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Abstract—This study reports metal abundances and Pb isotope ratios of emissions from the Horne copper
smelter, and ambient (ground level) atmosphere at Rouyfh&uetrieved during 2-week field studies in the
winter and summer seasons of 2000. Plume aerosols were sampled during horizontal and vertical passes using
a DHC-6 Twin Otter aircraft, which typically tracked the plume up to 30 km from the stack. Samples of the
‘background’ atmospheric conditions were taken simultaneously from a ground site meteorological station
located 2.5 km in the predominant upwind direction from the stack.

Overall, metal concentrations (ngfraf As, Cd, Cu, Pb, Se, Zn) for the in-plume samples are elevated by
one or more orders of magnitude over those measured in the ground site samples. The Pb isotope compositions
for the in-plume samples are extremely variabi€®bP°’Pb range from~1.120 to~1.170) but define
well-constrained linear arrays in conventional Pb-Pb isotope plots. Correlations between metal concentrations
(e.g. As/Pb, Cu/Pb, Zn/Pb) and the Pb isotope data are indicative of binary mixing between two anthropogenic
end members; most probably imported industrial Pb found in recycled materials, and nonradiogenic Pb
derived from Archean sulfide ore deposits. Pb isotope data from the winter ground site (‘background’) samples
indicate that the ground level atmosphere at Rouyn contains a mixture of Pb emitted from the Horne smelter
and long-range anthropogenic Pb transported from Eurasian pollution sources. Compared to the Pb isotope
composition of epiphytic lichens, snowpack, and precipitations collected in 1990 to 1999 from adjacent
geographic regions, the Pb isotope results obtained here suggest that aerosols emitted from the Horne smelter
are dispersed into northeastern North America. However, future studies dealing with point source apportion-
ment for this region of the globe will be rendered difficult due to the processing at the Horne smelter of
recycled material containing industrial Pb from various sourc&pyright © 2004 Elsevier Ltd

1. INTRODUCTION Flegal and Smith, 1995The Pb isotopic fingerprinting tech-

. o . . . nigue has proved successful in assessing the anthropogenic
Industrial activity related to important point-source emitters . -
component emitted from North America (e.@turges and

of heavy metals and sulfur dioxide, such as smelters may cause ; ) }
severe damage to the surrounding ecosystems. For example,Bame’ 19871989, Veon et al., 1992993; Graney et al,

some of the world’s most important smelters are found within 1995; I?;ollh'tfer an.d Rpsman, 2001 )
the Kola Peninsula (Russia), a region which was the focus of Previous investigations have clearly shown that the Pb iso-

the most comprehensive environmental geochemical study on aloPic composition of atmospheric aerosols |n.easter27Canada
regional scale Reimann et al., 1998 However, detailed as- ~ @nd the eastern USA s radically different W'_fﬂﬁpb’z Pb
sessment of the microphysical and chemical properties of air- Values of~1.15 for Canadiangturges and Barrie, 198and
borne particulates from industries such as smelters are lacking; ~1-20 for USA {/éron et al., 1992;Rosman et al., 1994)
yet these parameters are crucial in determining the depositional@nthropogenic sources. Tracing sources of anthropogenic pol-
budgets of heavy metals and their direct impact on local or lution in Canada has involved the use of several prOXieS for
distant regions. The geographic area influenced by deposition Sampling (scavenging) atmospheric aerosols; these include ep-
of aerosols derived from important point sources of pollution iphytic lichens Carignan and Gargy, 1995; Carignan et al.,
may be evaluated via a comparative evaluation of the Pb 2002; Simonetti et al., 2003 snowpack $imonetti et al.,
isotope signatures of the industrial emissions versus that of 2000gb) or precipitations $imonetti et al., 200Qc The Pb
ambient (background) atmosphere. The Pb isotopic composi- isotopic compositions of these proxies in northeastern North
tion of airborne particulates provides an effective method for America define a coherent geographic gradient. Samples re-
monitoring long-range atmospheric transport of pollution (e.g., trieved from northern Qimec have the lowest°PbP°Pb
Maring et al., 1987; Sturges and Barrie, 1987; Sturges and values, typical of Canadian industrial Pb, whereas those from
Barrie, 1989 since it is not altered by physical or chemical the USA yield the most radiogenic compositions, typical of US
processes occurring in terrestrial environmeridog, 1970; industrial Pb. Samples retrieved in the intermediate region of
the St. Lawrence River valley yield intermediate Pb isotope
* Author to whom correspondence should be addressed, at Departmemcompositiong, which reflect a mixture of anthropogenic Pb
of Earth and Atmospheric Sciences, University of Albert’a, 1-26 Earth from, Canadian (40,%) and USA (60%) sourcésaﬂgnan and
Sciences Building, Edmonton, Alberta T6G 2E3 Canada (antonio. Gariepy, 1995; Carignan et al., 2020f particular relevance
simonetti@ualberta.ca). to this study are the Pb isotope results for a series of lichens
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Fig. 1. Location of the Horne smelter at Rouyn, Québec within
northeastern North America. Also shown are the snowpack sampling
sites for the 1994, 1997 (both from Simonetti et al., 2000a), and 1998
(Simonetti et al., 2000b) winter seasons. The position of the 1994
snowpack samples represent the identical locations for the lichens
investigated by Carignan and Gariépy (1995) along the north-south
transect in northwestern Québec. N.B. = New Brunswick; NFLD. =
Newfoundland; N.H. = New Hampshire; N.S. = Nova Scotia; N.Y. =
New York State; M.E. = Maine; V.T. = Vermont. Figure modified
after Simonetti et al. (2000b).

