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ABSTRACT: A unique ∼10 year record of the lead isotopic
composition of airborne insoluble particulate matter deposited in
central Greenland was extracted from recent snow layers at
NorthGRIP (75.1°N, 042.3°W; elevation 2,959 m), spanning the
years 1989−2001. Comparison with lead isotopic signatures of both
natural and anthropogenic northern hemisphere (NH) aerosol sources
shows that human activities must have accounted for most of the
insoluble lead deposited on Greenland during the late 1990s,
exceeding by far the natural contribution from large Asian mineral
dust inputs. Lead isotopes imply predominance with time of
European/Canadian sources over U.S.-derived lead, with an admixed
signature typical of Chinese anthropogenic lead sources. The relative
contribution of the latter shows a marked seasonal increase during spring. Our record also suggests that China’s weight in the
overall supply of insoluble pollutants deposited on Greenland was growing over the past decade of the 20th century.
deposited around 14−18 April 200110 during a single, massive
Asian dust event, was also analyzed. The main objective of this
study was to determine the origin of the insoluble Pb-bearing
aerosols reaching the Greenland ice-cap. These lead isotope
measurements complement clay mineralogy (X-ray diﬀraction)
and Sr−Nd isotope analyses already carried out on these
samples.10−12 We compare our results with lead isotopic
signatures of both natural, 6 including new data, and
anthropogenic13 aerosol sources in the northern hemisphere
in order to identify the main sources of insoluble lead reaching
Greenland during the study period, with implications for recent
trans-continental transport and dispersion of natural and
anthropogenic aerosols in the NH.

1. INTRODUCTION
Impurities contained in snow, ﬁrn, and ice layers in Greenland
provide a record of the history of atmospheric dustiness,1
volcanic emissions,2 and pollution3 in the Northern Hemisphere (NH). The source of the particles deposited onto the ice
cap may be investigated using speciﬁc intrinsic tracers. Lead
isotopes are particularly useful in this respect as they vary
widely among both natural and anthropogenic sources of
aerosols.4,5 Lead isotopes have been used, for instance, to
pinpoint mineral dust provenance during the last glacial period6
and to recount the history of lead exploitation during Roman
times.7 More recently, lead isotopes enabled Rosman and coworkers to account for the signiﬁcant changes in lead
concentration in Greenland snows during the period 1960−
1988.8 In particular, lead isotopes made it possible to establish
the switch to unleaded gasoline in the U.S. and the
environmental decrease in lead concentration after 1970.
Most of these lead isotope measurements were carried out
on bulk snow or ice samples, that is, reﬂecting the contribution
of soluble and insoluble fractions of lead deposits. In the
present study, we investigate the lead isotopic composition of
insoluble impurities deposited recently in central Greenland,
most of which are mineral dust.9 Two time-series covering the
years 1989−1995 and 1998−2001 were obtained. In addition, a
sample collected on Mount Loganthe highest mountain in
Canada on the Canadian−Alaskan bordercontaining particles
© 2013 American Chemical Society

2. MATERIALS AND METHODS
Insoluble impurities were extracted by melting and continuousﬂow centrifugation of large snow samples (∼150 kg each),
excavated horizontally down two snow-pits in the vicinity of the
NorthGRIP ice camp (75.1°N, 042.3°W; elevation 2,959 m; see
Supporting Information (SI) Figure S1). The Sharples
supercentrifuge we used operated at ∼30 000 rpm, separating
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Figure 1. 208Pb/204Pb versus 206Pb/204Pb of insoluble particles extracted from recent snow layers at NorthGRIP, Greenland, deposited during the
1989−95 (open squares) and 1998−2001 (closed squares) time periods (this study). The Pb isotopic composition of particles deposited at Mount
Logan, Canada, around 12−19 April 200110 during a major Asian dust event (open triangle) is also reported (this study). These results are compared
with the Pb isotopic composition of potential source areas (PSA) of “natural” mineral dust in China (this study and Biscaye et al.6), and of mid- and
high-latitude Northern Hemisphere urban aerosols.4,13,21

