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This work was done as part of the Green Plan Initiative for
Preserving the Integrity of the Canadian Arctic and as part
of Northern Ecosystems under the Science in Support of
Large Ecosystem Initiatives. Have long-range transported
pollutants of foreign origin such as metals affected the
Arctic particularly since the industrial revolution ?.

The Canadian Arctic is far from being pristine. In spite of
the implementation of unleaded gasoline since early 70s,
the Agassiz Ice Cap still received a significant amount of
lead in late 80s and early 90s relative to Antarctica and
Central Greenland. Metal data for Pb, Zn, Al, Cd and T1 .
show seasonal variations of high levels in winter-early
spring period and low levels in summer-fall petiod. Lead
concentration follows the order Agassiz > Central
Greenland > Antarctica.

Since the conclusions were based on our data covering a
short time span coupled with other published data from
nearby regions, it is recommended that a deep core of
snow/ice covering the last 100 years be obtained from the
Canadian Arctic, and Pb concentrations as well as its
isotopic and organormetallic characteristics be determined
along with other toxic metals including Hg and Cd in order
to generate an integrated historical record of metals
pollution in this important Canadian ecosystem.
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Recent Metal Pollutmn in Agassu
Ice Gap

V. CHEAM,*' G. LAWSON,! .

j. LECHNER,t AND R. DESROSIERS?
Natzonal Water Research Institute, Aquatic Ecosystem
Restoration Branch and Research Support Branch, Box 5050,
Burlington, Ontario, Canada L7R 4A6

Metal data for Ph, Zn, Al, Cd, and Ti show seasonal
variations of high levels during. the winter—early spring
penod and low levels during the summer=fall period. In
terms of Pb magnitudes and seasonal variations, our data of

‘the late 1980s and early 1990s (unleaded gasoline era)

appear compatible with those of Murozumi et al. (Murozumi,
M.; Chow, T. J.; Patterson, C. C. Geachim. Casmochim.
Acta 1969, 33, 1241— 1294.) of the 1950s and 1965 (leaded
gasoline era). This is probably due to the close proximity
and similar elevation of the two areas (Agassiz Ice Cap,
Cariadian Arctic and Camp Century, northwest Greenland),
wiiich are likely stibjected to the same polluted air fiasses.
Despite the implementation of unleaded gasoline since
the early 1970s, our data stiow that the Agassiz lce Cap
still received @ significant amount of lead during the late
1980s and early 1990s; this is in contrastto Summit, Greenland,
which saw a very drastic decrease of the element

during similar periods. This is because of the different
locations and altitudes, as well as different sourcés, mainly
Eurasian for Agassiz versus mainly U.S. for Summit. .
Lead was determined by laser-induced fluorescence
spectromeétry via the direct injection of microliter sample -
sizes. Its fallout flux was estimated to be 1.2 ng cm—2year~".
The lead coricentration in the surface snow appears to
follow the order of Agassiz and northwest Greenland >
central Greenland > Antarctica.

Introduction

Historical changes if the aerosol composmon above polar
systems have béen preserved in polar ice caps for several
hundred thousand years. Past pollution above the caps can
be teconstructed by investigating deep ice cores where
seasonal stratification changes are minimal. In fact, there
have been numerous heavy metal studies on deep cores as
.well as blocks and pits of polar ice/snow from Greenland
(1—-11) and Antarctica (1, 12—19). Some of these studies
resulted in landmark discoveries, one example of which is
the pioneering work by Murozumi et al. who produced the
first reliable trace metal data that have stood the test of time
(). They studied massive snow blocks collected from
noithwest Greenland and showed that Pb pollution increased
betwéen the years 1753 and 1965 with the sharpest increase
from about 1950 to 1965. This sharp increase reached Pb
levels ~200 times that found in ancient ice that was 2800
years old. Their conclusion was that more than 99% of the

* Correspondingduthor plione: (905)336-4755; fax: (905)336-6430;
e-mail: ven.cheam@cciw.ca.

t Aquatic Ecosystem Restoration Branch.