taken along a north-south transect in northwestern Québec (Fig.
1). Carignan and Gariépy (1995) concluded that the emissions
from smelting activities at Rouyn are recorded in lichens lo-
cated up to 500 km north of Rouyn (48°N), with the most
polluted signal (i.e., lowest 2°°Pb/?°’Pb~1.04) measured in a
sampl e taken approximately 100 km away (northeast direction).
The Pb isotope compositions for snowpack samplesretrieved at
the same locations as the lichen samples, however, do not yield
identical results (Simonetti et al., 2000a). This discrepancy was
attributed to either: 1) different time scales for the integration
of the atmospheric signal (months for snow versus years for
lichens); 2) recording of the atmospheric signal at different
atitudes (ground level versus lower troposphere); or 3) the
presence of an important, local point source of atmospheric
pollution.

The accurate characterization of the Pb isotopic composition
of atmospheric emissions from singular point sources of pol-
lution, however, remains essential for the valid use of any
proxy (i.e., air samplers, lichens, snowpack) used to assess
regional atmospheric dispersal patterns. Therefore, this study
presents the results from two extensive aerosol sampling ex-
periments using a Twin Otter aircraft (DHC-6) carried out
within the plume of the Horne smelter stack (48.25°N
79.02°W; Fig. 1) during the winter and summer seasons of
2000. Aerosols were also collected simultaneously from a
meteorological station (ground level) located 2.5 km southwest
(upwind) of the smelter. We report the Pb isotope composition,
heavy metal and SO, abundances of aerosol samples taken
within the pollution plume of the Horne smelter, and those at
ground level retrieved with conventional air samplers. To our
knowledge, this study constitutes the first detailed, aircraft-
sampled investigation of the trace metal abundances and Pb

isotopic compositions of plume emissions from an industrial
source. The results obtained here are compared to those re-
ported for precipitations and epiphytic lichens from northeast-
ern North America to evaluate the long range dispersal pattern
of Horne smelter-related pollution in this region of the globe.

Emissions from the Horne smelter were presumably re-
corded at approximately 400 km south of Rouyn, at Dorset
(eastern Ontario), in 1984 and 1986 since very low 2°°Pb/?°’Ph
values of 1.04 to 1.14 were measured in aerosols associated
with air masses originating from the north (Sturges and Barrie,
1989). These low 2°°Pb/2°"Pb values approach those measured
in Abitibi Cu sulfides (0.92 to 1.04; Deloule et a., 1989) and
gaena (0.92; Franklin et al., 1983) from the local ore deposits
within the late Archean Superior craton, the predominant
source of ore being then processed at the Noranda Horne
smelter. However, within the last decade the Noranda Cu-
smelting operations are no longer processing solely ores from
Archean deposits. For example, in the year 2000, the Horne
smelter processed 702 kilotons of ore from various geologic
deposits (domestic and imported) and 86 kilotons of recyclable
material (e. g., electronic components, etc.), both of which
resulted in the emission of 85 metric tons of atmospheric Pb
(Noranda Co. Web site, http://www. norandaca; Noranda Sus-
tainable Development Report, 2000). Thus, a reevaluation of
the apportionment in anthropogenic sources in northeastern
North Americais required due to the highly variable nature of
materials (including recycled materials originally manufactured
abroad) being processed at an important point source emitter
such as the Horne smelter.

1. ANALYTICAL METHODS
2.1. Sampling and Airborne Measurements

The aircraft was flown into plumes from the Horne smelter on a total
of twenty-two flights in February and July/August of 2000 (Fig. 2).
Each flight lasted approximately 2 h, and plumes were sampled up to
40 km downwind of the stack (stack 2) for ageing timesof <1 hina
variety of meteorological conditions. The tracking of plumes was
conducted using wind measurement systems developed for the aircraft
over the past two decades. In contrast, ambient air was characterized by
measurements made outside the plume and in an upwind direction from
the stack. Plume aerosols were collected using an isokinetic inlet
located near the front of the aircraft. Ground site samples were col-
lected at a meteorological station located 2.5 km southwest (predomi-
nant upwind direction) from the ~120 m tall stack 2. Particles were
collected on 47 mm diameter polycarbonate filters. The volume of air
sampled through each filter was monitored continuously and the infor-
mation transferred to a data capture system. At the meteorological
station filters were exposed in open-faced filter packs, facing down and
mounted under a 30 cm diameter hood providing protection from the
elements. Filters on the aircraft were exposed in the plume as indicated
by the particle measurements described below.

