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Abstract—Concentrations of Al, Ba, Cd, Cu, Mg, Mn, Pb, Rb, Sr, and Zn, as well as Pb and Sr isotopic
compositions were determined in samples of snowpack obtained during the 1998 winter season from
northeastern North America. Median enrichment factors, relative to upper crustal abundances, for Cd, Cu, Mn,
Pb, and Zn for all samples range from ca. 50 to 36,000 and are indicative of an anthropogenic origin. The Pb
isotope ratios correlate with geographic location because snowpack from eastern Ontario and the northeastern
USA are characterized by the most radiogenic206Pb/207Pb ratios (ca. 1.18–1.19), and these decrease
systematically in an easterly direction towards the Atlantic coast (ca. 1.16). The Pb isotope data for the 1998
samples of snowpack indicate that atmospheric pollution in this region of North America is dominated solely
by a mixture of anthropogenic emissions from US (206Pb/207Pb ca. 1.20) and Canadian (206Pb/207Pb ca. 1.15)
sources. This result contrasts with that obtained for 1997 snowpack from similar geographic regions, because
the Pb isotope data for the latter suggest the involvement of an additional anthropogenic component, possibly
that of Eurasian pollution transported over the high Arctic. This difference in the distribution pattern of
atmospheric pollution over northeastern North America between the 1997 and 1998 winter seasons may be
related to the El Nin˜o phenomenon. Sr isotope data for all the 1998 snowpack samples define a large range
in 87Sr/86Sr values but most are between 0.709 to 0.710, similar to the value of present-day seawater (ca.
0.7092). However, the majority of snowpack samples from eastern Ontario are characterized by lower
87Sr/86Sr ratios (,0.709), and these correlate negatively with their enrichment factors of Pb. Such trends
suggest the presence of a relatively ‘unradiogenic’ source of anthropogenic Sr, possibly related to emissions
from coal-fired power plants located in the western and midwestern regions of the USA. Annual depositional
budgets estimated from 1998 snowpack indicate that those for Pb, Cd, and Cu are highest in eastern Ontario,
and significantly lower in the remaining regions. The former reflect a “meteorological corridor” in northeast-
ern North America, which coincides with heavily industrialized and densely populated areas. Depositional
budgets of Zn are extremely high in all areas investigated and their exact source(s) remains enigmatic. These
may reflect either an increase in atmospheric industrial emissions (since the 1980s), a lower residence time in
the atmosphere, or particular chemical speciation that affects the deposition of Zn from the lower troposphere.
Depositional budgets for Mn are also high and may be related to the combustion of Mn-bearing fossil fuels
by automotive vehicles.Copyright © 2000 Elsevier Science Ltd

1. INTRODUCTION

Anthropogenic activities seriously affect the chemical com-
position of the atmosphere in the Northern Hemisphere because
these comprise.90% of world-wide emissions (Mart, 1983).
Principal source areas include North America and Eurasia
which emit vast quantities of heavy metals, such as Pb, Cd, Cu,
and Zn via industrial activities (e.g., heavy industry, coal burn-
ing, metallurgical smelters) and automotive traffic (Pacyna,
1986; Nriagu and Pacyna, 1988). Anthropogenic lead pollution
is estimated to account for 96 to.99% of total atmospheric Pb
deposition (Shirahata et al., 1980; Flegal et al., 1989; Nriagu,
1989). Deposition of such large quantities of heavy metals into
the environment (e.g., 330,000 ton/yr of Pb worldwide in 1983;
Nriagu and Pacyna, 1988) have become a major ecological and
health problem (e.g., Patterson, 1980; Needelman, 1984; Frib-
erg et al., 1985/86; Davis and Svendsgaard, 1987). Concentra-
tions of lead in the environment, however, have significantly

declined since the late 1970s after the use of alkyl-leaded
gasoline was banned subsequent to the adoption of clean air
legislations by the United States and Canada. Subsequently,
many studies have indicated a concomitant decline in global
concentrations of Pb since the 1970s and these include the
study of corals from the western North Atlantic (e.g., Shen and
Boyle, 1987), Pb in surface waters near Bermuda (e.g., Boyle
et al., 1994), Pb concentrations in both urban and suburban
aquatic environments in the USA (e.g., Callender and Van
Metre, 1997), and Pb in Greenland ice (e.g., Boyle et al., 1994;
Rosman et al., 1998a).

According to the 1996 Summary Report of the Canadian
National Pollution Inventory (Environment Canada, 1998),
amongst the top 25 pollutants released into the Canadian en-
vironment (air, land, water, underground), there were 953 and
736 tons of atmospheric emissions of Zn and Pb, respectively.
More specifically, in the province of Quebec, atmospheric
emissions of these two metals were 309 (32% of total) and 339
(46% of total) tons, respectively. Moreover, main anthropo-
genic source points for heavy metals related to smelting activ-
ities are located at Sudbury (Ontario) and Noranda (Que´bec),
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which release, respectively, 204,680 and 140,100 kg of Cu;
52,470 and 318,400 kg of Pb; and 115,000 kg of Zn at Noranda
(Environment Canada, 1998).

Recently, Sweet et al. (1988) reported total (wet plus dry)
deposition values for trace metals (including Mn, Cu, Zn, Cd,
and Pb) at three sites within the Great Lakes region, Lake
Michigan, Lake Superior, and Lake Erie. Atmospheric loading
was determined to be similar at the three locations with the
exceptions of Zn and Cr, which were higher at Lake Erie. The
latter was attributed to dry deposition resulting from the many
urban and industrial facilities in the eastern Lake Erie region,
which may be the sources of particulate Cr and Zn. The mean,
annual depositional budgets (g/km2) calculated for Pb, Cd, Zn,
Cu, and Mn for the three sites are 1600, 500, 10600, 3100, and
3800, respectively (Sweet et al., 1998). Compared to previous
estimates of heavy metal depositional budgets within the Great
Lakes region and the interior of continental North America,
those of Sweet et al. (1998) are lower in particular for Pb.

Atmospheric Pb is concentrated mainly in submicrometer
aerosols, which can be transported over long distances and
deposited over large marine or continental areas by prevailing
wind directions (e.g., Settle and Patterson, 1982; Sturges and
Barrie, 1989). The composition of stable lead isotopes provides
an effective method of monitoring long-range atmospheric
transport of anthropogenic pollution because these display vari-
able anthropogenic signatures in the troposphere due to the
variety of lead ores used by industrial activities (Chow et al.,
1975; Sturges and Barrie, 1987; Church et al., 1990; Hopper et
al., 1991; Véron et al., 1992). Investigations on the Pb isotopic
composition of the atmosphere in North America have recorded
the signature, mainly in terms of206Pb/207Pb and208Pb/206Pb
ratios, of the anthropogenic component emitted from different
regions of the globe (e.g., Shirahata et al., 1980; Sturges and
Barrie, 1987, 1989; Ve´ron et al., 1992, 1993; Rosman et al.,
1994; Graney et al., 1995). Overall, the206Pb/207Pb values
range from ca. 1.10 to 1.15 for Europe and the Mediterranean
region, and ca. 1.15 and 1.20 for Canadian (Sturges and Barrie,
1987) and US (Ve´ron et al., 1992; Rosman et al., 1994) sources,
respectively. Sampling and subsequent Pb isotopic analysis of
aerosols emitted from anthropogenic and natural sources (e.g.,
soil dust, sea salts, vegetation) may be determined directly with
the use of high (e.g., Sturges and Barrie, 1987; Hopper et al.,
1991) and low volume (Bollho¨fer et al., 1999) air samplers.
Indirect sampling methods of atmospheric constituents include
the study of sediments or soils (Erel et al., 1997), epiphytitic
lichens (Carignan and Garie´py, 1995), moss (e.g., Rosman et
al., 1998b), peat bog (e.g., Shotyk et al., 1998), surface waters
from lacustrine and/or marine environments (e.g., Ve´ron et al.,
1987; Hamelin et al., 1990, 1997), glacier ice (e.g., Boutron et
al., 1991; Rosman et al., 1993), snowpack (e.g., Simonetti et
al., 2000a), and wet precipitations such as snow or rain (Church
et al., 1990; Ve´ron et al., 1992; Simonetti et al., 2000b). The
latter are known to be effective scavengers of the chemical
species present in the atmosphere, however, their “washout”
ratios are not constant and can depend on meteorological con-
ditions (Misra et al., 1985) and the type of precipitation (e.g.,
Raynor and Haynes, 1983). Church et al. (1992) report that
“scavenging ratios” are difficult to interpret because a decou-
pling occurs between the air mass from which aerosols (sam-
pled in the boundary layer) and precipitation (condensed aloft)

are collected. Moreover, isotopic studies of precipitations are
scarce because these require the use of a costly, automated
sample collection network equipped with appropriate low-
blank sampling instruments (e.g., Church et al., 1990; Simon-
etti et al., 2000b).