+ Research Support Branch.
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increase was directly caused byhuman acnviﬁes, the principal
culprit being leaded gasoline. This finding, at least partly,
led to the implementation of unleaded gasolirie in the eatly
1970sin the United States, Canada, and some other countries
such asJapan and Brazil. The mplementanon subsequently
has resulted in a significant decline in Pb levels in the
atmosphere (4, 8).

Anotherexample concerns the sources of metals polluting
the polar regions. For Antarctica, lead pollution is linked to
Brazil and Australia (19). For the Arctic, Boutron, Rosman,
and co-workers (4, 9, 10) have demonstrated that a principal
sotirce oflead pollution over Summit, Greenland, during the
early 1960s to mid 1980s is the United States. For the
Canadidn high Arctic, on the other hand, Barrie (20) and
Barrie et al. (21) pointed to Eurasian sources for various
pollutarits particularly during the late wmter—-early spring
period. Asthe Canadian Arctic receives different air masses
than Greenland, particularly central Greenland, and since it
has seen extremely few metal profiles investigated, it is

. 1mportant to carryout metal studies on snowand firn samples

i thie region; our data will shed some new light on the Arctic
pollution and complement other published data especially
those generated for Greenland.

This paper discusses metal pollution in recent snow and
firn layers in the Agassiz Ice Cap, Northwest Territories,
Canada. The chosen sampling location has been shown to
possess the required conditions to ensure the minimum
seasonal redistribution of polhitants and the reliable record-
ing of entrapped aerosols (22—24). These conditionsinclude,
for example, minimum summer melt and maximum, but
least disturbed, snow accumulation. Lead, as determined
by laser-excited atomic fluorescence spectrometry, is dis-
cussed in detail and in relation to other findings from different
ecosystems, and is tied in-with other metals namiély, Cd, T1, .
Zn, and Al

Exjierimental Section
Clean Room, Chemicals, and Sample Collection. The
development of a class 100 clean room has been described
in detail elsewhere, and clean room practices were followed
(25). All bottles and relevant laboratory equipment were
rigorously cleaned using such cleaning agents as soap, HCl,
HNOsg, and ultrapure water; the procedure lasted over one
week. The ultrapure Milli-Q water was produced usmg a
3-stage demineralization process: reverse osmosis (RO)
distillation, redistillation of the RO water using quartz still,
and final purification via the Milli-Q system. Very high-
purity chemicals including doubly distilled nitric and hy-
drochloric acids (Seastar, Victoria, British Columbia) were
used throughout. More details can be found elsewhere (26).
The collection of samples was done in March 1993 at the
Canadian Arctic’s Agassiz Ice Cap which is situated above
the 80° N latitude and close to northwest Greenland. During
all the sample collectiotis, full clean garments (Saranex jump-
suit, polyethylene (PE) booties and gloves) were worn over
cold weather clothing; all sampling sites were approached
on foot from the downwind side; and any rémoved snow was
discarded downwind, A systematic sampling of surface and
subsurface snow samples was made at 1-km intervals east
and west of the base camp (80° 40’ N, 73°30’ W, 1.8 km above
sealevel). The camp had been in operation diring springtime
for 10 years. The wind direction is predominantly from the
north—northwest (27, 28). A clean Teflon corer (10-cm
diameter by 17-cm lenigth) was used to scoop the immediate
surface snow to a depth of about 5 cm, and to scoop
subsurface show to about 15 cm deep after 5 cm of snow was
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scraped away with a clean scraper. Surface and subsurface
samples were transferred into 1 L low-density polyethylene
(LDPE) bottles.