Particle concentrations were measured during the airborne experi-
ments using the PCASP (Passive Cavity Aerosol Spectrometer Probe),
an optical particle counter which measures the concentration and size
distribution of particles in the range of 0.13 to 3 um. The TSI 7610
counts the number of condensation nuclei with a lower detection limit
of ~0.018 um. Concentrations of SO, (during the flights) were ob-
tained using 47 mm diameter Whatman 41 filters impregnated with
KCO; at 25% wi/v. The filters were prepared and analyzed by the
Canadian Air and Precipitation Monitoring Network (CAPMoN). Dou-
ble or triple filter packs were used, with the polycarbonate filter to
remove particles followed by one or two impregnated filters for the
collection of SO,. The second impregnated filter was used to determine
the breakthrough of SO,. Correction for breakthrough needed to be
applied for two sampling periods. The analysis protocol began with
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Fig. 2. Diagram illustrating the different types of plume passes conducted by the Twin Otter aircraft.

triple washing (using 18.2 mol/LQ) ultrapure water) the Whatman 41
filters, and subsequent saturation with an agueous solution of 5% w/v
glycerol and 20% w/v potassium carbonate. Each filter was then placed
in a polystyrene centrifuge tube and extracted with 10 mL of 0.09%
H,0, solution in an ultrasonic bath for 1 h. The filter extract was
diluted by a factor of five and analyzed for SO, by ion chromatogra-
phy using a Dionex DX 500 system with an AS12A column (3.51 mM
Na,CO; and 0.39 mM NaHCO; eluent). All calibration standards were
validated using certified quality control solutions.

Preparation and handling of the sampling (aerosols) filters was
carried out in a clean room (class 100) environment using a mobile
laboratory. A series of filters were processed during the various aspects
of the fieldwork to assess the “blank” level of Pb. Most of the field
blank measurements (n = 10) yielded =1 ng of total Pb, and reflects
the presence of minute amounts of Pb within the polycarbonate filter
used to capture the aerosols. However, this level of Pb blank is
negligible compared to the quantity of Pb processed for all of the
samples studied here (Tables 1 to 3). Wong et a. (in press) describes
the sampling and analytical protocol used for determining metal con-
centrations for samples listed in Table 1.

2.2. lon Exchange Chromatography and Pb |sotope
M easurements

All sample treatments, including metal separation and purification by
ion-exchange chromatography, were conducted in class HEPA 100
clean laboratories at GEOTOP (Université du Québec a Montréal).
Ground site and airborne filter samples were processed differently due
to the significant difference in sampling techniques utilized, resulting in
much higher particulate loading for ground site filters. The latter were
handled with precleaned Teflon tweezers and two fractions were cut

with precleaned (blank-tested) scissors each representing approxi-
mately 25% of the entire filter. One fraction was taken as is, immersed
in 0.8 N HBr and ultrasonicated for approximately 30 to 40 min. The
other fraction of filter was spiked with an accurately measured amount
of pure (99.997%) 2°5Pb tracer to determine the Pb abundances. It is
assumed in this procedure that the distribution of Pb on the filter is
uniform (homogeneous). This assumption is supported since duplicate
Pb concentration determinations for separate fractions of three ground
site filters yield reproducibilities between 1 and 18% (Table 2). The
soluble lead fraction from spiked and unspiked filter aliquots was then
processed on anion-exchange columns (after Manhés et al., 1980). The
filters representing airborne samples were entirely leached in 0.8 N HBr
in an ultrasonic bath for 30—40 min. The aiquot was then split into two
fractions, one to determine the Pb isotopic composition, the other the
concentration of Pb.

The evaporated samples were taken into solution with ~0.6 mL of a
2% HNO; solution spiked with the NIST SRM 997 Thallium standard
(2.5 pph). Pb isotope compositions of the samples were measured on an
IsoProbe multicollector-ICP-MS. Samples were aspirated (~50 L/
min) into the |CP source using an ARIDUS microconcentric nebulizer.
Simultaneous measurement of all the Pb and Tl isotopes, and 2°?Hg ion
signal was achieved by using seven Faraday collectors. The 2°°T1/2%3T|
ratio was measured to correct for instrumental mass bias (exponential
law; 295T1/293T| = 2.3887). Before sample introduction, collector base-
lines were measured with the line of sight valve closed (50 s) followed
by an “on-peak-zero” baseline measurement (i.e., gas and acid blank)
also for 50 s. Upon sample introduction, data acquisition consisted of
2 half-mass unit baseline measurements and 1 block of 50 scans (10 s
integration each) for isotope ratio analysis. Hg interferences were
monitored and corrected using 2°?Hg, however, the latter is negligible
in al cases. At the beginning of each analytical session, a 25 ppb
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Table 1. Metal concentrations (ng/m®) of winter and summer 2000 aerosols at Rouyn.