To quantify heavy metal deposition on a relatively short time
scale (months) and investigate the sources of pollution over
eastern Canada, Simonetti et al. (2000a) determined elemental
concentrations, and Pb and Sr isotope ratios for core samples of
snowpack along two main transects (Fig. 1): 1) aN-S transect
between 47 to 56°N from Noranda to the James Bay region
(1994 winter); and 2) a SW-NE transect oriented primarily
along the St. Lawrence Valley (1997 winter). The reason being
that, in general, variations in the chemical composition of
snowfalls reflect chemical differences within the air masses
from which they are derived (Jones and Stein, 1990). Thus, the
chemical and isotopic compositions of snow cores should rep-
resent a ‘naturally’-weighted sample of the wet and dry atmo-
spheric aerosols deposited over a period of 3 to 5 months.
However, a comparison of the dissolved/particle distribution
coefficients for semivolatile organic chemicals (SOCs) between
snow events and snowpacks indicate significant differences for
snowpacks that experienced melting events (Franz and Eisen-
reich, 1998). In addition, the existence of a snowpack for
several months should curtail the quantity of locally derived,
natural aerosols such as soil dust.

In this study, elemental concentrations, and Pb and Sr iso-
topic compositions are reported for samples of snowpack re-
trieved from 34 sites throughout northeastern North America
(Fig. 1) during the period of January to March 1998. One of the
main purposes of this study was to extend the geographic
coverage of snowpack sampling obtained in 1997 (Simonetti et
al., 2000a; Fig. 1) to provide a better understanding and broader
scope of the regional differences in the dispersion of atmo-
spheric pollutants. With this objective in mind, three samples
were taken from identical sites for both the 1997 and 1998
winter seasons, two in the North Shore region and the third
from the Gaspe´ Peninsula (Fig. 1). In addition, two snowpack
samples, one at Murdochville in the Gaspe´ Peninsula of Que´bec
and the other at Belledune, New Brunswick (Fig. 1), were
retrieved,1 km from active smelters; these being the Noranda
Inc. and Brunswick Smelting operations, respectively. The
purpose was to investigate the atmospheric loading of heavy
metals at a local scale proximal to an important source of
pollution, and the Pb isotopic fingerprinting (sphere of influ-
ence) of the latter on a regional scale. Reported estimates for
annual heavy-metal atmospheric emissions (Environment Can-
ada, 1997) for the smelter at Murdochville are 0.22 tons of Cd
and 18.9 tons of Pb, whereas 1.7 tons of Cd are emitted at
Belledune.

2. SAMPLING AND ANALYTICAL METHODS

Sampling and analytical methods are identical to those described in
detail in Simonetti et al. (2000a). The only exception was the use of a
microwave oven and precleaned teflon dishes to melt the core samples.
All trace element concentrations and isotopic compositions reported in
this study were obtained on aliquots of meltwater filtered at 0.45mm.
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3. RESULTS

3.1. Elemental Concentrations and Enrichment Factors

Table 1 lists the elemental concentrations determined by
ICP-MS for the 1998 snowpack samples, which have been
subdivided according to their geographic location. Lead con-
centrations for the majority of the 1998 snow samples range
from ca. 0.01 to 1 ppb (Table 1); they are of the same magni-
tude as those measured in the 1997 snowpack samples (Simo-
netti et al., 2000a) as well as rain (or snow) for various sites
within North America (e.g., Barrie et al., 1987; Poissant et al.,
1994, 1997; Simonetti et al., 2000b). These Pb concentrations
are, on average, 5 to 10 times higher than those determined in
Greenland snow during the period of 1960 to 1988 (e.g.,
Rosman et al., 1994; Savarino et al., 1994). Figure 2 illustrates
the geographic variation in the concentrations of Pb, Cu, Zn,
and Mn in the 1998 snowpack, and the data exhibit regional
differences in their distribution. The snowpack samples re-
trieved from the northeastern USA, and in particular those from
eastern Ontario, contain the highest concentrations (Table 1) of
Pb (mean value 0.47 ppb), Zn (mean value 51.3 ppb), and Cu
(mean value 0.27 ppb) compared to most of the remaining 1998
samples (Table 1, Fig. 2). Figure 2 also shows a lack of a
well-defined geographic distribution for the abundances of Mn.
It is also clear from Figure 2 that sample 98-NB-4 (site 18B in

Fig. 1), located proximal (,1 km) from the Brunswick Mines
smelter, contains the highest concentrations of Pb (ca. 25 ppb),
Cd (0.18 ppb), and Cu (1.49 ppb) compared to the remaining
1998 snow samples (Table 1).

The pH values for the 1998 samples vary from 4.2 to 6.6
(Table 1), a range which overlaps with that recorded for 1997
snowpack samples (Simonetti et al., 2000a), and is typical for
wet precipitations recorded in the United States, east of the
mid-West region (Office of Technology Assessment, 1984), the
province of Quebec (Boulet and Jacques, 1995; Poissant et al.,
1997), and proximal to Montre´al (Simonetti et al., 2000b). This
range in pH values for the snow samples is also consistent with
the episodic acidification of surface waters in northern Europe
(Henriksen and Wright, 1977) and North America (Galloway et
al., 1983) during the period of springmelt.

Previous studies of wet precipitations clearly indicate the
importance of pH in controlling the solubility (i.e., dissolved/
particulate distribution) of certain metal ions such as Al and Zn
(Losno et al., 1988; 1993) and in general, their solubility is
inversely proportional to the pH value. However, Spokes et al.
(1994) have demonstrated that the relationship between pH and
metal solubility in rainwater is not simple and may be influ-
enced by complexation of organic matter, in particular for
urban aerosols. Because one of the major sources of atmo-
spheric Al are clay minerals derived from soil dust, then the

Fig. 1. Location of snowpack sampling sites for the; 1994, 1997 (both from Simonetti et al., 2000a) and 1998 (this study)
winter seasons. Sample numbers correspond to those listed in Tables 1 and 3 (in bold). 4M- sample (98-QC-4) proximal to
the Noranda smelter (Murdochville, Gaspe´ region); 18B- sample (98-NB-4) proximal to Brunswick Mines smelter
(Belledune, New Brunswick).N.B. 5 New Brunswick;N.H. 5 New Hampshire;N.S. 5 Nova Scotia;N.Y. 5 New York
State;M.E. 5 Maine; V.T. 5 Vermont.
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quantity of acidic species in the precipitation may influence the
calculation of certain parameters such as the enrichment factor
(EF). The latter evaluates the relative contribution from natural
(i.e., soil dust) vs. anthropogenic sources of a given element in
the atmosphere, and is defined as the concentration ratio of a
given element to that of Al (or any other element thought to be
derived exclusively from a crustal source, such as Si) normal-
ized to the same concentration ratio characteristic of the upper

continental crust (e.g., Taylor and McLennan, 1995). For ex-
ample, the enrichment factor for Pb is thus: (EF)Pb 5 [Pb/
Al] sample/[Pb/Al]crust. However, given the large natural varia-
tions in the composition of crustal materials exposed to surface
erosion and the diversity of biogeochemical processes affecting
soil development at a global scale, enrichment factors within
610 times the mean crustal abundances (i.e., EF between 0.1 to
10) do not likely identify the presence of materials other than

Table 1. Locations, pH values, and elemental concentrations (ppb) for 1998 snow samples and standards.