particles down to <0.1 μm from melted snow, which was
discarded, and depositing them on a precleaned PET sheet.
The interest of this method is that it enabled us to collect
cleanly appropriate amounts of material (several milligrams) in
order to carry out mineralogical as well as Sr, Nd, and Pb
isotopic analyses. For each of the two snow-pits, attempted
stratigraphy was obtained from δ18O measurements obtained
along a vertical proﬁle down the side of the pit. Estimated
sampling resolutions range from ∼6- to ∼10-months for 1989−
1995 time series to ≤2 months for the 1998−2001 times series.
The dust-rich snow sample from Mount-Logan was not
processed in the ﬁeld and the particulate matter was recovered
later from the snow by evaporation. Field-sampling protocols
are fully described elsewhere.10−12 All subsequent samplepreparation procedures were completed using precleaned PTFE
vessels in clean lab facilities at Lamont-Doherty Earth
Observatory of Columbia University (LDEO), New York.
Particles were leached with a buﬀered sodium acetate solution
(pH 5) for carbonate removal and rinsed several times with QD water. Samples were next digested in a concentrated HF/
HNO3/HClO4 (8:4:1) acid mixture and Pb was then separated
using a 100−200 mesh AG1 X8 anion exchange resin (samples
were loaded in 0.7N HBr and Pb was eluted with 6N HCl). Pb
isotopes analyses were carried out by thermal ionization mass
spectrometry (TIMS) at LDEO (1989−1995 time series), and
at the Max Planck Institute for Chemistry (MPI), Mainz
(1998−2001 time series and Mount-Logan sample). Pb
samples were loaded onto Re ﬁlaments along with silicagelH3PO4 activator. At LDEO, samples were run on a VG Sector
54−30 in static multicollection. Repeated measurements of the
NIST SRM-981 Pb standard (n = 9) during the period of
analyses yielded 206Pb/204Pb, 207Pb/204Pb and 208Pb/204Pb of
16.893 ± 6, 15.434 ± 8, and 36.512 ± 23, respectively. At MPI,
measurements were carried using a triple-spike method to

correct for instrumental mass bias on a ThermoFinnigan
TRITON in static multicollection mode.14 Repeated measurements of the NIST SRM-981 Pb standard (n = 16) during the
period of analyses yielded 206Pb/204Pb, 207Pb/204Pb and
208
Pb/204Pb of 16.9437 ± 11, 15.5017 ± 12, and 36.7319 ±
25, respectively. The 1989−1995 time series reported data are
mass fractionation corrected with propagating error using SRM981 MPI values. Carefully monitored chemistry blanks (≤400
pg) were always less 0.5% of Pb sample weights and were thus
considered negligible.