Inlet  Volume

Date no. (m®) As Cd Cu Ni Pb Se Zn AsPb Cd/Pb Cu/Pb Ni/Pb Se/lPb Zn/Pb
Ground—winter
14, 15/02/00 3 55.8 13 0.4 6.0 13 5.6 05 211 023 008 105 022 010 37
16, 17/02/00 3 38.9 15 0.5 7.6 15 6.3 06 187 023 008 122 024 0.09 3.0
18, 19/02/00* 34 254 0.8 0.8 6.7 32 46 06 154 017 018 146 070 012 34
20, 21/02/00 5 255 12.0 19 63.4 12 46.0 52 280 026 004 138 003 011 0.6
22/02/00 2 20.2 0.9 0.3 35 14 35 09 110 026 009 098 040 0.26 31
24/02/00 2 331 460 175 726 142 942 832 361 049 002 077 002 0.09 04
In-plume—winter
15/02/00 2 15 63.8 136 651 — 174 59 499 037 008 037 — 0.03 0.3
17/02/00 1 0.6 116 14.6 526 — 167 117 923 070 009 031 — 0.07 0.6
18/02/00 1 04 422 147 139 — 409 153 135 103 004 034 — 0.04 0.3
19/02/00 1 0.8 103 45 546 — 109 286 523 094 004 050 — 0.26 0.5
21/02/00 1 11 210 194 %4 — 554 458 111 038 004 017 — 0.08 0.2
21/02/00 1 0.1 247 161 120 — 747 247 350 033 022 016 — 0.33 0.5
23/02/00 1 0.1 407 29.2 249 — 762 143 129 053 004 033 — 0.19 0.2
24/02/00 2 22 1060 317 511 50 3388 434 601 031 009 015 0001 013 0.2
Ground—summer
25, 26/07/00 1 274 23 20 6.9 35 31 01 306 073 064 225 113 005 100
27/07/00 2 119 6.2 55 16.2 7.6 71 00 695 088 079 230 1.08 — 9.9
In-plume—summer
25/07/00 1 01 1849 101 888 139 550 135 146 336 002 162 025 024 0.3
26/07/00 2 1 188 17 177 116 315 189 188 060 001 056 004 006 0.6
26/07/00 1 0.8 584 55 602 122 166 0.0 115 352 003 362 074 0.00 0.7
27/07/00 1 0.3 492 26.6 834 751 1329 412 303 037 002 063 006 003 0.2
28/07/00 2 13 915 28 301 20.7 341 108 881 268 001 08 006 032 0.3
29/07/00 2 13 116 22 130 52 122 26 398 096 002 107 004 0.02 0.3
29/07/00 2 09 1675 80 2344 203 1513 180 504 111 001 155 001 012 0.3
04/08/00 2 0.5 286 87 268 145 384 128 420 075 002 070 004 003 0.1
04/08/00 1 04 889 49.9 2249 88.0 1352 250 333 066 004 166 007 0.8 0.2

2 Average volume and concentrations for two samples taken on the same day.

solution of the NIST SRM 981 Pb standard, which was al so spiked with
the NIST SRM 997 Tl standard (1.25 ppb), was analyzed. Each analysis
of the standard consumes approximately 12.5 ng of total Pb. Repeated
measurement (n = 44) of this standard solution over the period of
December 1999 to present yields the following mean values and
associated (20) standard deviations: 2°°P/?*Pb = 16.938 = 0.016,
207ph/204ph = 15.492 + 0.018, 2°8Ph/2%**Ph = 36.702 + 0.051, *°"Ph/
205pp = 0.91461 + 0.00050, °°Pb/?%°Ph = 2.1668 + 0.0017, 2°°Pb/
207ppy = 2.3692 + 0.0009. The associated standard deviations corre-
spond to an external reproducibility of the order of +0.04% amu ™.

3. RESULTS

Metal abundances (Table 1) and Pb isotopic compositions of
the winter and summer 2000 aerosols collected at ground level
and within the plume are listed in Tables 2 and 3, and shown in
Figures 3 to 7. It is clear that the metal concentrations for the
in-plume samples are much higher (by several orders of mag-
nitude) than their ground site counterparts. The exception being
the ground site sample collected on February 24, 2000 (Table
1), which yields very high metal concentrations as the smelter
emissions reached the ground site due mainly to a 40° to 50°N
prevailing wind direction. This placed the ground site in a
downwind position relative to the stack. Similar meteorological
conditions also prevailed on February 21 (Table 1) and July 28
(Table 2) resulting in somewhat higher metal (and Pb) concen-
trations relative to the remaining ground site samples. Exclud-
ing the samples with extremely high Pb abundances, the aver-
age Pb content for the ground site samples is 30 +28 ng/m®
(1o, standard deviation), which is higher compared to those
typically recorded in several Canadian urban centers (range 1 to

15 ng/m?) but much less than that of large USA cities (e.g.,
New York City: 50-110 ng/m?; Bollhofer and Rosman, 2001).