Sample
Latitude

(°N)
Longitude

(°W) pH Pb Zn Cd Cu Rb Sr Al Ba Mg Mn

Montréal-Québec City
1. 98-QC-1 45°259260 71°079280 4.60 0.21 5.5 0.022 0.22 0.142 0.39 0.80 0.45 13.8 5.73
Gaspé
2. 98-QC-2 48°269250 66°019290 4.84 0.07 5.5 0.006 0.04 0.029 0.20 0.66 0.16 13.2 2.13
3. 98-QC-3 48°569450 66°079370 5.10 0.04 13.7 0.003 0.03 0.013 0.16 0.16 0.08 16.5 0.50
4. 98-QC-4 48°569080 65°249530 5.09 0.19 6.3 0.003 0.87 0.003 0.05 0.21 0.13 7.4 1.60
5. 98-QC-5 48°529080 65°059190 5.40 0.08 11.8 0.000 0.17 0.006 0.37 0.39 0.26 5.6 0.82
6. 98-QC-6 48°489570 64°169270 5.21 0.06 6.3 0.004 0.03 0.011 0.25 0.33 0.13 28.8 0.41

Mean:a 5.14 0.07 9.3 0.003 0.07 0.015 0.24 0.39 0.16 16.0 0.97
(0.20) (0.02) (3.5) (0.002) (0.06) (0.010) (0.08) (0.18) (0.06) (8.4) (0.69)

North Shore
7. 98-QC-7 47°459150 70°009330 4.90 0.12 145.7 0.010 0.23 0.156 0.41 0.41 0.23 17.8 1.20
8. 98-QC-8 51°299080 68°139320 4.71 0.09 71.4 0.007 0.09 0.016 0.20 3.86 0.27 6.3 2.42
9. 98-QC-9 51°069120 68°209410 4.98 0.05 12.0 0.005 0.09 0.015 0.09 0.71 0.08 3.2 0.31

10. 98-QC-10 50°399280 68°489350 4.86 0.07 17.1 0.004 0.03 0.012 0.09 0.71 0.09 3.1 0.54
98-QC-10 dup. 0.07 16.9 0.005 0.03 0.013 0.09 0.53 0.09 2.8 0.51

11. 98-QC-11 49°439000 68°449550 4.71 0.10 5.8 0.006 0.06 0.035 0.08 0.94 0.13 5.1 1.24
12. 98-QC-12 50°119140 66°409520 4.93 0.18 22.5 0.007 0.08 0.022 0.36 4.54 0.47 48.3 12.9
13. 98-QC-13 50°169550 63°179420 6.59 0.01 28.2 0.006 0.03 0.037 0.57 0.89 0.28 296 2.92

98-QC-13 dup. 0.01 30.2 0.006 0.02 0.032 0.59 0.93 0.28 305 3.15
14. 98-QC-14 50°169240 64°139340 4.90 0.06 13.1 0.006 0.04 0.015 0.31 0.77 0.19 32.5 1.20

Mean: 5.10 0.08 24.4 0.006 0.06 0.021 0.24 1.76 0.22 57.0 3.1
(0.62) (0.05) (20.4) (0.001) (0.03) (0.009) (0.17) (1.56) (0.13) (100.7) (4.1)

Maritime
15. 98-NB-1 46°329390 67°109250 4.75 0.09 56.9 0.008 0.09 0.030 0.26 1.47 0.36 8.8 3.38

98-NB-1 dup. 0.08 61.9 0.007 0.10 0.029 0.27 1.60 0.37 9.9 3.80
16. 98-NB-2 46°059180 65°129190 4.94 0.03 0.60 0.003 0.02 0.007 0.08 0.22 0.09 6.3 0.37
17. 98-NB-3 46°469320 64°579370 5.37 0.06 11.5 0.003 0.02 0.057 0.35 0.39 0.17 21 0.78

98-NB-3 dup. 0.05 11.3 0.002 0.01 0.055 0.35 0.37 0.17 20.1 0.75
18. 98-NB-4 47°279440 65°529510 4.78 24.9 84.1 0.181 1.49 0.075 0.54 2.71 10.76 26.2 12.21
19. 98-NB-5 47°419470 65°029090 5.47 0.21 12.7 0.014 0.04 0.145 0.14 0.64 0.18 26.3 6.0
20. 98-NS-1 45°409140 63°319330 5.20 0.06 0.61 0.001 0.03 0.048 0.15 0.60 0.17 19.5 0.27

Mean:a 5.15 0.09 16.9 0.010 0.04 0.06 0.20 0.68 0.19 16.4 2.2
(0.27) (0.06) (21.8) (0.004) (0.03) (0.05) (0.10) (0.46) (0.09) (7.5) (2.3)

Northeastern USA
21. 98-ME-1 44°499050 69°459240 5.03 0.04 2.63 0.004 0.13 0.103 0.16 0.64 0.26 9.8 1.83
22. 98-NH-1 44°019250 71°299320 4.81 0.09 34.7 0.010 0.05 0.018 0.17 0.64 0.18 5.7 0.84
23. 98-NH-2 43°049370 71°109280 5.08 0.02 0.95 0.001 0.06 0.103 0.09 0.86 0.13 5.8 1.09
24. 98-NYS-1 4.37 0.23 67.0 0.025 0.31 0.045 0.28 2.47 0.29 8.6 1.07
25. 98-NYS-2 43°099400 74°089130 4.53 0.25 73.0 0.019 0.20 0.488 0.43 2.40 0.39 36.2 4.86
26. 98-NYS-3 43°509310 75°469010 4.39 0.42 83.4 0.034 0.25 0.102 0.42 2.64 0.48 20.5 1.40
27. 98-VT-1 44°119470 73°219490 4.89 0.06 36.6 0.007 0.11 0.008 0.16 1.08 0.14 6.1 0.44
28. 98-VT-2 4.86 0.05 30.2 0.004 0.08 0.036 0.14 0.61 0.10 5.5 0.80
29. 98-VT-3 44°439320 72°299370 4.95 0.06 39.1 0.013 0.04 0.116 0.19 0.73 0.29 11.2 3.06

Mean: 4.77 0.14 40.8 0.013 0.14 0.113 0.23 1.34 0.25 12.2 1.71
(0.25) (0.13) (27.4) (0.010) (0.09) (0.138) (0.12) (0.84) (0.12) (9.6) (1.33)

Eastern Ontario
30. 08-ONT-1 44°519230 75°339140 4.42 0.55 128 0.072 0.37 0.040 0.44 2.87 0.46 18.9 0.83
31. 98-ONT-2 45°249080 77°049190 4.35 0.34 84.6 0.024 0.23 0.037 0.37 2.46 0.51 13.8 0.80
32. 98-ONT-3 45°059200 78°009520 4.35 0.27 11.2 0.024 0.16 0.100 0.57 1.88 0.83 13.7 2.09
33. 98-ONT-4 44°299560 77°519170 4.24 0.92 21.5 0.046 0.34 0.054 0.59 9.96 0.84 24.1 1.65
34. 98-ONT-5 44°439440 76°399470 4.46 0.28 11.0 0.026 0.23 0.048 0.61 4.36 1.15 64.0 2.81

Mean: 4.37 0.47 51.3 0.038 0.27 0.056 0.52 4.31 0.76 26.9 1.64
(0.07) (0.25) (47.1) (0.019) (0.08) (0.023) (0.09) (2.94) (0.25) (18.9) (0.76)

(Continued)
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aerosols of a crustal origin (Duce et al., 1976). Conversely, any
(EF)metal..10 strongly suggests contributions from other
sources, whether they be related to biologic functions on land
or ocean, physical transfer of water droplets to the atmosphere,
or human activities.