3. RESULTS AND DISCUSSION
3.1. Evidence of Signiﬁcant Anthropogenic Insoluble
Pb Inputs to Greenland. Insoluble lead concentration levels
in the snow at NorthGRIP (∼8 pg.g−1 on average; see SI Table
S1) are rather coherent with total lead contents (i.e., combining
soluble and insoluble fractions) measured on the Greenland
ice-cap at the ACT2 site where Pb concentration was 19 pg.g−1
in early 1990s snows.3 Such a comparison should be made with
caution though, considering the lower latitude and altitude of
the ACT2 site (66.0°N, 045.2°W; elevation 2410 m) and
associated higher snow accumulation rates (about twice those
observed at NorthGRIP).15 However, considering that wet
deposition processes prevail in Greenland for both soluble and
insoluble aerosols,16 concentrations are preferred for comparison than ﬂuxes, which may thus be heavily biased by changing
accumulation rates.17
Lead concentration estimates in the insoluble particles
extracted from snow samples at NorthGRIP (up to >200
ppm, ∼95 ppm on average; see SI Table S1), however, greatly
exceed the “natural” Pb content found typically in mineral dust
extracted from Greenland glacial ice (∼30 ppm),18 indicating
an extraneous source of Pb. The visual observation of
signiﬁcant blackish soot-like material in all the samples, in
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high, radiogenic signatures typical of the U.S. end-member
(208Pb/204Pb = ∼38.75 and 206Pb/204Pb = ∼19.5). The slope of
the Pb isotope array deﬁned by U.S. aerosols is, however,
slightly diﬀerent from that formed by the European aerosols,
allowing us to distinguish further between these two sources.
The Canadian data, on the other hand, display intermediate
values bridging the European and US lead isotopic domains.
Among Northern Hemisphere anthropogenic sources of Pb,
China stands out as a distinctive end-member, with Chinese
aerosols being generally characterized by higher 208Pb/204Pb for
a given 206Pb/204Pb ratio (Figure 1).
When compared with Northern Hemisphere aerosols,
NorthGRIP Pb isotopic compositions fall at the intersection
of the main “anthropogenic” isotopic domains deﬁned in Figure
1. Indeed, NorthGRIP Pb isotopic compositions lie at the
radiogenic ends of the European and Canadian trends,
extending in the directions of the more radiogenic US isotopic
compositions (mainly 1989−95) and/or toward the Chinese
natural (mineral dust) and/or anthropogenic end-members
(1998−2001).
Our most radiogenic samples therefore suggest that, despite
the phase-out of leaded gasoline in the U.S. by the end of the
1980s, other U.S. sources contributed to insoluble Pb deposited
in Greenland during the following decade. In particular, three
consecutive samples centered around 1993 (one in particular)
display a more radiogenic signature compared to the rest of the
samples, which could be explained by an unusually high
contribution of U.S. Pb at that time. However, inputs from
volcanic exhalations, which are often radiogenicsuch as from
Iceland31might also be able to explain such signatures.
Stratospheric fallouts of aerosols emitted by the Pinatubo
eruption in the Philippines in June 1991 cannot be excluded
either, as the ensuing global atmospheric impact lasted at least
three years.32 In fact, it has recently been argued that the
Pinatubo eruption could be accountable for the deposit of some
unusual siderophile elements that occurred at Summit (72.33°
N, 038.75° W; elevation 3,270 m; see SI Figure S1) during the
1992−1995 period, and most importantly during summer of
1993.33 The fact that the 1993 major radiogenic excursion we
observe in the lead isotopic composition seem to stretches over
the 1992−1994 period would be consistent with the longlasting inﬂuence of the Pina Tubo’s eruption. A signiﬁcant
contribution from tephra, on the other hand, is not supported
by the Sr and Nd isotopic compositions of these samples.12
However, except for these few exotic samples, the fact that a
signiﬁcant fraction of the Pb contained in our samples is from
mineral dust (estimated to one-third on average) does imply
major contributions from less radiogenic anthropogenic sources
such as Europe and/or Canada, especially during the most
recent part of our record (1998−2001) when the US relative
inﬂuence appears to have receded. Of all the European sources
plotted in Figure 1, Russia, whose lead isotopic signatures
(206Pb/204Pb >17.8 and 208Pb/204Pb > 37.7) fall at the
radiogenic end of the European array as reported by Bollhöfer
and Rosman,4,13 has (or at least, had in the 1990s), by far the
highest Pb emissions.34 One can therefore speculate that Russia
likely contributed some Pb to Greenland over the study decade.
This is supported by the fact that Russia was recently reported
to provide a signiﬁcant fraction of the black carbon deposited in
Greenland.35 In Bollhöfer and Rosman’s compilation, a few
data from Mongolia and Kazakhstan (not shown), where leaded
gasoline was still in use until recently (http://www.unep.org/
PCFV), spread out over the entire European range, suggesting