The concentration and size distribution of plume aerosols
were investigated using a Passive Cavity Aerosol Spectrometer
Probe (PCASP) and TSI 7610 instruments. The former is an
optical particle counter designed to measure the number of
particles in the 0.13 to 3 um range, whereas the latter is a
counter design to measure the number of particles constituting
condensation nuclei with a lower detection limit of ~0.018
wm. Figure 3 indicates that the Pb contents for the in-plume
winter samples seem to correlate with the PCASP average
number but not the 7610 parameters (not shown). The impli-
cation is, therefore, that most of the Pb-bearing mass in aerosol
particles collected in the plume during the winter experiment is
present within the size distribution range of the PCASP instru-
ment (i.e, 0.13 to 3 um). The Pb abundances measured in
plume samples obtained during the summer experiments do not
exhibit significant correlations with either the PCASP or 7610
parameters. In addition, Figure 3b indicates that there is no
simple correlation between Pb abundances and SO, contents
for the in-plume winter samples.

The magjority of in-plume samples taken on the same day
from different inlets record similar Pb isotopic values despite
the fact that each pair of analyses represents significantly
different air volumes (Tables 2 and 3). The exceptions are flight
numbers 35 and 36 both taken on August 4, 2000, which yield
distinct Pb isotope compositions (2°°Pb/?°”Pb values of 1.161
and 1.149, respectively; Table 3); with the lower air volume
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Table 2. Pb concentrations and Pb isotopic compositions of winter 2000 aerosols at Rouyn.®
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PCASP SO, Volume Pb
Date AVg no. (Mg/mB) Pb (ng) (m3) (ng/m3) 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb ZDGPb/207Pb 208Pb/207
Ground
12, 13/02/00 1983(2394) 430 46.1 17.711 15.412 37.441 1.1492 2.4293
12, 13/02/00 2087 (2049) 424 49.2 17.714 15.408 37.432 1.1497 24294
14, 15/02/00 81 (162) 58.8 31 17.730 15.474 37.556 1.1458 24270
14, 15/02/00 343 36.2 9.5 17.783 15.515 37.700 1.1462 2.4298
16, 17/02/00 286 47.0 6.1 17.471 15.462 37.410 1.1299 2.4195
16, 17/02/00° 17.471 15.467 37.430 1.1296 24201
16, 17/02/00-dup 226 38.7 5.8 17.431 15.481 37.464 1.1260 24201
18, 19/02/00 108 411 2.6 17.737 15.540 37.778 1.1414 24311
20, 21/02/00 1212 17.2 70.5 17.400 15.347 37.096 1.1338 24171
20, 21/02/00° 17.403 15.351 37.112 1.1337 24176
22/02/00 57.7 19.4 3.0 17.902 15.537 37.726 1.1522 24282
23/02/00 1003 12.2 822 17.574 15.343 37.178 1.1454 24231
23/02/00° 17.571 15.340 37.171 1.1454 24231
24/02/00 12880 219 588 17.616 15.356 37.224 1.1472 24241
In-plume

14/02/00 165 0.48 345 17.989 15.413 37.546 1.1671 2.4360
15/02/00 59 148 100 0.53 189 17.700 15.398 37.377 1.1495 24274
16/02/00 81 36 16.3 0.36 45.3 17.447 15.316 37.028 1.1391 24175
17/02/00 109 106 0.80 133 17.201 15.286 36.906 1.1253 24144
18/02/00 285 86 203 0.55 368 17.181 15.273 36.860 1.1249 24135
19/02/00 48 172 86.3 0.85 102 17.118 15.264 36.799 1.1215 24108
21/02/00 309 398 0.92 433 17.441 15.352 37.158 1.1361 2.4204
21/02/00 910 1244 163 0.21 775 17.497 15.347 37.164 1.1401 24216
22/02/00 239 1619 117 0.16 729 17.310 15.283 36.939 1.1326 24170
23/02/00 658 218 119 0.19 627 17.704 15.371 37.307 1.1518 24271
24/02/00 8475 1206 0.42 2871 17.689 15.359 37.288 1.1517 24271

2Ph concentrations determined by isotope dilution; values in parentheses determined on a separate filter aliquot.
b MC-ICP-MS duplicate analysis using same solution aliquot.

sample (sample 35) recording the more radiogenic Pb isotopic
value. Unlike their similar Pb isotope compositions, the in-
plume samples taken on the same day record substantial dif-
ferences in Pb abundances (ng/m>; Tables 2 and 3), and sug-
gests a somewhat heterogeneous distribution of aerosols at the

sampling scale employed. Also of importance, the Pb isotope
compositions of the in-plume samples indicate significant cor-
relations with As/Pb, Cu/Pb, and Zn/Pb values (Fig. 4).
Figure 5 illustrates the temporal variation in the 2°°Pb/2°"Pb
values for both the in-plume and ground samples during the