Table 2 lists the average and median values of the (EF) for

all trace elements analysed. These calculations exclude the
(EF)heavy metalvalues for the two samples retrieved closest to
the smelters at Murdochville and Belledune (#4 and #18, re-
spectively), which are extremely high (Table 2) compared to the
values for all other samples investigated. The high (EF)heavy metal

median values, in particular for Cd (up to ca. 9000) and Zn (up

Fig. 2. Thematic maps illustrating the geographic variation in the abundances of Pb, Cu, Zn, and Mn for sample locations
shown in Figure 1. Symbol size follows a square-root scale.

Table 1. Continued

Sample
Latitude

(°N)
Longitude

(°W) pH Pb Zn Cd Cu Rb Sr Al Ba Mg Mn

SLRS-4 0.091
60.01

1.57
60.17

0.011
60.001

1.76
60.02

28.7
61.1

52.9
61

13.3
60.5

3.41
60.06

Standard 0.086
60.007

0.9
60.1

0.012
60.002

1.81
60.08

26.3
63.2

54
64

12.2
60.6

3.37
60.18

64.56 4.2
NIST 1643d standard 72.56 7.9b

Blankc 0.01 0.04 0.001 0.01 0.001 0.008 0.09 0.006 0.27 0.01

Numbers in bold face correspond to sample location numbers in Fig. 1. Dup. duplicate analysis. Number in brackets below mean values represent
1s SD. The relative uncertainties (of the quoted value) are the following: Pb:,2% for 1—5 ppb,,5% for 0.1–ppb; Zn:,3% for 1–100 ppb,,2%
for .100 ppb; Cd:,10% for 0.01–0.1 ppb; Cu:,5% for 0.1–1 ppb,,2% for .1 ppb; Rb.,10% for 0.01–0.2 ppb; Sr:,10% for 0.1–1 ppb,,2%
for 1–10 ppb; Al:,5% for 1–10 ppb; Ba:,5% for 0.1–2 ppb; Mg:,4% for 1–50 ppb; Mn:,10% for 0.1–1 ppb,,2% for 1–10 ppb. Standards
measured values are in bold face and accepted values beneath. Associated errors (2s level) with the measured values are based on repeated analyses
(n 5 7).

aMean values for the Gaspe´ and Maritime regions exclude concentrations for samples 98-QC-4 (Noranda) and 98-4 (Brunswick Mines),
respectively, because these were retrieved,1 km away from active smelters.

b Certified value for NIST 1643d water standard.
c Blank concentration of determinations were obtained from an aliquot of nanopure water acidified to pH ca. 4.3, filtered at 0.45mm, and subsequent

to storage (atT ca. 4°C) in a cleaned polyethylene bottle for a period of several months.
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to ca. 36,000), clearly indicate that their atmospheric abun-
dances must be from non-natural sources. Table 2 shows that
the highest median (EF)Pb and (EF)Zn occur in the Gaspe´ and
NE USA snowpack samples, respectively. In contrast, the me-
dian values of (EF) for elements derived primarily from crustal
sources (i.e., Al, Ba, Rb) in snow are much lower (mainly
between 10 and 50), confirming their origin predominantly
from natural sources (Table 2). Moreover, the samples from
eastern Ontario, which are characterized by the lowest pH
values in the study area (mean 4.37; Table 1), contain similar
(EF)

heavy metals
compared to all the samples from the other regions

listed in Table 3. This suggests that the samples from eastern
Ontario did not redissolve Al-bearing soil dust particulates
(accumulated mainly from dry deposition) within the snow-
pack, because this would have resulted in a marked reduction of
their (EF)heavy metalvalues. Finally, the (EF) for Mg (up to 327),
an element abundant in seawater, for samples from the Mari-
time Provinces and the Gaspe´ Peninsula is elevated and may be
attributed to the presence of sea salts in these two regions proximal
to the Atlantic Ocean. Elsewhere, the (EF)heavy metalvalues for
1998 samples of snowpack (Table 2) overlap with the range
reported for those from 1997 snowpack (Simonetti et al., 2000a),
and that of precipitations collected at meteorological stations of
Montréal (Poissant et al., 1994) and surrounding areas (Simonetti
et al., 2000b), and near Que´bec city (Poissant et al., 1997).

3.2. Pb and Sr Isotope Ratios

All the Pb and Sr isotope data obtained in this study are listed
in Table 3. Figure 3a illustrates the geographic variation in
206Pb/207Pb values for the 1998 winter sampling sites. As with

the Pb isotope ratios for snow cores retrieved in the winter of
1997 (Simonetti et al., 2000a), those for 1998 also correlate
with their geographic position in a similar pattern. The average
Pb isotopic values listed in Table 3 indicate that the samples
retrieved from the southernmost latitudes (NE USA and eastern
Ontario) yield the most radiogenic206Pb/207Pb ratios (ca. 1.18–
1.19), which are close to the isotopic composition of anthro-
pogenic Pb from USA sources (Ve´ron et al., 1992; 1993;
Rosman et al., 1994). The mean206Pb/207Pb values decrease in
a northeasterly direction such that the lowest ratios (1.16–1.17)
are found along the Atlantic seaboard of the Que´bec and
Maritime provinces (Table 3; Fig. 3a).

A comparison of the206Pb/207Pb values for the three same
sites sampled in both winters (1997 and 1998) indicates that the
changes are not systematic. The206Pb/207Pb value in 1998
sample (1.163) for the location in the Gaspe´ Peninsula (Fig. 3a)
is essentially identical to that obtained in 1997 (1.161). In
contrast, the Pb isotope values for the 1998 samples from the
North Shore region are either more (#11) or less (#7) radio-
genic compared to the 1997 snowpack (Fig. 3a). The206Pb/
207Pb value (1.171) for the sole sample (#1) taken along the
corridor of the St. Lawrence River in 1998 is much less
radiogenic than the value of 1.183 obtained for a sample
retrieved,50 km away in 1997. Lastly, the206Pb/207Pb ratios
for the two samples collected within a few kilometers of the
Noranda (#4) and Brunswick Mines (#18) smelters are almost
identical at 1.164 and 1.163, respectively (Fig. 3a). Samples in
proximal location to the latter (#3, 6, 17, and 19) are also
characterized by similar206Pb/207Pb (1.160–1.169) ratios,
however, nearby samples #2 and #5 record much more radio-

Table 2. Average and median values for enrichment factors.a

Region Pb Zn Cd Cu Mn Rb Sr Mg Ba

Eastern Ontario
Average: 505 20299 9545 255 68 14 37 44 34

(177) (20314) (5986) (107) (46) (12) (18) (24) (18)
Median: 550 6774 8014 279 44 10 35 40 31

North Shore
Average: 251 20037 4545 168 210 15 50 345 24

(152) (10583) (2039) (116) (138) (9) (47) (680) (12)
Median: 256 19257 5418 154 178 15 30 33 20

Maritime Provinces
Average: 618 20846 7926 192 422 72 87 195 48

(379) (16742) (5877) (71) (422) (55) (63) (96) (13)
Median: 577 22384 5373 185 270 57 57 196 40