addition to the major mineral dust fraction, suggested that this
″excess″ Pb (which we thus deﬁne as the fraction of the
insoluble Pb that is not from mineral dust; see SI Table S1 and
Figure S2) might be associated with this dark particulate
matter, likely of anthropogenic origin. This is supported by a
recent investigation from Hegg et al.19 showing that pollution is
responsible for most of the light-absorbing aerosols reaching
Greenland.
Clay mineralogy and Sr and Nd isotopic compositions
identify Asian deserts, particularly in northwestern and
northern China, as the main sources of mineral dust deposited
in central Greenland and at the NorthGRIP site in
particular.11,12,20 New Pb isotope data for these Asian deserts
are provided here (details in SI Table S1) along with published
numbers,6 together with the Greenland snow-pit data in Figure
1. It is clear from such a plot that Pb isotopic compositions of
NorthGRIP insoluble particles are much less radiogenic overall
than those of Asian potential mineral dust sources, supporting
the view that an additional, unradiogenic and therefore likely
anthropogenic Pb-rich end-member is at play. A mixture of dust
and combustion products has actually been reported recently
for Asian aerosols crossing the North Paciﬁc Ocean, (refs 21,22,
and references therein). This is also consistent with the fact that
recent atmospheric lead deposits to Devon Island in the
Canadian artic have been attributed primarily to industrial
emissions.23 Contributions to the “excess” Pb measured in
NorthGRIP snows from quiescent degassing of volcanoes24 or
explosive eruptions,25 which display relatively radiogenic
signatures,26 are, on the other hand, less likely.
Anthropogenic aerosols, however, are generally regarded as
being relatively soluble compared to natural aerosols,27 as it is
also the case for rare-metals-rich aerosols emitted by volcanoes
through gas-to-particle conversion.28 Our results therefore
imply instead that a signiﬁcant fraction of the combustion
(and/or volcanic) products reaching Greenland are not readily
soluble.
By comparison, the isotopic composition we measured of the
material deposited at Mount Logan −the highest mountain in
Canada on the Canadian-Alaskan border− during a single,
massive Asian dust event in April 200110 has a Pb isotopic
composition lying much closer to the Asian desert crustal
isotopic compositions (Figure 1). This is consistent with the
fact that this sample was heavily enriched in mineral dust
(about 2 orders of magnitude higher) compared to our
Greenland samples.
3.2. Mixed Provenance from Various Northern-Hemisphere Pb Sources. Since the phase-out of leaded gasoline,
ﬁrst in the U.S. in the 1970s and then in most northernhemisphere industrialized nations throughout the following two
decades, global lead atmospheric emissions have dropped
considerably.13 The relative contribution of industrial sources
such as coal combustion, smelters and incinerators has
therefore become more signiﬁcant with time, at least on
regional scales,4,29,30 therefore making it potentially more
diﬃcult to use lead isotopes for provenance ﬁngerprinting. Yet,
lead isotopic composition of mid- and high-latitude Northern
Hemisphere aerosols in urban environments inventoried by
Bollhöfer and Rosman4,13 still enable the deﬁnition of broad
“continental” trends in a 208Pb/204Pb vs 206Pb/204Pb plot
(Figure 1); similar trends are also observed in 208Pb/207Pb vs
206
Pb/207Pb space (not shown). These trends extend from
relatively low, unradiogenic European-type Pb isotope ratios
(down to 208Pb/204Pb = ∼37 and 206Pb/204Pb = ∼17.25) to
1453