Table 3. Pb concentrations and Pb isotopic compositions of summer 2000 aerosols at Rouyn.®

PCASP SO, Volume Pb
Date AVg no. (Mg/mS) Pb (ng) (mS) (ng/m3) ZOGPb/ZMPb 207Pb/204Pb ZOSPb/ZMPb 206Pb/207pb 208Pb/207pb
Ground
25, 26/07/00 87.9 353 25 17.258 15.396 37.143 1.1210 2.4126
26, 27/07/00 485 135 3.6 17.856 15.458 37.478 1.1559 2.4239
27/07/00 142 12.7 11.2 16.981 15.289 36.673 1.1106 2.3986
28/07/00 3488 7.1 491 17.118 15.267 36.786 1.1212 2.4095
28/07/00 2643 10.0 264 17.547 15.360 37.209 1.1424 2.4225
29/07/00 120 20.0 6.0 17.590 15.391 37.249 1.1429 2.4202
In-plume
25/07/00 2630 59 28.8 0.07 411 17.801 15.391 37.400 1.1567 2.4292
26/07/00 4308 547 110 0.37 297 17.734 15.376 37.349 1.1533 2.4289
26/07/00 79 16.3 0.08 204 17.749 15.387 37.345 1.1535 24271
27/07/00 6374 180 378 0.29 1303 17.624 15.353 37.238 1.1479 2.4255
28/07/00 2618 63 172 0.50 343 17.572 15.341 37.185 1.1454 2.4238
29/07/00 47 107 0.72 148 17.462 15.317 37.068 1.1400 2.4201
29/07/00 4398 118 106 0.48 221 17.446 15.314 37.058 1.1392 2.4199
03/08/00 74 285 0.22 1297 17.491 15.338 37.135 1.1404 24212
04/08/00 3822 33 14.3 0.04 358 17.968 15.475 37.975 1.1611 24424
04/08/00 1032 126 0.33 383 17.647 15.364 37.260 1.1486 2.4252
Forest fire
31/07/00 4.0 0.89 4.5 18.698 15.724 38.569 1.1883 2.4525

2Pb concentrations determined by isotope dilution.
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Fig. 3. Plots of concentrations of Pb (ng/m® versus a) PCASP
average number (Passive Cavity Aerosol Spectrometer Probe), and b)
SO, (ng/mq) for in-plume samples collected during the winter 2000
experiments. The PCASP average number represents the net value
(minus background values); note that the PCASP parameter in a) was
not determined for flight 25 (Pb = 2871 ng/m®).

winter and summer experiments. For the winter 2000 experi-
ment (Fig. 5a), the 2°°Pb/°’Pb val ues for the in-plume aerosols
range from ~1.120 to ~1.170, which is dlightly larger than the
range defined by the ground site winter samples. Of impor-
tance, the Pb isotope values for in-plume and ground site
samples collected during the same period of time are signifi-
cantly different since the external reproducibility (20) for the
208pp/297Ph is +0.0005, and thus within the size of the symbol.
In addition, there does not seem to be a systematic bias in Pb
isotope ratios between in-plume and ground site samples since
these are either more or less radiogenic with respect to one
another (Fig. 5a). The overall patterns for the winter experi-
ment, however, are quite similar with the exception of the first
3 days (Fig. 538). The similarity in the patterns is an interesting
result given the (predominantly) upwind position of the ground
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Fig. 4. (a) Ag/Pb, (b) Zn/Pb, and (c) Cu/Pb values versus **°Pb/>°"Pp
for in-plume winter and summer 2000 samples. R? ‘best-fit' values
correspond to linear regressions for the winter samples.

site relative to the position of stack 2. With regards to the
summer 2000 experiment (Fig. 5b), the Pb isotope values for
the in-plume aerosols vary from ~1.140 to ~1.160 and thus
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and (b) summer 2000 experiments. Two flights were conducted on
several days, and correspondingly two samples were collected (e.g.,
flights 21 and 22, Table 1).

record a dlightly more restricted range of compositions com-
pared to their winter counterparts (Fig. 58). These steadily
decline from July 25 to July 29, whereas within the same four
consecutive days the ground site samples yield extremely vari-
able results with 2°®Pb/?°’Ph values ranging from ~1.110 to
~1.155. However, in-plume and ground site samples yield
almost identical values on July 26 (Fig. 5b).