98-NB-4
Belledune 36862 35125 54795 1766 604 20 46 59 580
Gaspe´

Average: 796 40997 8289 593 325 31 173 344 66
(233) (34486) (5639) (484) (110) (18) (64) (244) (22)

Median: 818 27905 8740 399 352 28 196 327 67
98-QC-4
Murdochville 3637 33702 11720 13369 1021 10 57 212 90
NE USA

Average: 361 35969 7743 334 214 63 44 59 32
(157) (20808) (4060) (133) (160) (50) (14) (26) (16)

Median: 348 35791 6495 309 175 42 41 54 25
Range median

values 1997b
292–890 1000–42000 4200–11600 250–980 40–60 11–13 26–35 20–22 23–92

a Relative to upper crustal values taken from Taylor and McLennan (1995).
b Data from Simonetti et al. (2000).
Values in brackets represent 1 SD.
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genic values (both give 1.181; Fig. 3a). It is somewhat difficult
to explain the Pb isotope results from these two samples other
than to suggest possible contamination from a local point
source (logging road?). Based on the Sr isotope data (Table 3),
it is clear that these same samples within the vicinity of the

Noranda and Brunswick Mines smelters do not exhibit uniform
87Sr/86Sr ratios (range 0.7086–0.7109) similar to the values
recorded by samples #4 (0.7088) and #18 (0.7125). The data
listed in Table 1 show, however, that contrary to its extremely
high concentrations of heavy metals compared to the remaining

Table 3. Pb and Sr isotope ratios for 1998 snow samples.

Sample 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb 206Pb/207Pb 87Sr/86Sr

Montréal-Québec City
1. 98-QC-1 18.24 15.56 37.78 1.171 0.710816 2
Gaspé
2. 98-QC-2 18.42 15.61 38.14 1.181 0.710876 3
3. 98-QC-3 18.02 15.51 37.68 1.163 0.710516 1
4. 98-QC-4 18.16 15.59 37.93 1.164 0.708806 2
5. 98-QC-5 18.44 15.62 38.18 1.181 0.708556 1
6. 98-QC-6 18.20 15.56 37.96 1.169 0.709686 4

Mean:a 18.27 15.57 37.99 1.173 0.70990
(0.16) (0.04) (0.20) (0.008) (0.00089)

North Shore
7. 98-QC-7 18.10 15.59 37.83 1.161 0.707746 2
8. 98-QC-8 17.93 15.46 37.56 1.160 0.706986 2
9. 98-QC-9 18.03 15.51 37.71 1.162 0.709396 2

10. 98-QC-10 18.29 15.59 38.08 1.173 0.708716 3
11. 98-QC-11 18.30 15.59 38.05 1.174 0.709066 3
12. 98-QC-12 18.21 15.55 37.86 1.171 0.709546 2
13. 98-QC-13 18.21 15.60 37.95 1.167 0.709116 1
14. 98-QC-14 18.36 15.57 37.97 1.179 0.709296 1

Mean: 18.18 15.56 37.87 1.168 0.70873
(0.14) (0.05) (0.16) (0.006) (0.00085)

Maritime
15. 98-NB-1 18.32 15.63 38.05 1.172 0.709456 2
16. 98-NB-2 18.28 15.59 37.98 1.172 0.710016 3
17. 98-NB-3 18.12 15.61 38.00 1.160 0.710456 2
18. 98-NB-4 18.18 15.63 38.06 1.163 0.712536 2
19. 98-NB-5 18.27 15.62 38.05 1.169 0.710916 3
20. 98-NS-1 18.21 15.62 38.05 1.166 0.710566 1

Mean:a 18.24 15.61 38.03 1.168 0.71028
(0.07) (0.01) (0.03) (0.004) (0.00050)

Northeastern USA
21. 98-ME-1 18.55 15.73 38.45 1.180 0.712666 2
22. 98-NH-1 18.54 15.63 38.23 1.186 0.707966 2
23. 98-NH-2 18.55 15.56 38.17 1.192 0.710056 2
24. 98-NYS-1 18.20 15.54 37.89 1.172 0.708196 2
25. 98-NYS-2 18.65 15.59 38.16 1.197 0.709406 2
26. 98-NYS-3 18.25 15.51 37.70 1.177 0.708616 2
27. 98-VT-1 18.23 15.56 37.80 1.170 0.708246 2

0.708736 3
28. 98-VT-2 18.45 15.59 38.06 1.184 0.708706 3
29. 98-VT-3 18.30 15.54 37.90 1.177 0.709826 9

Mean: 18.41 15.58 38.04 1.182 0.70929
(0.16) (0.06) (0.23) (0.008) (0.00138)

Eastern Ontario
30. 98-ONT-1 18.38 15.60 38.05 1.179 0.707496 2
31. 98-ONT-2 18.35 15.56 37.94 1.179 0.707856 4
32. 98-ONT-3 18.36 15.53 37.88 1.182 0.708356 2
33. 98-ONT-4 18.68 15.71 38.41 1.189 0.709636 2
34. 98-ONT-5 18.57 15.62 38.16 1.189 0.708926 2

Mean: 18.47 15.60 38.09 1.184 0.70845
(0.13) (0.06) (0.19) (0.005) (0.00076)

a Calculated mean values for samples from the Gaspe´ and Maritime regions do not include samples 4 and 18
retrieved proximal to the smelters at Murdochville and Belledune, respectively.

Values in parentheses represents (1s) SD. Sample numbers in bold face correspond to location numbers in Fig. 1,
Mass fractionation corrections of 0.09% amu21 and 0.24% amu21 were applied to Pb isotope ratios (based on
repeated measurements of NIST SRM 981 Pb standard) using Faraday and Daly analog detectors, respectively.
Average values for the internal precision (2s) of the206Pb/204Pb,207Pb/204Pb,208Pb/204Pb, and206Pb/207Pb ratios are
60.016, 0.014, 0.038, and 0.0005, respectively. Sr isotope analyses measured in static multicollection mode. Sr
isotope ratios normalized to86Sr/88 Sr 5 0.1194. Repeated analyses of the NBS 987 Sr standard yielded an average
value of 0.710226 0.00002 (2s, n 5 8). Precision for individual Sr isotope measurements is quoted at the 2s level.
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samples from the Gaspe´ region, sample #4 contains a much lower
abundance of Sr (0.05 ppb). Therefore, there is no reason why the
Sr isotope value associated with the Noranda smelter at Murdoch-
ville (0.7088) should fingerprint the surrounding region, be-
cause it does not seem to be a major source of atmospheric Sr.

The Pb isotope data obtained on the 1998 snowpack samples
are shown in conventional Pb-Pb diagrams (Fig. 4) and are com-
pared to the results for the 1997 samples (Simonetti et al., 2000a).
Figure 4 illustrates several salient features: 1) The Pb isotope ratios
for all 1998 samples plot along a simple “mixing array” between
the isotopic compositions for the Canadian and US anthropogenic
end-members, with the exception of the snow samples from the
Maritime Provinces; 2) the snowpack from the Maritime Prov-
inces slightly diverge out of this array and its composition may be
controlled by smelter emissions from Murdochville and Bruns-
wick Mines; and 3) the snow samples retrieved from the North
Shore region of Que´bec in 1998 plot along the main “mixing
array,” which was definitely not the case for the 1997 samples.

