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[1] Atmospheric Pb contamination was studied using
snow and ice from the Canadian arctic. Forty-five samples
representing the past ten years of snow accumulation on
Devon Island contain an average of 45.2 pg/g of Pb but
only 0.43 pg/g of Sc. The average ratio of Pb to Sc (105)
is far greater than that of soil-derived dust particles (in the
range 1 to 5) which indicates that ca. 95 to 99% of recent
Pb is anthropogenic. Isotopic analyses (206Pb, 207Pb,
208Pb) confirm that anthropogenic sources continue to
dominate atmospheric Pb inputs. Unlike snow from
Greenland which receives Pb predominantly from the U.S.
(206Pb/207Pb � 1.2), snow from Devon Island is less
radiogenic (206Pb/207Pb � 1.15). There are pronounced
seasonal variations, and the snow samples containing the
greatest Pb enrichments are from winter when the Arctic is
dominated by air masses originating in Eurasia. While the
elimination of gasoline lead additives in Europe, North
America and Japan has helped to reduce Pb emissions
during the past two to three decades, aerosols in the Arctic
today are still highly contaminated by industrial Pb.
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1. Introduction

[2] Environmental contamination by Pb has its origins
in Antiquity [Nriagu, 1983], with significant atmospheric
Pb contamination first making its appearance in Europe
approximately three thousand years ago and originating
from mining in the Iberian Peninsula [Shotyk et al., 1998].
The periods of human history most impacted by extensive
Pb contamination include the Roman and Medieval Periods,
the Industrial Revolution, and the second half of the 20th
century [Shotyk and Le Roux, 2005]. Environmental Pb
contamination during the Roman and Medieval Periods
was due almost exclusively to the mining, smelting, and
refining of Pb ores [Nriagu, 1985], not only to obtain Pb, but
also to recover silver which is commonly enriched in galena
(PbS). During the Industrial Revolution, Pb found its way
into a tremendous array of industrial products and materials
[Harn, 1924]. The introduction of alkyllead additives to

gasoline in 1923 represented an additional source of envi-
ronmental Pb contamination [Nriagu, 1990a]. Although this
most recent Pb insult occurred rather late in the history of
atmospheric Pb contamination, it certainly promoted the
global dispersion of this potentially toxic metal [Patterson,
1981]. No region of the surface of the Earth was left
unaffected, with snow and ice cores providing unambiguous
evidence of Pb contamination in both polar regions [Boutron
et al., 1994].
[3] The gradual elimination of leaded gasoline and its

eventual ban in Japan, Europe, the U.S. and Canada, has
had a dramatic effect on atmospheric Pb emissions and there
have subsequently been rapid declines in air Pb concen-
trations and deposition rates [Boutron et al., 1991]. While
these changes are beyond question in the regions where
these parameters have been measured, the reductions began
to take place from concentration levels and fluxes which
were extremely high (e.g. three orders of magnitude or
more) relative to the ‘‘natural background’’ values [Shotyk
et al., 1998]. An evaluation of atmospheric Pb in the air
today, therefore, is necessary to be able to compare recent
air Pb concentrations with natural values, to document the
extent of the decline. Recent snow from the Arctic, remote
from all industrial emissions, provides a chemically simple
matrix and can serve as a sensitive indicator of environ-
mental change.

2. Materials and Methods

[4] During the spring of 2004, a 5 m snow pit repre-
senting precipitation from 1994 to 2004 was dug by hand
on Devon Island (75�220N; 82�400W and 1820 m asl)
using appropriate clean sampling equipment, clothing,
and procedures. Forty-five samples were processed in the
cold clean room at the Geological Survey of Canada in
Ottawa, and measured for Pb, Sc, and Pb isotope ratios
using the inductively coupled plasma sector-field mass
spectrometer (ICP SMS) at the Institute of Environmental
Geochemistry, University of Heidelberg. Detailed descrip-
tions of the clean lab procedures and analytical methods
are presented elsewhere [Krachler et al., 2004a, 2004b,
2005]. In addition, these parameters were also measured in
a continuous series of 465 samples from a 65 m ice core
which was drilled in 2000 and represents snow accumu-
lation since 1842; these samples were successfully ana-
lysed earlier, but only for Pb concentrations [Zheng et al.,
2003]. The measurements of Sc presented here are the first
reported concentrations for this element in polar snow and
ice. The limits of detection for Pb and Sc were 0.06 and
0.005 pg/g, respectively. The average standard deviations
of the Pb isotope measurements for the snow samples (n =
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45) were 0.003 for 206Pb/207Pb and 0.006 for 208Pb/206Pb
(RSD of 0.31 and 0.30%, respectively) with external
precisions varying with Pb concentrations [Krachler et
al., 2004b]. Accuracy was better than 0.1% as assessed
by analysis of SRM NIST 981.