The Pb isotope composition of aerosols collected from a
small forest fire occurring on July 31, 2000, near Hearst,
Ontario (located at 49.22N, 83.93W, ~400 km NW of Rouyn;
Friedli et al., 2003) is also shown for comparison in Figures 6
and 7. This isotopic composition most probably represents a
weighted, mean value of the Pb, mainly of ‘natural’ origin,
incorporated in trees and canopy. It is clear from Figures 6 and
7 that the forest fire aerosols are isotopically distinct and much
more radiogenic compared to those sampled at the ground site
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Fig. 6. @ 2°Pb/?**Pb and b) 2°5Pb/?°’Pb versus 2°°Pu/***Pb plots
illustrating the Pb isotope data obtained in this study. The correlation
coefficients for the linear regressions are calculated using al the data
minus the winter ground samples. Also shown for comparison are the
Pb isotope compositions for weekly aerosol samples collected during
the 1995 winter (period of ‘ Arctic Haze'; Mercier, 2000), and the forest
fire aerosols collected on July 31, 2000, near Hearst, Ontario (Friedli et
al., 2003).

and in-plume during the winter and summer 2000 experiments
a Rouyn. However, the Pb concentration for the forest fire
sample (4.5 ng/m®) is similar to that recorded by several ground
site samples from both winter and summer experiments (Tables
1to 3).

4. DISCUSSION

Figures 6 and 7 are conventional Pb-Pb isotope diagrams
illustrating the data contained in Tables 2 and 3. Overdl, the
summer in-plume aerosols were dlightly more radiogenic in Pb
isotopic composition compared to their winter counterparts
(Fig. 6). With the exception of several of the winter ground site
samples, the Pb isotopic composition for the remaining samples
plot along significant regression lines (R?=0.97). A “ling’ in
such a plot can only represent two-component mixing between
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isotopic composition of several well-established sources of industrial
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and Gariépy, 1995); and Sullivan, British Columbia (Godwin and
Sinclair, 1982). Abitibi ores (Franklin et al., 1983; Deloule et al., 1989)
are shown for comparison.

end members with different isotopic compositions. Both the
winter and summer in-plume aerosols plot along the same
linear regression, which indicates that the two end members
were present in both seasons (Fig. 6). For each experiment
(flight), the proportions of the two components relative to one
another control the final Pb isotopic composition of the aerosol
sample, thus its position along the linear regression. Figure 7
illustrates the range in Pb isotope values for possible anthro-
pogenic end members including sulfide ores from the local
Archean Abitibi greenstone belt; this was the dominant mate-
rial processed at the Horne smelter before the last decade. Their
low 2°°Pb/?°’Ph values are consistent with the Pb isotopic
composition of certain aerosols collected at Dorset in the mid-
1980s (Sturges and Barrie, 1987), and for lichens collected
in 1994 within a ~100 km radius from the Horne smelter
(Carignan and Gariépy, 1995). The Pb isotope data obtained for
the ground site and in-plume aerosols in this study, however,
areisotopically distinct and much more radiogenic compared to
those for the Abitibi ores (Figs. 6 and 7). This reflects that the
Noranda mining company has significantly changed its smelt-
ing operation from processing predominantly Archean oresto a
variety of source materias, such as recycled materias (i.e.,
electronic components), and ores from abroad of differing
geologic age.

Figure 7 also illustrates the Pb isotope compositions for the
well-established fields of Canadian and USA industrial Pb, and
that for the ore (from Sullivan mine) processed at an important
Pb-Zn smelter located at Trail, southern British Columbia. It is
obvious that neither the Pb isotope composition of Canadian
industrial Pb, nor that for smelter emissions (Sullivan mine)
originating from British Columbia is appropriate to represent
the nonradiogenic end member of the mixing array (Fig. 7). In

contrast, the isotopic composition for USA industrial Pb plots
at the radiogenic end of the linear array defined by the in-plume
and some ground site aerosols, thus rendering it a possible end
member to the mixing array. One possibility for the nonradio-
genic end member of the linear array remains the Archean
sulfides and galena from the local greenstone belt (Fig. 7). This
interpretation is consistent with the significant correlations
shown in Figure 4, which indicates that the less radiogenic Pb
isotope signatures are associated with samples characterized by
higher As/Pb, Cu/Pb, and Zn/Pb values, in particular for the
in-plume winter samples. As, Cu, and Zn are chalcophile ele-
ments that are hosted by ore minerals (arsenopyrite, chal copy-
rite, and sphalerite, respectively) commonly found within Ar-
chean massive sulfide deposits. Also shown in Figure 7 are the
Pb isotope results for snowpack collected in 1998 within north-
eastern North America (Simonetti et al., 2000b; Fig. 1). Pb
isotope data for lichen samples retrieved from this region
(Carignan and Gariépy, 1995; Carignan et a., 2002) are not
included in Figure 7 since these overlap with the field outlined
by the snowpack samples. The isotope data for the snowpack
samples fall between the fields of USA industrial Pb and the
in-plume (smelter emissions) and ground site (meteorological
station) samples, respectively. Thus, emissions from the Horne
smelter may be present in the atmosphere over northeastern
(regional-scale) North America. This is supported by the ob-
servation that a substantial amount (between 30—70%) of par-
ticulates released from the Horne Cu smelter are deposited
away from its immediate vicinity (>100 km radius, Bonham-
Carter et al., 2002). Apportionment of industrial sources of
pollution (e.g., Canadavs. U.S.) will be rendered more difficult
in the future due to the processing of recycled materia (at
possibly increasing levels) over time. For example, atmo-
spheric emissions from the Horne smelter impacting on north-
eastern North America can artificially increase the calculated
component of U.S. industrial Pb affecting northeastern Canada.
Thus, the results from this study clearly indicate the need in the
future for similar studies of major industries to obtain a better
understanding of long-range transport of atmospheric pollution.