dx.doi.org/10.1021/es4035655 | Environ. Sci. Technol. 2014, 48, 1451−1457

Environmental Science & Technology

Article

that some of the Pb deposited in Greenland during the period
studied might also be derived from these Asian countries.
Recent modeling of global dust emission and transport support
central Asia as a signiﬁcant source of aerosols to Greenland.36
The paucity of Pb isotope data from this region is obviously a
caveat to Pb provenance investigations.
Finally, it is clearly apparent that the lead isotopic
composition of some NorthGRIP samples −displaying lower
206
Pb/204Pb for a given 208Pb/204Pb ratio− is pulled in the
direction of the distinct Chinese isotopic domain. This is also
noticeable on a 206Pb/207Pb vs 208Pb/207Pb space (see SI Figure
S3). Although it is not possible to exclude a possible inﬂuence
from Japanese and Korean sources as well (Figure 1), the
observed shift in the isotopic signature of these samples likely
implies an increased relative contribution from Chinese
aerosols, considering the overwhelming weight of China in
Eastern Asian anthropogenic emissions.37
3.3. Chinese Contribution to the Insoluble Lead
Pollution Reaching Greenland. Considering that, on a
208
Pb/204Pb vs 206Pb/204Pb space, Chinese anthropogenic
aerosols align along a distinct trend compared to aerosols
derived from other regions of the Northern Hemisphere, one
can tentatively quantify the Chinese’s relative contribution
using the divergence of both the 208Pb/204Pb ratio (Δ208Pb)
and/or the 206Pb/204Pb (Δ206Pb) from a baseline array
(supposedly with no or minimal Chinese inﬂuence, which is
supported by the fact that the baseline is very close to the
regression line calculated for all-but-Chinese Northern Hemisphere (NH) urban aerosols) toward the Chinese isotopic
domain (i.e., Δ208Pb = [208Pb/204Pbobserved −
208
Pb/204Pbbaseline]206, where 208Pb/204Pbbaseline is derived from
the baseline at the observed 206Pb/204Pb; Figure 2a). Positive
Δ208Pb and Δ206Pb therefore indicate contribution from
Chinese sources, the greater the Δ-values the greater the
Chinese contribution. A similar approach has been successfully
used by Ewing et al.21 to discriminate between local and Asian
aerosols on the U.S. West coast. One can then estimate the
relative weight of the Chinese contribution in percent
(expressed as F China ) by dividing the divergence in
208
Pb/204Pb (or 206Pb/204Pb) by the total diﬀerence between
the Chinese and the baseline 208Pb/204Pb (or 206Pb/204Pb; that
is, F C h i n a ( 2 0 8 P b / 2 0 4 P b ) (%) = [ 2 0 8 Pb/ 2 0 4 Pb o b s e r v e d −
208
Pb/204Pbbaseline]206/[208Pb/204PbChinese − 208Pb/204Pbbaseline]206
× 100, where 208Pb/204PbChinese is derived from the Chinese
regression line at the observed 206Pb/204Pb; Figure 2a). Results
based on 208Pb/204Pb and 206Pb/204Pb ratios provided similar
results and so the averaged values are shown in Figure 3.
According to our calculations, a signiﬁcant fraction of the
insoluble lead deposited in central Greenland derived from
China around the beginning of the 2000s (up to >50% during
the spring of 2001 for instance). Two additional features
emerge from these estimates. First, our calculations highlight
the peculiar lead isotopic composition of the 1993 level,
emphasizing that deposition of some unusual insoluble
aerosols, whether anthropogenic (in that case, most likely
from the U.S.) or volcanogenic (possibly from Mount Pinatubo
eruption; see Section 3.2), occurred around that time. Second,
our 1998−2001 time-series, achieved at a much higher
temporal resolution, reveals distinct seasonal patterns. In fact,
the relative inﬂuence of Chinese anthropogenic sources
increases sharply during spring of each year compared to the
rest of the year (calculations based on the 206Pb/207Pb and

Figure 2. 208Pb/204Pb versus 206Pb/204Pb in NorthGRIP 1989−95
(blue and open gray squares) and 1998−2001 (purple squares)
insoluble particles time series (this study) against lead isotopic
composition of aerosols from urban areas in China (regression line
also shown)13,21 and of Chinese dust PSA samples (this study and
Biscaye et al.6). Experimental error bars (see SI Table S1) are always
within data symbols. [a] An example of Δ206Pb and Δ208Pb
calculations based on the NorthGRIP sample “baseline” (solid line).
The regression line calculated for all Northern Hemisphere (NH)
urban aerosols data except those from China is also shown (dotted
line). [b] Same data as in Figure 2a. Spring samples (green squares)
are distinguished within the NorthGRIP 1998−2001 times series. Pb
isotopic compositions of snows deposited at Summit during the
1960−1988 period (small light-blue squares)8 also shown. Additional
linear regressions were calculated for each of the following data sets:
Greenland-Summit 1960−1988 bulk snow samples (light-blue line),
NorthGRIP 1989−1995 (blue line), 1998−2001 (purple line) and
1998−2001 springs (green line) time series. Note that the three
radiogenic values centered around 1993, shown as open gray squares,
were not taken into account for the 1989−1995 time series regression
line.