3. Results and Discussion

[5] In the snow pit samples, the Sc concentrations
average 0.43 pg/g and the abundance and distribution of
this element can be used as a surrogate for natural Pb.
Scandium is a lithogenic trace element which can be used
as an index of the concentration of soil-derived dust
particles in the atmosphere [Rahn, 1976]. Scandium has
no preference for specific mineral phases (only seven Sc
minerals are known, and they are all rare), but instead is
widely distributed in all of the primary and secondary
minerals at the surface of the Earth. Industrial uses of Sc
are negligible, with total global Sc production amounting
to only 45 kg per year [Emsley, 2001]. The ratio of Pb to
Sc in crustal rocks is approximately 1:1 [Wedepohl, 1995]
which makes the Pb/Sc ratio a convenient parameter for
quantifying the extent of Pb enrichment in atmospheric
aerosols, relative to the natural abundance of Pb in crustal
rocks. As a first approximation, therefore, the concentra-
tion of Sc in the snow samples can be viewed as the
abundance of lithogenic Pb (Figure 1). In contrast, the
measured concentrations of Pb are far greater, and range
up to 165 pg/g (Figure 1). On average, the snow samples
contain 45.2 pg/g Pb which exceeds the crustal ratio by
two orders of magnitude.
[6] Lead in silicates is found mainly in potassium feld-

spar, biotite, and clay minerals where Pb2+ can substitute for
K+ [Heinrichs et al., 1980]. During chemical weathering,
there may be a residual enrichment of Pb in the profile

which would give rise to a natural enrichment of Pb in the
soil, relative to crustal abundance [Shotyk et al., 2001]. It
has been suggested that the Pb to Sc ratio in soils is
typically 5:1 [Bowen, 1979]. In pre-anthropogenic, soil-
derived atmospheric aerosols from a Swiss peat bog dating
from ca. 3,000 to 14,500 years ago, the average ratio of Pb
to Sc was 4:1 [Shotyk et al., 1998]. Even if the soil Pb/Sc
ratio suggested by Bowen [1979] is used for comparison, the
average ratio of Pb to Sc in recent snow is still at least a
factor of 20 greater than the ‘‘natural’’ value for Pb in soil-
derived dust. Regardless of the ‘‘background’’ ratio of
Pb/Sc which is selected as the point of reference, the
recent snow samples from Devon Island are highly
enriched in Pb (Figure 1) and we know of no natural,
geochemical processes which can explain the enrichments.
Even today, therefore, there is an overwhelming supply of
industrial Pb to Arctic snow. We note further that atmo-
spheric Pb from industrial sources has an average particle
diameter of 0.5 mm [Nriagu, 1990b] which is far smaller
than the soil-derived, lithogenic particles containing Sc
and Pb from natural sources [Rahn, 1976]. The extent of
atmospheric Pb contamination revealed by the snow pit,
therefore, is a conservative estimate of the industrial
enrichment of Pb being supplied to the arctic today.
[7] To put the modern values into perspective, the

concentrations of Sc in ice since 1842 range from 0.02
to 8.8 pg/g which means that the concentration of ‘‘natu-
ral’’ Pb also falls within a factor of five of this range
(Figure 2). In contrast to the concentration range of natural
Pb, all of the ice samples since 1842 contain significantly
higher Pb concentrations (up to 1656 pg/g). In other
words, all of the samples since 1842 have been impacted
with Pb emitted by human activities. In fact, the average
concentration of Pb in ice (75 pg/g) from this period is
two orders of magnitude greater than the average concen-
tration of Sc (0.70 pg/g). Even the sample containing the
least Pb (1.9 pg/g and dating from 1844) still contains
38 times more Pb than Sc (0.05 pg/g). Regardless of
whether the crustal or the soil Pb/Sc ratio is used as the

Figure 1. Lead concentrations and isotopic composition
(206Pb/207Pb) of the snow pit samples. The grey square
represents the 206Pb/207Pb ratio characteristic of crustal
rocks and the horizontal dashed line the average isotopic
composition of Pb in the snow samples (206Pb/207Pb =
1.150 ± 0.003, n = 45). ‘‘Crustal Pb’’ was calculated as
[Sc]snow � ([Pb]/[Sc])crust where ([Pb]/[Sc])crust = 1.
‘‘Soil Pb’’ was calculated using the same approach, but
([Pb]/[Sc])soil = 5. The concentration of ‘‘excess’’ Pb was
calculated as the difference between the measured Pb
concentrations and ‘‘soil Pb’’.