Apit of ~1 m? areaand 2.3 m deep was dug approximately
2 km tipwind of the base camp. The pit was dug in stages
of 75 cm using a stainless steel shovel with a plastic coated
handle that had been previously rinsed with weak acid (<1%)
and ultrapure water. Toavoid cross-contamination between
samples, the upwind face of the pit was sampled as follows,
A pair of clean PE gloves and a clean Teflon scraper from the
clean storage bag were used to scrape clean the snow face
to be sampled. Clean snow faces were exposed only just
before each sample depth was to be cored: The snow was
sampled by pushing a clean corer into the side of the snow
face. For trace metals, samples were taken from the topto.
the bottom of the pit about every 25 cm with no prior
knowledge of the conductivity profile, which was obtained
after all of the metal samples were taken. The snow was
loosely broken up by squeezing the sides of the corer, and
the sample was poured.into a 1 L. LDPE bottle. When full,
it was tightly capped and placed into a PE sleeve and then
back into its plastic storage box. Triplicate samples were
obtained at 20-, 100-, and 225-cm depths; a single sample
was taken at 195-cm depth, and duplicate samples were taken
at ali other depths. Water blanks were obtained in triplicate
for the LDPE bhoitles.

All sample bottles were transported frozen to the class
100 clean laboratory, thawed, and acidified to pH 1.6 (0.2%
HNO3;) using Seastar HNO3. The stability of the samples and
reference standards (including NIST SRM 1643c) was checked
from time to time, and no change in concentrations was
found over a period of more than one year. - More details
have been discussed earlier (27, 29).

Laser-Excited Atomic Fluorescence Spectrometer
(LEAFS). A copper vapor laser-based LEAFS was described
earlier (30, 31) and was used for the direct determination of
Pb and TL. A 6-kHz repetition rate was used. Normal
operdting power outputs of the lasers are 5—6 W for the CVL
and 0.3—0.5 W{or the dye laser. The approximate bandwidth’
of the laser is 3 pm. In the furnace, the approximate area
of the laser beam is 2.1 mm?, the pulse duration about 7 ns,

and the peak irradiance about 23 kW/cm?2. The 511 nm line .

was used to optically pump a Rhodamine 6G dye laser for
Pb and a Rhodamine 575 dye laser for TL The dye laser.
output (566 nm for Pb, 554 nm for T1) was then frequency-
doubled by a second harmonic generator to give the 283 nm
light for Pb and the 277 nm light for T1. The fluorescence
light (406 nm for Pb and 353 nm for T1) emitted by the excited
atoms was collected, amplified, and interpreted.

LEAFS and AAS Analytical Methods. LEAFS methods
were developed for the direct determination of Pb and Tl
using onlymicroliters of samples. The accuracy and precision
of the methods have been reported using certified reference
materials and spike recoveries. Detection limitsof0.03pg/g
for Tl (0.6 fg) and better than 0.4 pg/g for Pb (10 fg) were
achieved (30, 31). Duplicate analyses were carried out for
everysample. Lead results were generated using the Standard
Calibration technique developed for lake waters (30). The
results were also verified by the use of the known addition
technique (32). Thallium results were generated using an in
situ known addition technique (31). Cd, Zn, and Al were
directly determined using a Graphite Furnace atomic ab-
sorption spectrometer. Multiple injections of 30 uL were
made into the fitnace (2, 33). The detection limits are 0.3
pg/g for Cd (10 multiple injections), 1.5 pg/g for Zn (single
injection), and 0.07 ng/gfor Al (single injection). The analysis
of two certified reference materials, NIST 1643c and SLRS-2,
produced excellent recoveries versus certified values: 125.3
+ 10.8 vs 129 + 11 pg/mL for Pb; 7.8 + 0.5 vs 7.9 ng/mL for

300 - —
C—"] East Sub-5 cm Pb
East 0-5 cm Pb
! West Sub-5cmPb
250 West 0-5'cm Pb

-5Kim -4Km -3Km -2Km -1Km OKm 1Km 2Km 3Km 4Km 5Km

West Distance from Base Camp " East

FIGURE 1. Lead in surface {0—5 cm) and sibsurface (sub-5 cm)
depth relative to the base camp.

