use low-melting point alloys for solders resulted in significant Bi releases. Although insignificant
atmospheric emissions of Bi compounds would be expected from use in pharmaceuticals and cosmetics, manu-
facturing them required refined Bi (99.99%) that was produced through thermal processes that emitted Bi. Prior
to 1930 CE, Bi was used to treat stomach disorders, wounds, and other ailments, as well as in the manufacture of
low-melting-point alloys (containing 50% Bi) used wholly for fire alarms and other safety devices. Bi was used
as additive in aluminum (0.2-0.7%) and in the 1950s in steel (0.1-0.5%) to improve machinability.

Bi production from ores in Europe is very limited, with 100-200 tonnes reported between 1920 and 1945 CE
in Spain, and 50-100 tonnes from 1945 to 1990 CE at the Salsigne gold mine (France) (https://www2.bgs.ac.uk/
mineralsuk/statistics/world Archive.html). Because of its high volatility, we assumed that EFs were similar for Bi
and Pb during ore extraction (i.e., 9 kg per t of Bi produced prior to 1975 CE, Table 1). If present, Bi also will be
emitted during Pb ore extraction. The Bi content in Pb ores ranges from zero up to a few % but no information
is available for Pb ores processed in Europe. We calculated @g; from Pb ore extraction assuming 0.2% Bi content
in ores processed in European Pb smelters (previously estimated in ref.'?).

Historical statistics on European production of aluminum and steel exist but not detailed information on past
changes of the amount of Bi added to Al and steel. Furthermore, no statistics are available on other Bi commod-
ity production such as alloys or on the amount of refined Bi that was produced domestically (and/or imported)
for pharmaceuticals and cosmetics in each European country. Given this lack of information, we compared the
ice-core record to total Bi consumption derived from available statistics on production, import, and export of
Bi (British Geological Survey, https://www2.bgs.ac.uk/mineralsuk/statistics/world Archive.html), as well as to
Bi consumption used for metallurgy (excluding pharmaceuticals). The latter was calculated from the fraction of
Bi used during the twentieth century for metallurgy in the United States since such information is not available
for Europe (Fig. 3b).

Data availability
Ice core data will be available at NCEI (National Centers for Environmental Information) data base (https://www.
ncdc.noaa.gov/data-access/paleoclimatology-data) (submitted on 26.12.2022, Reference ID: YJX30L).

Received: 5 October 2022; Accepted: 17 January 2023
Published online: 20 January 2023

References
1. Pacyna, J. M., Pacyna, E. G. & Aas, W. Changes of emissions and atmospheric deposition of mercury, lead, and cadmium. Atmos.
Environ. 43, 117-127 (2009).
2. Ghaffari, M. A. & Motlagh, B. In vitro effect of lead, silver, tin, mercury, indium and bismuth on human sperm creatine kinase
activity: A presumable mechanism for men infertility. Iran. Biomed. J. 15, 38-43 (2011).
3. Omouri, Z., Hawari, ]., Fournier, M. & Robidousx, J. Y. Bioavailability and chronic toxicity of bismuth citrate to earthworm Eisenia
andrei exposed to natural sandy soil. Ecotox. Environ. Safe. 147, 1-8 (2018).

Scientific Reports |

(2023) 13:1166 | https://doi.org/10.1038/s41598-023-28319-3 nature portfolio


https://www2.bgs.ac.uk/mineralsuk/statistics/worldArchive.html
https://www2.bgs.ac.uk/mineralsuk/statistics/worldArchive.html
https://www2.bgs.ac.uk/mineralsuk/statistics/worldArchive.html
https://www.ncdc.noaa.gov/data-access/paleoclimatology-data
https://www.ncdc.noaa.gov/data-access/paleoclimatology-data