The Sr isotopic data are shown in Figures 3b and 5. The
87Sr/86Sr ratios exhibit a large variation and correlate well with
their geographic location. Figure 3b illustrates the following
salient features: 1) the majority of the snowpack samples from
eastern Ontario contain the least radiogenic values (mean value
0.70845); 2) most of the samples from the Maritime Provinces
(mean value 0.71028) and Gaspe´ region (mean value 0.70990)
are characterized by radiogenic87Sr/86Sr ratios; a somewhat
surprising finding despite their proximity to a major source of
atmospheric sea salts (with87Sr/86Sr ca. 0.7092); 3) samples
from the North Shore contain87Sr/86Sr ratios (mean value
0.70873) close to that of present-day seawater (ca. 0.7092),
with the exception of the northernmost sampling site, which
yields a very unradiogenic value (0.70698); and 4) the87Sr/86Sr
values for the two samples most proximal to the Murdochville
smelter and Brunswick Mines are strikingly different (0.70880
and 0.71253, respectively), which contrasts their similar Pb
isotopic compositions (Fig. 3a).

Fig. 3. (a) Map illustrating the geographic distribution of206Pb/207Pb values for 1998 snow samples. For three identical
sites (J) sampled during the winters of 1997 and 1998 (see Fig. 1), the value for the former is underlined and italicized.
(L): Sample sites proximal to the smelters of Noranda (Murdochville, Gaspe´ Peninsula) and Brunswick Mines (Belledune,
New Brunswick); (b) Map illustrating the geographic distribution of87Sr/86Sr values for 1998 snow samples. For three
identical sites (J) sampled during the winters of 1997 and 1998, the value for the former is underlined and italicized. (L):
Sample sites proximal to the smelters of Noranda (Murdochville, Gaspe´ Peninsula) and Brunswick Mines (Belledune, New
Brunswick). Dashed lines in both diagrams represent approximate contour lines for the values of206Pb/207Pb in (a) and
87Sr/86Sr in (b).
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Figure 5a,b shows the87Sr/86Sr ratios vs. (EF)Sr and (EF)Pb,
respectively, to fingerprint the contributions from soils, sea
salts, and anthropogenic sources. All of the 1998 snow samples
have (EF)Sr . 10, which indicates that their Sr content was not
solely derived from crustal sources (Fig. 5a). Sea-salt aerosols
alone should yield very high (EF)Sr values and87Sr/86Sr ratios ca.
0.7092. The results shown in the upper half of Fig. 5a could be
ascribed to the mixing of aerosols from natural sources, namely
seawater and soils. However, the data plotting below the Sr iso-
topic value for present-day seawater (shaded region, Fig. 5a)
cannot be explained by simple mixing of seawater and silicate
crustal components and require the involvement of at least one
additional end-member characterized by a87Sr/86Sr ratio, 0.708.
It is noteworthy that the samples from eastern Ontario and the NE
USA, which for the most part plot below the Sr isotopic value of
0.709, define a broad negatively sloped array. Obviously, the fact
that the data define broad arrays rather than tight linear trends
indicates that simple mixing of two singular aerosol sources, in
space and time, is an oversimplification. The fact that several
possible sources of Sr-rich aerosols may be involved, such as soil
dust, marine salts and an anthropogenic component, could possi-
bly perturb the distribution of the data points shown in Figure 5a.

Figure 5b shows that the Sr isotopic data for the 1998
snowpack define two arrays as a function of their (EF)Pb: 1)
samples from eastern Ontario and the NE USA are clearly
negatively correlated; whereas 2) those from the Maritime
Provinces are positively correlated. The fact that Sr isotope
ratios and high (EF)Pb values are negatively correlated for
samples from eastern Ontario and NE USA (Fig. 5b) suggests
that a significant amount of the Sr in these precipitations is
from anthropogenic sources. The samples from the Maritime
Provinces, however, define a positve array between their Sr
isotopic ratios and (EF)Pb values (Fig. 5b). The radiogenic
nature of these samples (87Sr/86Sr .0.7095) may be attributed
to the smelting activity at Belledune, New Brunswick because
sample #18 is characterized by a high Sr isotope ratio (0.71253,
Table 3) and extremely elevated (EF)Pbvalue (ca. 37,000). Also of
interest in Figure 5b, the sample with the lowest (EF)Pb (ca. 40),
#13 from the North Shore region, is characterized by a87Sr/86Sr
ratio (0.70911, Table 3) similar to that of present-day seawater.

4. DISCUSSION

4.1. Interannual (1997 vs. 1998) Variation in Sources of
Atmospheric Pollution

The Pb isotope data obtained from snowpack for the 1997
winter from the province of Quebec (Simonetti et al., 2000a)

Fig. 4. (a)208Pb/204Pb and (b)206Pb/207Pb vs.206Pb/204Pb showing
the data for the 1997 (Simonetti et al., 2000a) and 1998 snow samples
(Table 3). The field (shaded gray) defined for US anthropogenic emis-
sions taken from Ve´ron et al. (1992, 1993), Rosman et al. (1994), and
that for Canadian anthropogenic emissions (labeled CAN and shaded
gray) taken from Carignan and Garie´py (1995). Analytical uncertainties
are within the size of the symbol.B 5 sample 98-NB-4, which was
retrieved proximal to the Brunswick Mines smelter;M 5 sample
98-QC-4, which was retrieved proximal to the Noranda smelter.

Fig. 5. Plot of87Sr/86Sr vs. (a) (EF)Sr and (b) (EF)Pbfor the data from
the 1998 snow samples. Symbols as in Figs. 3 and 5. The data from
both samples 98-NB-4 and 98-QC-4 are not shown in (b) due to scaling
considerations ((EF)Pb . 36,000 and. 3600, respectively).
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show similar features to those defined by the 1998 samples
(Figs. 3a and 4). Most notably is the progressive decrease in
206Pb/207Pb ratios from Montreal (ca. 1.190) to the Gulf of St.
Lawrence (ca. 1.160), which is clearly shown based on the
mean Pb isotopic values listed for the different regions (Table
3). However, there exists one large difference between the Pb
isotopic data for the 1997 vs. 1998 snowpack samples illus-
trated in Figure 4. The 1997 Pb isotope data for the North Shore
region plot outside the “mixing array” defined by Canadian and
US anthropogenic end-members (Fig. 4), whereas those for the
1998 samples from the same region do fall within this simple
binary mixing trend. This suggests that during the 1997 winter,
the snowpack from the North Shore region recorded the input
of an additional anthropogenic end-member. Simonetti et al.
(2000a) suggested that this additional source is Eurasian pol-
lution transported over the high Arctic for the following rea-
sons:

1) Meteorological conditions favour the transport of polluted
air masses into the Arctic from Eurasia and contributes, in part,
to episodes of Arctic haze (Barrie and Hoff, 1985). Barrie et al.
(1992) provide strong evidence that only a small fraction (11–
14%) of the total S, Pb, and Cd transported into the Arctic is
actually deposited there, the remainder is transported out of the
region by prevailing winds.

2) The average206Pb/207Pb ratio of aerosols collected at the
meteorological stations of Alert and Mould Bay (Canadian
High Arctic Islands) and at Spitsbergen (Norwegian Arctic) ca.
1.160 and 1.154, respectively, during the mid 1980s (Sturges
and Barrie, 1989). If this pollution source retained a similar Pb
isotopic composition during the last decade, then it would
represent a suitable end-member for the trend defined by the
accumulated snow in the North Shore region during the 1997
winter (Fig. 4b).

3) The 1997 snowpack from the North Shore region is
characterized by distinct and lower87Sr/86Sr ratios (in general
,0.708) compared to the remaining 1997 samples, a feature
also indicative of a different source of atmospheric Sr for this
region. In contrast, the 1998 samples from the North Shore
region contain significantly different Sr isotope ratios com-
pared to their 1997 counterparts, the87Sr/86Sr values for most
of the former range from 0.7087 to 0.7095 (Table 3) and
overlap that of present-day seawater ('0.7092). This feature
coincides well with their relative proximity to the Atlantic
Ocean, and may suggest that the prevailing air masses in this
region originated from the south-southeast.