T}; 40.0 & 2.5 vs 37.0 + 0.5 pg/mL for Zn; 6.2 + 0.7 vs 6.1 &
0.5 pg/mL for Cd; and 4.5 + 0.1 vs 4.2 &+ 0.2 ng/mL for AL

Blanks. Actual field blanks, representing the actual -
background contamination due to sampling, could fiot be

obtained since it would involve the use of artificial snow
samples with known metal concentrations which we do not
have. We are not aware of any standard procedure to obtain
such blanks for pit sampling. The field blanks were ap-
proximated as follows: during actual saimpling, three clean

empty bottles were exposed to air, capped after samiple -

collection, later filled with water in the clean laboratory, and

acidified as actual snow samples. These blanks wereanalyzed - .
as samples and were found to contain 0.9 pg/g of Pb, 0.05 '

pg/g of TL, <0.3 pg/g of Cd (10 multiple injections), 26 pg/ g
of Zn, and 0.14 ng/g of AL

Results and Discussion

Lead and Other Metals in Surface and Subsurface Samples. '
Figure 1 shows Pb concentrations at various distances from "

the base camp for both surface and subsurface samples. The
concentrations on the east side arefairly constant throughout
for both surface and subsurface samples, except the 4-km
samples, which show higher resuits for all five elements, Pb,

T, Cd, Zn, and Al (Figure 1, Table 1). We haveno explanation .
for this, though these high results do not seem to be.
representative of the east side samples. The west side.
concentrations (Figure 1, Table 1) are, in general, higher than.
the east side for all elements. This might have been caused .
by the plane which transported the research team and which

landed southwest of the camp but closer to the west side
sampling sites.

The concentration range for the east side surface snow .
is 105—205 pg/g of Pb and is somewhat smaller than 241— -

365 pg/g, the range reported by Sturgeon et al. (34) for their

surface snow samples; these were collected in April 1992 -

from isolated pits dug on an ice floe north of Ellesmere Istand.
Our Pb results are also smaller than those reported by
Murozuini et al. (150—420 pg/g) for the northwest Greenland
snow samples collected during the summer, spring, and
winter of 1965. These three sets of data are, however, about

the same order of magnitude when compared to Antarctic,

snow concentrations which are <21 pg/g (Table 2). Thethree
Arcticareas are close to each other and are likely under similar
polluted air masses, which may explain the similar magnitude
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TABLE 1. Concentrations of Metals in Surface and Subsurface Snow at Agassiz Ice Cap (March 1993)°

Surface Samples
Distance from Pb {pa/g) Ti (pg/a) Cd (pg/g) Zn (pg/y) Al {ng/g)
base camp (km} ‘west  east west past west east west east west east
1 199.0 117.6 0.74 0.50 5.4 4.2 214 170 17.0 14.0
2 149.5 1185 0.48 0.31 3.1 47 176 290 26.6 249
3 294.8 1555 1.13 0.30 9.2 33 389 155 21.9 24.6
4 295.9 205.0 1.01 0.85 9.7 . 5.0 320 250 215 30.6
5 199.4 105.5 0.45 0.46 4.5 26 202 133 261 7.2
Subsurface Samples
1 90.5 423 0.20 0.24 46 1.5 124 59 6.8 2.6
2 88.9 398 0.38 0.10 2.4 19 107 62 8.7 23
3 117.2 53.0 0.48 0.16 3.2 18 140 56 17.8 1.9
4 221.8 204.6 0.85 0.91 53 8.9 203 307 195 339
5 288 369 0.02 0.08 19 1.9 50 77 54 21

* Thie avérage of the % RSD’s for these results are the following: 6% + 4% for Pb; 8% 3 4% for TI; 2% = 2% for Zn; 8% =+ 6% for Cd; and 4%

=+ 4% for AL

TABLE 2. Metal Cnncenmﬁuﬁrﬂauges '(ﬁglg) for Fresh, Surface, or Recent Snow in Var,ioﬂé im:’éﬁn,l_l_s'

sampling region collection time

Agassiz lce Cap, Canadian Arctic 1993 March, fresh snow

Pb Cd L1 Zn
105—205 0.37-8.88 0.3—0.9

Al{ny/g) reference
56.2-300.5 0.96—17.66 this work

ice floe north of Ellesmere Island 1892 April 241-365 7-18 1.3-2.2 M

Northwest Greenland 1965 summer, spring, 150—420 1
and winter

Antarctic 1980 present day snow 2.6-9.8 0.12-23 1.0-7.4 2,37

Antarctic (various sites) 1983 and 1984 January, 2.3-7.4 1.2-2.0- 38
surface snow