Pb/207Pb as in Ewing et al.21 yielded very similar results).
This is consistent with observations of Asian aerosol transPaciﬁc transport to western North America, which generally
208
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Figure 3. Fraction of the lead isotopic signal attributed to Chinese anthropogenic emissions (based on Δ208Pb and Δ206Pbsee Section 3.3and
expressed as FChina, in percent; orange diamonds; right axis) together with the 208Pb/206Pb (blue diamonds; inner left axis) and the 206Pb/207Pb ratios
(circles; outer left axis) measured in NorthGRIP insoluble particles, as a function of date along the two snow-pit time series; spring seasons over the
1998−2001 times period are highlighted by shaded bars. Typical Chinese urban 206Pb/207Pb value (star symbol)13,42−44,46,47 as well as Greenland
Holocene (i.e., preindustrial) background 206Pb/207Pb value48 reﬂecting “pure” Asian dust signature, are also shown for reference.

decreased signiﬁcantly in 2001, when China stopped using
leaded gasoline.41 The fact this is not recorded in our
Greenland recordthe year 2001 actually shows instead the
highest Chinese inﬂuencesuggests that insoluble Pb
deposited in Greenland derives mainly from industrial sources
of lead (i.e., coal combustion, smelting etc.). Reported Pb
isotopic ratios in the literature for coal combustion products
(e.g., 206Pb/207Pb values down to ∼1.155)42−44 are consistent
with such a hypothesis (see Figure 3 and SI Figure S3). There
is also a good agreement between our Pb isotope record and
the estimates of Pb emissions from coal consumption and ore
smelting, which show a slowdown around 1997−1998 before
rising again in 1999 and 2000 (see SI Figure S4). In any case,
although one should bear in mind that the “excess” Pb
associated with the insoluble fraction may not tell the whole
story about all of the lead in the bulk snow, this unique time
series gives robust evidence that the impact of China’s rising
anthropogenic emissions extend well beyond the proximal
Paciﬁc region,21,38,45 and provides constraints to track Chinese
anthropogenic emissions’ dispersal. Our work supports indeed
the notion that lead isotopic composition (Δ208Pb and Δ206Pb
in particular) can be used to quantify Chinese contribution to
the atmospheric lead pollution.21 Considering the sharp
increase in Chinese industrial emissions of lead over the past
decade (ref 21, and references therein; ref 41) (i.e., since the
end of our record), our approach, which can be applied in
Greenland again but also in other Northern Hemisphere ice
caps, could be of particular interest to monitor the signiﬁcance
of such a rise at the global scale.

peaks in the spring also (e.g., refs 21,38,39, and references
therein). The seasonal increase in China’s relative contribution
to the anthropogenic insoluble lead deposited in Greenland
actually coincides with large Chinese “natural” dust inputs to
central Greenland at that time of the year11,12,20 (see SI Figure
S3). This temporal correspondence further supports the
conclusion that the isotopic shift toward lower 206Pb/204Pb at
a given 208Pb/204Pb we are seeing in several NorthGRIP
samples really does indicate an increase in the relative inﬂuence
of Chinese anthropogenic emissions.
Our time-series also suggests that China’s relative contribution was rising over the studied period, as best shown by the
1998−2001 time series (Figure 3). This temporal evolution is
evident on the 208Pb/204Pb vs 206Pb/204Pb space too (Figure
2b), where the 1998−2001 samples lie above the 1989−1995
samples as indicated by their respective regression lines. It is
interesting to note that the 1989−1995 array is itself shifted in
the same direction compared to earlier time series obtained on
bulk snow samples from Rosman et al.8 covering the 1960−
1988 period. The temporal evolution of the lead isotopic
composition in our NorthGRIP snow-pit time series is also
illustrated by the 208Pb/206Pb ratio change with time, and by the
206
Pb/207Pb ratio record, whose trend is consistent with an
increased relative contribution of Chinese anthropogenic
aerosols (Figure 3).
In sum, observations based on our snow-pit time series
suggest that Chinese aerosols accounted for a substantial and
apparently growing fraction of the insoluble anthropogenic lead
deposited in central Greenland over the last few decade of the
twentieth century. If one can assume that the eﬃciency of
atmospheric transport systems remained unchanged over the
study period, the trend we observe implies either growing
Chinese inputs or receding emissions in other areas of the
Northern hemisphere (such as in the U.S. according to the lead
isotopic signal), possibly a combination of the two. Increased
Chinese supplies would be in agreement with the fact that
AsiaChina in particularhas actually become the largest
anthropogenic source of trace metals to the atmosphere.34,40
However, according to recent estimations based on material
consumptions, total atmospheric lead emissions must have
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