The geographic variation in206Pb/207Pb ratios for the 1997
samples of snowpack was related to the meteorological activity
associated with the polar front (Simonetti et al., 2000a). The
latter is typically situated between 40 to 50°N in the winter
season and 60 to 70°N during the summer (Raatz, 1991). It
plays an important role in defining atmospheric transport (isen-
tropic flow) of atmospheric pollutants (e.g., Rahn, 1981; Carl-
son, 1981; Raatz, 1985) and is associated with intense weather
activity, such that moist and warm air masses originating from
the lower latitudes lose their aerosols due to scanvenging
effects (Raatz, 1991). If the distribution of the Pb isotope ratios
for the 1997 samples are related to this meteorological phe-
nomenon, then latitude 47°N represents the southernmost ex-
cursion of the polar front over the province of Quebec detected
by samples of snowpack used as a proxy.

With the exception of samples from the Maritime provinces,
the variation in the Pb isotope data for the 1998 samples do not
require the involvement of a third anthropogenic source (Fig.
4). This may suggest, therefore, that Eurasian pollution over
this region of northeastern North America was not recorded in
accumulated snow south of latitude 50°N. One possible expla-
nation for the attenuated southward excursion of the polar front
may be related to the meteorological phenomenon of El Nin˜o,
which in 1998 significantly altered “normal” weather patterns
over the whole of North America. With regards to northeastern
North America, the winter season of 1998 was milder and
characterized by a higher abundance of rain compared to that
recorded during a “normal” winter. Finally, the variation in the
Pb isotope ratios from the Maritime Provinces may reflect
atmospheric emissions from smelters at Murdochville and
Brunswick mines, because the two snowpack samples most
proximal to these plot as likely end-member compositions to
this array (Fig. 4).

4.2. Anthropogenic Sr

The trends shown in Figure 5 require several different
sources of atmospheric Sr to explain all of the variation in the
data. The more radiogenic Sr isotopic compositions may be
explained by a mixture of sea-salt and natural aerosols, and as
may be the case in part of the Maritime provinces, anthropo-
genic emissions from metal treatment facilities (e.g., Bruns-
wick Mines, Fig. 5). However, an additional anthropogenic
component of Sr is likely present in the 1998 snowpack from
the regions of eastern Ontario and the NE USA, where a
negative correlation between (EF)Pb values and87Sr/86Sr ratios
(Fig. 5b) indicates a source of Sr with relatively “unradiogenic”
characteristics (87Sr/86Sr 5 0.708). Relatively unradiogenic Sr
isotope ratios (,0.709) were also recorded in winter precipi-
tations collected during December 1997 to March 1998 from
two meteorological stations located proximal to Montre´al
(,100 km radius; Simonetti et al., 2000b), and thus lend
support to the low87Sr/86Sr ratios presented here.

One possible anthropogenic source of relatively ‘unradio-
genic’ Sr may be from coal-fired power plants (e.g., fly-ash).
Although 99% of stack emissions of fly ash are retained by
various control devices, the remainder becomes airborne and is
dispersed into the environment (e.g., Straughan et al., 1981;
Hurst and Davis, 1987; Hurst et al., 1991). Because atmo-
spheric circulation patterns in the area of the Great Lakes are
predominantly affected by a westerly flow during the winter
season, coal-fired power plants located in central North Amer-
ica and/or the Midwest region may be potential sources of
atmospheric Sr. Obviously,87Sr/86Sr tracing of these emissions
(i.e., fly-ash) is particularly effective when significant differ-
ences exist between the isotopic composition of such materials
(e.g., fly ash) and that of the natural background materials (e.g.,
Hurst and Davis, 1987; Hurst et al., 1991).

Sr isotopic signatures of fly-ash or coal residues are scarce in
the literature. Hurst and Davis (1987) and Hurst et al. (1991)
reported87Sr/86Sr values in the range of 0.7081 to 0.7097 for
fly-ash from southwestern US coal-fired power plants. The
large range reported for the87Sr/86Sr ratios of fly ash is partly
attributable to differences in on-site handling and/or temporal
variations in the isotopic composition of the coal (Hurst et al.,
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1991). Only the least radiogenic values reported by Hurst and
Davis (1987) are consistent with the negative “mixing” trend
shown in Figure 5b. Thus, our interpretation for the presence of
unradiogenic Sr from coal-fired plants in the 1998 snowpack
from the Great Lakes region will remain speculative until direct
measurements on aerosols from power plant pollution plumes
become available. Nevertheless, the very large Sr content of fly
ash (estimated at 1000–3000 ppm; Hurst et al., 1991) compared
to most naturally occurring soils (100–300 ppm) renders it a
very likely source of Sr-bearing aerosols in densely populated
and heavily industrialized regions.

4.3. Depositional Budgets

Table 4 presents estimates of annual heavy-metal deposi-
tional budgets for the areas covered in this study. Three as-
sumptions were made in the calculations, which significantly
influence the magnitude of the budgets. We believe, however,
that their scaling is valid and useful for comparative purposes
involving large geographic areas.

Firstly, the two samples most proximal to the smelters lo-
cated at Murdochville (#4) and Belledune (#18) were excluded
from the calculations, and median values for the remaining
samples were derived by using elemental abundances measured
in the filtered aliquots. This was done to best estimate the
regional atmospheric fluxes and avoid bias towards important,
local point sources.

Secondly, previous studies on metal solubilities (dissolved
vs. particulate) in rainwater show a wide range of values for Cu
(27–84%; Jickells et al., 1992; Guieu et al., 1991; Lim et al.,
1994), Mn (54–98%; Jickells et al., 1992; Guieu et al., 1991;
Heaton et al., 1990), Pb (45–90%; Guieu et al., 1990; Lim and
Jickells, 1990; Lim et al., 1994), and Zn (51–100%, Colin et al.,
1990; Heaton et al., 1990; Lim et al., 1994). In addition,
Riemann et al. (1996) determined the degree of metal solubility
(meltwater vs. total [5 meltwater1 filter residue]) in samples
of snowpack (with similar pH values 4.5–5 as those measured
here) from northwestern Russia and Scandanavia (from winter
1992), and these varied between 10 to 80% of the total trace

element concentrations. The latter is similar to the range ob-
tained for three samples of 1997 snowpack from Que´bec (Si-
monetti et al., 2000a). Therefore, given the large range of
solubilities exhibited by the various metals both in rainwater
and snowpack, the median elemental abundances for each area
were multiplied by a factor of 2 and 5, which yield a minimum
and maximum depositional values possible, respectively.

Finally, it is necessary to estimate the average yearly pre-
cipitation totals. In our study of the 1997 snowpack, which
solely covered the St. Lawrence Valley within the province of
Quebec (Simonetti et al., 2000a), the yearly precipitation totals
were derived from meteorological data recovered from 37
different stations (Boulet and Jacques, 1995) covering the same
geographic region. These precipitation data were obtained dur-
ing the years of 1992 and 1993, and we in turn assumed that
these have remained unchanged during the past 5 yrs. However,
such detailed precipitation records are not available for most of
the regions investigated herein. Consequently, a fixed total
precipitation value of 109 cm/yr was used for calculations in all
areas, because this represents the median value of the precipi-
tation totals reported by Boulet and Jacques (1995) for the
province of Quebec. Consequently, this assumption certainly
propagates a minimum error of630% in the estimate of the
1998 depositional budgets (for the different areas) listed in
Table 4. Moreover, Simonetti et al. (2000b) report concentra-
tions of heavy metals in precipitations (both snow and rain)
collected over the period of December 1997 to June 1999 from
two meteorological stations proximal to Montre´al (Québec).
Calculated, weighted (using precipitation totals) mean seasonal
values for elemental abundances from both stations do not
indicate significant differences throughout the calendar year,
which would lend some support to the calculation being pre-
sented here.