Figure 2. Concentrations of Pb in the ice core, with each
data point representing the median of six consecutive
samples. ‘‘Crustal Pb’’, ‘‘soil Pb’’, and ‘‘excess Pb’’
concentrations calculated as noted in Figure 1. The vertical
arrow corresponds to the introduction of leaded gasoline in
the U.S. in 1923.
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basis for comparison, all of the ice samples are clearly
impacted by industrial Pb. While the introduction of leaded
gasoline in 1923 has certainly contributed to the increasing
Pb concentrations seen between 1920 and 1970 (Figure 2),
this is just the most recent of a series of human activities
which has profoundly influenced the geochemical cycle of
Pb. The abundance of excess Pb which pre-dates 1923
requires some other explanation. Other anthropogenic sour-
ces of Pb to the atmosphere, including the mining and
smelting of lead and other base metal ores, emissions from
various industrial applications and manufacturing, the
chemicals industry, steel making, coal burning, and refuse
incineration [Nriagu, 1990b], must be invoked to explain
the extent of Pb contamination in the Arctic witnessed by
the Devon Island ice core between 1842 and 1923.
[8] To help identify the predominant industrial sources,

the isotopic composition of Pb has been measured in all of
the snow and ice samples (Figure 3). Again, consider the
isotopic composition of ‘‘natural’’ Pb in soil dust particles
derived from rock weathering. Soil-derived atmospheric
aerosols from peat samples dating from the mid-Holocene
(ca. 6,000 to 9,000 years ago) have 206Pb/207Pb = 1.199 and
208Pb/206Pb = 2.059. Contemporary models of the isotopic
composition of Pb in the Earth’s Crust yield similar values
[Kramers and Tolstikhin, 1997] and we assume these values
are representative of atmospheric soil dust derived from the
weathering of crustal rocks. In contrast to these values, the
Pb in snow and ice from Devon Island records an extreme
range in isotopic compositions (Figure 3). The most radio-
genic samples date from the early 1840’s and resemble
Mississipi Valley type of lead ore deposits [Sangster et al.,
2000] which have 206Pb/207Pb in the range 1.212–1.406
and 208Pb/206Pb in the range 1.870–2.037; these ores were
first exploited commercially in the 1820’s. The least radio-
genic samples date from the 1940’s and 1950’s and are
comparable to the Broken Hill lead ores from Australia with
206Pb/207Pb = 1.041 and 208Pb/206Pb = 2.225; this lead was
first imported into Europe in 1826 [Day and Tylecote, 1991]
and was the main source of Pb used there to manufacture
gasoline lead additives.

[9] The isotopic composition of Pb in the snow pit
samples is well removed from both of these extremes,
and fall in the range 206Pb/207Pb = 1.131–1.170 and
208Pb/206Pb = 2.088–2.151 (Figure 3). This range of
values is less radiogenic than soil dust which reinforces
the view that Pb derived from natural sources can account
for very little of the modern Pb flux. The snow pit data
from 1994 to 2004 overlaps to a great extent with the ice
core data from 1970 to 1996 (Figure 3). Of particular
environmental relevance is the fact that there has been a
rapid decline in consumption of leaded gasoline in North
America from more than 200,000 tonnes per year in 1970
to almost nothing today [Wu and Boyle, 1997]. This
drastic reduction, however, has had effectively no impact
on the isotopic composition of Pb over the same time
interval (Figure 3). Consumption of leaded gasoline addi-
tives in Europe also has gone into a strong decline, but
again, there is no detectable impact of this change in the
Pb isotope ratios.
[10] For comparison with the Devon Island data pre-

sented here, the pioneering work on the isotopic compo-
sition of Pb in Greenland ice by Rosman and colleagues
[Rosman et al., 1994, 1998] is of particular relevance.
Analyses of the isotopic composition of Pb in Greenland
snow dating from 1960 to 1988 showed that industrial
Pb was dominated by two components: radiogenic Pb
(206Pb/207Pb � 1.2) from North America, and less radio-
genic Pb (206Pb/207Pb � 1.15) from Eurasia [Rosman et
al., 1994]. In a snow sample dating from 1976, when the
consumption of leaded gasoline in North America had
reached its zenith, snow in Greenland yielded 206Pb/207Pb
= 1.2015 ± 00017. Radiogenic values such as these argued
strongly in favour of Greenland snow being impacted
predominantly by North American Pb [Rosman et al.,
1994]. Snow samples collected in Greenland during 1988
to 1989 recorded considerable seasonal variation [Rosman
et al., 1998]: the values in summer contained lower Pb
concentrations which were less radiogenic (206Pb/207Pb �
1.15) and reflect inputs from Eurasia; in contrast, winter
samples contained greater Pb concentrations, and the Pb
was more radiogenic (206Pb/207Pb � 1.2), reflecting inputs
from North America.
[11] Comparing the data from Devon Island with that of