www.nature.com/scientificreports/

4. Passatore, L. et al. Morpho-physiological and molecular responses of Lepidium sativum L. seeds induced by bismuth exposure.
Sci. Total Environ. 831, 154896 (2022).
5. Brown, R. D. U. S. Geological Survey Minerals Yearbook. 131-134 (U. S. Geological Survey, 2000).
6. Chellman, N. et al. Reassessment of the Upper Fremont glacier ice-core chronologies by synchronizing of ice-core-water isotopes
to a nearby tree-ring chronology. Environ. Sci. Technol. 51, 4230-4238 (2017).
7. Sigl, M. et al. 19" century glacier retreat in the Alps preceded the emergence of industrial black carbon deposition on high-alpine
glaciers. Cryosphere 12, 331-3331 (2018).
8. Ferrari, C. P. et al. Natural and anthropogenic bismuth in Central Greenland. Atmos. Environ. 34, 941-948 (2000).
9. McConnell, J. R. & Edwards, R. Coal burning leaves toxic heavy metal legacy in the Arctic. Proc. Natl. Acad. Sci. USA 105,
12140-12144 (2008).
10. Legrand, M. et al. Thallium pollution in Europe over the twentieth century recorded in Alpine ice: Contributions from coal burning
and cement production. Geophys. Res. Lett. 49, €2022GL098688 (2022).
11. Arienzo, M. et al. Alpine ice-core evidence of a large increase in vanadium and molybdenum pollution in Western Europe during
the 20th century. J. Geophys. Res. Atmos. 126, €2020]D033211 (2021).
12. Preunkert, S., Legrand, M. & Wagenbach, D. Causes of enhanced fluoride levels in Alpine ice cores over the last 75 years: Implica-
tions for the atmospheric fluoride budget. J. Geophys. Res. 106, 12619-12632 (2001).
13. Legrand, M. et al. Cadmium pollution from zinc-smelters up to fourfold higher than expected in Western Europe in the 1980s as
revealed by Alpine ice. Geophys. Res. Lett. 47, €2020GL087537 (2020).
14. Pacyna, J., Semb, A. & Hanssen, J. Emission and long-range transport of trace-elements in Europe. Tellus B 36, 163-178 (1984).
15. Blazy, P. & Hermant, V. Métallurgie extractive du bismuth. Tech. 'Ingénieur https://doi.org/10.51257/a-v1-m2316 (2013).
16. Jasinski, S. M. Bismuth: Uses, Supply, and Technology. 16 (U.S. Bureau of Mines, 1992).
17. Robinson, J.P. The problem of chemical and biological warfare. Vol. 1. The Rise of CB Weapons (Almgqvist & Wiksell, 1971).
18. McConnell, J. R. et al. Pervasive Arctic lead pollution suggests substantial growth in medieval silver production modulated by
plague, climate, and conflict. Proc. Natl. Acad. Sci. USA 116, 14910-14915 (2019).
19. Bowen, H. Trace Elements in Biochemistry (Academic Press, 1996).
20. Eckhardt, S. et al. Source-receptor matrix calculation for deposited mass with the Lagrangian particle dispersion model FLEXPART
v10.2 in backward mode. Geosci. Model Dev. 10, 4605-4618 (2017).
21. Masson, D. & Frei, C. Long-term variations and trends of mesoscale precipitation in the Alps: Recalculation and update for
1901-2008. Int. J. Climatol. 36, 492-500 (2016).
22. Laloyaux, P. et al. CERA-20C: A coupled reanalysis of the twentieth century. J. Adv. Model. Earth Syst. 10, 1172-1195 (2018).
23. Nriagu, J. O. The rise and fall of leaded gasoline. Sci. Total Environ. 92, 13-28 (1990).
24. Querol, X., Fernandez-Turiel, J. L. & Lopez-Soler, A. Trace elements in coal and their behaviour during combustion in a large
power station. Fuel 74, 331-343 (1995).
25. Mitchell, B. European Historical Statistics, 17501970 (Palgrave Macmillan, 1975).
26. British Petroleum. Energy Charting Tool—App, Database Visited in August 2021. https://www.bp.com/en/global/corporate/energy-
economics/energy-charting-tool-desktop.html (2020).
27. Pacyna, J. M. & Pacyna, E. G. An assessment of global and regional emissions of trace metals to the atmosphere from anthropogenic
sources worldwide. Environ. Rev. 9, 269-298 (2001).
28. Swaine, D. . Trace Elements in Coal (Butherworths, 1990).
29. Spears, D. A. & Zheng, Y. Geochemistry and origin of elements in some UK coals. Int. J. Coal Geol. 38, 161-176 (1999).
30. Hoesly, R. M. et al. Historical (1750-2014) anthropogenic emissions of reactive gases and aerosols from the Community Emissions
Data System (CEDS). Geosci. Model Dev. 11, 369-408 (2018).
31. Ojebuoboh, F. K. Bismuth-production, properties, and applications. JOM-J. Miner. Met. Mater. Soc. 44, 46-49 (1992).
32. Fleischer, M. Fiftieth Anniversary Volume (Bateman, A.M.). 970-1024 (Society of Economic Geologists, 1955)
33. Pacyna, J. Emission factors of atmospheric Cd, Pb and Zn for major source categories in Europe during 1950-1985. in Technical
Report NILU-OR-30/91 (Norwegian Institute for Air Research, 1991).

Acknowledgements

The ice-core drilling operations at CDD were supported by the European Community ENV4-CT97 (ALPCLIM)
contract. The LEFE-CHAT (CNRS) program entitled “Evolution séculaire de la charge et composition de 'aérosol
organique au-dessus de 'Europe (ESCCARGO)” was supported by ADEME (Agence de Environnement et de
la Maitrise de 'Energie). NSF grant 1925417 to JRM provided partial support for the analyses and interpreta-
tion at DRI. We thank the reviewers whose comments improved the manuscript. We thank colleagues who
participated in the drilling campaigns at CDD. We also thank P.-C. Guiollard (Doctor in the history of science
and technology (mining activities) and associate researcher at CRESAT, Université de Mulhouse-Colmar) and
P. Marion (retired Professor of the Lorraine University, ENSG, France) for their very useful discussions on the
extractive metallurgy of bismuth.

Author contributions

M.L., J.R.M. performed research, analyzed ice samples and data, wrote the original manuscript. G.B. wrote the
original manuscript. S.P.,, N.C. analyzed ice samples and data, commented original manuscript. K.D., L.L., A.P,
A.S.: analyzed data commented original manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-28319-3.

Correspondence and requests for materials should be addressed to M.L.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2023) 13:1166 | https://doi.org/10.1038/s41598-023-28319-3 nature portfolio


https://doi.org/10.51257/a-v1-m2316
https://www.bp.com/en/global/corporate/energy-economics/energy-charting-tool-desktop.html
https://www.bp.com/en/global/corporate/energy-economics/energy-charting-tool-desktop.html
https://doi.org/10.1038/s41598-023-28319-3
https://doi.org/10.1038/s41598-023-28319-3
www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |  (2023) 13:1166 | https://doi.org/10.1038/s41598-023-28319-3 nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Alpine-ice record of bismuth pollution implies a major role of military use during World War II
	Results and discussions
	The CDD records of Bi and other pollutants. 
	Contribution of coal burning, Bi ores, and Pb smelters. 
	Contribution of Bi commodity production and use. 
	The large 1935–1945 CE pollution caused by World War II. 

	Conclusions
	Methods
	Ice-core dating and analysis. 
	Calculation of non-crustal Bi fraction. 
	FLEXPART model simulations. 
	Anthropogenic processes leading to Bi emissions. 

	References
	Acknowledgements