The depositional budgets obtained in this study (Table 4) are
compared to those obtained for the 1997 snowpack (retrieved
along the St. Lawrence Valley), and those reported for Lake
Erie during 1992 to 1993 (Sweet et al., 1998). Several salient
features stem from these comparisons; however, given the large

Table 4. Comparison of estimated heavy metal deposition budgets in eastern North America (g km22 yr21).

Region Pb Cd Cu Zn Mn

This work—1998a

Eastern Ontario 720–1800 60–140 520–1300 47000–117000 3600–9000
NE USA 140–340 25–60 250–620 80000–199000 2400–5900
North Shore 150–370 10–30 125–310 37000–93000 2700–6800
Gaspe´ 160–400 10–20 75–190 14000–35000 1800–4400
Maritime Provinces 150–380 10–30 70–180 26000–66000 4800–12000

Weighted Meanb: 210–530 20–50 180–450 44000–110000 3300–8100

Previous work—1997c

Montréal-Québec City corridor 520–1300 50–120 640–1600 62000–156000 4000–10000
Gaspe´ & North Shore 320–800 15–40 310–780 167000–418000 1400–3600

Lake Erie—1993–94d 1800 490 4200 17000 4500

a Concentrations from filtered meltwater fractions (both for 1997 and 1998 samples of snowpack) were multiplied by a factor of 2 and 5 based on
estimated metal solubility in rainwater of remote or marine origin, and snowpack (see text for details).

b Weighted mean deposition values were calculated using the following surface areas (31,000 km2) E. Ontario5 31; N. Shore5 97; Maritime
Provinces5 71; Gaspe´ 5 10; NE USA5 59.

c Data from Simonetti et al. (2000).
d Values from Sweet et al. (1998).
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propagated uncertainties mentioned earlier, only regional ten-
dancies are noted below and no emphasis is placed on the
absolute depositional amounts.

The depositional budgets for Pb in eastern Ontario (1998)
and in the Montre´al-Québec City corridor (1997) were some 3
to 5 times higher compared to any of the other regions. In
addition, the depositional budgets of Pb for these two regions
are of the same magnitude as those estimated for Lake Erie in
1993 to 94 (Table 4). This similarity supports the notion of a
Great Lakes-St. Lawrence Valley “meteorological corridor,”
and is consistent with the isotopic evidence (e.g., Figure 3a),
which indicates that atmospheric Pb in this corridor is a mixture
of anthropogenic emissions from central USA and Canadian
sources. This “meteorological corridor” indeed coincides with
a region of northeastern North America that is heavily indus-
trialized and densely populated. As is the case for Pb, the
snowpack total depositional budgets for Cd and Cu are also 3
to 5 times higher in the Great Lakes-St. Lawrence Valley
corridor compared to those from the remaining areas (Table 4).
However, unlike the Pb depositional values there is a lack of
coincidence between the depositional values for Cd from Lake
Erie (Sweet et al., 1998) and those estimated from 1998 snow-
pack. Those for the former are one order of magnitude higher,
and we have no straightforward explanation for this discrep-
ancy. However, the latter may be an analytical artifact related
to the different methods employed in determining the trace
metal concentrations (XRF in Sweet et al., 1998 vs. ICP-MS
used here).

The depositional values for Zn are extremely high in all
regions, and significantly variable since samples from the North
Shore-Gaspe´ regions yield both the lowest (1998) and highest
(1997) mean values (Table 4). The snowpack derived budgets
for Zn are also, on average, one magnitude higher than those
estimated by Sweet et al., (1998) for Lake Erie and, thus, the
inverse situation to that noted for Cd. This is a surprising result
given that Cd and Zn, two chalcophile elements, possess sim-
ilar geochemical characteristics whether they are related to
magmatic, metallogenic, or pyro-metallurgical processes. The
abundance ratio of Zn to Cd is ca. 800 in natural crustal
materials (Taylor and McLennan, 1995) compared to ca. 2000
(on average) to that recorded in 1998 snowpack. In contrast, the
Zn and Cd depositional budgets reported for Lake Erie (Sweet
et al., 1998) yield abundance ratios in the range of ca. 5. This
discrepancy between Zn/Cd ratios reported for the Lake Erie
region and 1998 snowpack is significant, and cannot be attrib-
uted solely to assumptions made in the calculation. Neverthe-
less, it remains that the depositional budgets for Zn are always
high regardless of the methodologic approach chosen, a feature
that is most intriguing. Sweet et al. (1998) attributed the high
Zn depositional budgets to proximal sources of particulate Zn
(and Cr) from many urban and industrial facilities located at
Buffalo, Cleveland, and Hamilton. That the highest deposi-
tional values for Zn from this study are recorded in eastern
Ontario (117,000 g/km2/yr) and NE USA (199,000 g/km2/yr) is
compatible with the latter interpretation. However, the elevated
depositional budgets for Zn in the more remote (remaining)
areas can only be attributed: 1) to increases in the global
anthropogenic emissions of this metal as compared to the
values reported by Nriagu and Pacyna (1988), and as qualified
by Skeaff and Dubreuil (1997); and/or 2) underestimations of

atmospheric emissions from natural sources such as biologic
activity or biomass burning. The first possibility may be related
to anthropogenic source(s) such as dust from the incineration of
municipal refuse (e.g., Kowalczyk et al., 1978; Mamane, 1990),
automobile tire wear (e.g., Kim and Fergusson, 1994), or in-
cineration of automobile tires and/or tin cans (e.g., Giauque et
al., 1974); the second is less likely, in particular during the
winter season, when biomass recycling should be at a mini-
mum.

Finally, the depositional budgets for Mn are systematically
one order of magnitude higher than those for Pb, however,
there are no systematic regional (geographic) trends (Table 4).
These elevated depositional budgets estimated for Mn could
well be related, for the most part, to the replacement of Pb
additives in Canadian automotive fuel by Mn-bearing organic
substitutes subsequent to the Clean Air legislations adopted in
the late 1970s.

5. CONCLUSIONS

Lead and Sr isotope ratios, combined with elemental abun-
dances, for samples of 1998 snowpack from northeastern North
America clearly indicate that this sampling technique is an
efficient proxy to monitor atmospheric fallout over a relatively
short time scale of 3 to 4 months.

The Pb isotope data indicate that winter precipitations oc-
curring over northeastern North America are dominated by
anthropogenic sources originating from the USA and Canada.
This result is somewhat different compared to the atmospheric
conditions as recorded by the chemical and Pb isotopic data for
1997 samples of snowpack, the latter requiring the involvement
of Eurasian pollution being transported over the high Arctic
during the winter months. The significant change in prevailing
climatic conditions between the winter seasons of 1997 and
1998 may be related to the meteorological phenomenon of El
Niño, which occurred during the latter. Another major contri-
bution of this study is the demonstration of the effective use of
Sr isotopic ratios in the identification and determining the
region of impact of anthropogenic Sr over northeastern North
America. This source is most probably associated with coal-
fired power plants located within the western and midwestern
regions of the USA.

The depositional budgets for Pb, Cd, and Cu as estimated
from snowpack are highest in the regions of the Great Lakes,
eastern Ontario, and the St. Lawrence Valley, and significantly
lower in the remaining areas investigated in this study. The
former may be attributed to a “meteorological corridor” in
northeastern North America and coincide with heavily indus-
trialized and densely populated areas. The exact source(s) of
the extremely high burden of atmospheric Zn is intriguing and
remains enigmatic. This may reflect an increase in atmospheric
industrial emissions from those, which prevailed in the mid
1980s, a lower residence time in the atmosphere (compared to
Pb for example), or particular chemical speciation that affects
the deposition of Zn from the lower troposphere. The high
depositional budgets for Mn are mainly attributed to the com-
bustion of Mn-bearing fossil fuels by automotive vehicles.
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