Several of the winter ground site samples do not plot along
the linear arrays shown in Figure 6, and thus indicate the
presence of an additional anthropogenic component of distinct
Pb isotopic composition. Also shown for comparison in Figures
6 and 7 are the Pb isotope compositions of aerosols sampled at
the Alert meteorological station in the Canadian High Arctic
during the winter of 1995 (Mercier, 2000). These aerosols
represent atmospheric conditions during the most polluted sea-
son in the High Arctic, which give rise to the phenomenon of
‘Arctic Haze' (Barrie and Hoff, 1985). During the months of
December to April, meteorological conditions favor the trans-
port of polluted air masses into the Arctic from Eurasia, how-
ever, most (between 85-90%) of this pollution does not deposit
into the Arctic but travels out of this region (Iversen, 1984;
Raatz and Shaw, 1984). The winter ground site samples which
plot within the Arctic Haze Pb isotope compositional field yield
the lowest Pb concentrations (~3 to 9 ng/m®; Table 2). The
remaining winter ground site samples with much higher Pb
abundances (~46 to 588 ng/m>; Table 2) plot either closer to or
directly on the regression line defined by the in-plume samples.
The latter are clearly influenced by airborne Pb derived from
the Horne smelter emissions, whereas the former must repre-



Pb isotopic investigation of aircraft-sampled emissions 3293

sent the Pb isotopic composition of ambient (background)
atmospheric conditions.

One possibility is that the ambient air at Rouyn contains
anthropogenic pollution from Eurasian sources transported
over the Arctic region during the winter season. The deposition
of Eurasian pollution in northeastern North America was re-
corded in snowpack samples collected during the 1997 winter
at similar latitudes in northeastern Québec (Fig. 1; Simonetti et
al., 2000q). Moreover, this interpretation is also supported by a
recent Pb isotopic investigation of sediment profiles in lakes
within the Hudson Bay region, in particular Imitavik Lake
located on the southeastern coast (Outridge et al., 2002). The
results indicate a three-to-five-fold increase in Pb concentra-
tions and corresponding decrease in the Pb isotope ratios for the
most recent sediments from Imitavik Lake (Outridge et al.,
2002). These features were attributed to the progressive input
of anthropogenic Pb derived predominantly from Canadian and
USA, but aso required minor inputs from Eurasian sources.

To test this hypothesis, air mass back trajectories were cal-
culated by the Canadian Meteorological Centre using archived
meteorological data for the winter intensive time period. The
path of theair for the previous 5 days was mapped, with the 900
and 925 millibar levels, over Rouyn asthe end points. The back
trajectories indicate that the air masses sampled at Rouyn
during the winter experiments were transported from the west-
ern and northern regions of North America, mainly unpopu-
lated areas. Based on the back trgectory analysis, there is no
evidence for the influence of anthropogenic Pb derived from
the mgjor industrialized areas of eastern North America. It is
aso clear from the similar temporal patterns recorded by the
winter samples (Fig. 5a) that a significant portion of the Pb
recorded at the ground site (background location) is derived
from the Horne smelter emissions.

5. CONCLUSIONS

The Pb isotope data for the in-plume aerosols from the Horne
smelter collected during both the winter and summer experi-
ments of 2000 indicate that the source materials processed were
isotopically similar but these varied in their relative proportions
to one another. The Pb isotope data define linear arrays indic-
ative of binary mixing between two anthropogenic end mem-
bers. These are most likely industrial Pb from USA sources
present within materials such as computer soldering metals or
wiring. The second, nonradiogenic component most probably
represents Pb derived from ores recovered from Archean green-
stone belts. The dlightly more radiogenic compositions of the
summer in-plume aerosols compared to their winter counter-
parts suggest that more recycled materials were processed
during the summer (i.e., more local ores in the winter). Com-
pared to the Pb isotope composition of lichens, snowpack, and
precipitations collected during the last 5 yr from northeastern
North America, it is highly probable that this region is influ-
enced by emissions from the Horne smelter. In addition, results
for the winter 2000 ground site aerosols indicate that a portion
of these sampled at ground level contained smelter emissions
despite its (predominant) upwind direction from the stack.
Based on the Pb isotope ratios for the winter ground site
samples, the ‘background’ atmosphere aso contains anthropo-

genic Pb from Eurasian sources via the long-range transport
over the Arctic region.
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