Greenland, three remarkable differences emerge. First, the
snow pit samples from Devon (206Pb/207Pb = 1.150 ± 0.003,
n = 45) are less radiogenic than the values reported for
Greenland snow. Second, the Devon Island samples show
little, if any, seasonal variation in their isotopic composition
(Figure 1). Third, whereas Greenland snow is most im-
pacted by North American Pb during the winter, and
Eurasian Pb during summer; at Devon, the opposite is true.
[12] The isotopic composition of arctic aerosols domi-

nated by Eurasian Pb [Sturges and Barrie, 1989] is virtually
indistinguishable from aerosols collected in southern Canada
[Sturges and Barrie, 1987]. As a consequence, it is not
possible to distinguish Eurasian from Canadian inputs to
Devon Island based on the isotopic composition of Pb alone
[Sturges and Barrie, 1989]. However meteorological and
chemical studies have consistently shown that in winter, the
Canadian arctic is mainly influenced by a haze originating
in Eurasia [Barrie, 1986]. As a result, haze particles in the
arctic exhibit strong seasonal variations, with acidity,

Figure 3. The isotopic evolution of atmospheric Pb
recorded by the snow pit and ice core samples from Devon
Island from 1842 to 2004. The values for Australian and
Mississippi Valley type lead ores are taken from Sangster et
al. [2000] and those for the Earth’s Crust from Kramers et
al. [1997].
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sulphur and Pb concentrations typically 20 to 40 times
more abundant in winter than during summer [Barrie,
1986]. The stratigraphy of the snow pit on Devon Island
shows that the elevated Pb concentrations and enrichments
correspond to winter samples, and these must have orig-
inated in Eurasia [Sturges and Barrie, 1989; Barrie, 1986].
[13] Taken together, the elevated concentrations of excess

Pb found in winter samples (Figure 1) indicate that the High
Arctic of Canada is receiving most of its anthropogenic Pb
from Eurasia. This finding is consistent with recent meas-
urements of the isotopic composition of Pb in snow from
Aler t (h t tp : / /www.a inc- inac .gc .ca /ncp/pub/phy/
occtre11_e.html). The comparatively low and apparently
declining concentrations of excess Pb during the summer
months suggests that North American sources are becoming
relatively unimportant, at least in the arctic, a finding which
is consistent with sediment cores from Canadian lakes
[Outridge et al., 2002]. The fundamental differences in
isotopic composition between Greenland and Devon Island
indicates that further studies of the geographic and temporal
variations in contaminant deposition within the Arctic are
warranted.
[14] The decline in gasoline lead consumption in North

America since 1970, and in Europe since 1980, have clearly
contributed to the decline in Pb concentrations seen in the
ice core (Figure 2). However, the Pb concentrations and
isotope ratios obtained from the snow pit (Figure 1) show
that other sources of anthropogenic Pb are still supplying
significant amounts of Pb to the Arctic and that this remote
region continues to be subjected to a massive Pb burden,
relative to the natural Pb flux. Taken together, the Pb and Pb
isotope data from Devon Island snow indicates that
[15] 1. even today, inputs of Pb to the Arctic are over-

whelmingly dominated by anthropogenic sources,
[16] 2. modern anthropogenic Pb inputs to the Arctic can

no longer be attributed to the consumption of gasoline
additives in North America or Europe, and
[17] 3. other sources of industrial Pb need to be invoked

to explain the current intensity of Arctic Pb contamination.
[18] While the gradual elimination of leaded gasoline has

been an important step toward reducing atmospheric Pb
emissions, other steps must be taken to further reduce the
fluxes of anthropogenic Pb to the arctic. Unlike gasoline
lead, the dominant industrial sources of atmospheric Pb
today can contribute a broad range of trace elements, in
addition to Pb. The enrichments of Pb in aerosols originat-
ing in Eurasia and their seasonal variation may have broader
implications for the dispersion of other potentially toxic
trace metals in the arctic.
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