Antarctic, height >700 m 1988/89, 1989/1930, 1990/81 0.18—-0.45 39

(Terra Nova) fresh snow )
Antarctic (various sites) 1993/1994 7=21 3-4 18
Greenland—Spitsbergen area 1980 late summer, 8-20 0.2-0.6 40
! fresh snow o ‘

Greenland—Spitsbergen area 1979 old, accumulated snow 173-226 2.6—6 40

Dye 3, south-central Greenland 1978, 1979 summer 42—-150 7.8-17 140280 41

Dye 3, south-central Greenland 1982 June, fresh snow 160+ 34 24 +12 2.80+0.13 42

Greenland, near Dye 3 1983—1984 present day 5-86 0.2-1.3 7-47 2,37
surface snow

central Greenland

1990 spring—992 summer ,‘0;16—44 0.08=2.5 9-194

<1-26 n

of results/despite the large difference in sampling periods
(1965 and early 1990s). Nineteen sixty-five was a year when
the use of leaded gasoline was still on the rise. More on this
topic will be discussed below.

. Table2 also lists Pb results fiom other areas of Greenland,
keeping in mind the statément by Wolff and Peel (35) that
‘much of the reported trace metals data up to the mid 1980s
are questionable, with the possible exceptions of those by
Patterson et al. (1, 36). Mart (40) reported a range of 8—20
pe/g for fresh snow collected during late summer of 1980
and a fange of 173—226 pg/g for old snow accumulated in
1979 at the Greenland=-Spitsbergen area. Thisindicates that

the concentration in summer is low and smallér than that -

in other seasons, presumably in winter and spring. In
contrast, at Dye 3, south—ceniral Greenland, the concentra-
tions during the summers are high (42—160 pg/g) asreported
by Davidson et al. (41, 42); these results are also shown in
Table 2. Wolff and Peel (2) also reported data for Dye 3 with
a mean Pb vilue of 28 pg/g for one yedr of accumulation
(1983—1984). In general, though;, Pb concentrations:at Dye
3 or central Greenland are less than 100 pg/g (Table 2, refs
2, 11, 34) and are below those observed in northwest
Greenland and Ellesmere Island as discussed above. Thus,
itappears that the Pb deposited on the three regions follows

the order of the Canadian Arctic and northwest Greenland |

> central Greenland > Antarctica. Table 2 also compares
the results for Cd, Tl, Zn, and Al fot all these regions.
Seasonal Variations. The dating of snow samples was

made according to the ¢onductivity profile and the mor-
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phology of the snow pit. Snowsamples were obtained using
PE vials pushed horizontally into the side of the snow pit at
approximately 2-cm intervals, and the conductivity was
measured at 0 °C. Summer ice layers weré carefully noted
and used as reference points. Figure 2 plots the conductivity
readings {open circles) and the summer ice layers (solid
diamonds) with respect to dépth. It clearly shows the
maximum readings corresponding to the winter—early spring
periods and the miniina to the summer~fall periods. Also,
the figure shows Pb results (solid circles) at various: depths,
with the horizontal bars representing two standard deviations
of the results obtained from the different replicate samples
of each depth, and with the vertical bars representing the
width of the snow sampled by the corer. As can be clearly
seen, Pb values also peak out in the winter—early spring
periods for the years 1993, 1992, 1990, and 1988.

These concentiatiorn peaks correspond to the Arctic haze
episedes when the air is loaded with high levels of foreign
pollutants and suspended particulates which often reduce
visibility (43). The haze event is khown to occur annually
from about December to April, when the strong Siberian
anticyclone drives the pollutant-containing air masses from
Eurasia through the Arctic, where a fraction of pollutants is
extracted by snowfalls and archived (20, 21). Atmosphetic
trace metals and major ions also have been shown (22) to
peak duting the Arctic haze period. Furthermore, Barrie et
al. {(23) showed that the historical canductivity and acidity
valuesin ice cofes fiom the Agassiz Ice Cap peaked, as does
the Arctic air pollition, in the December—April periods.



metal pemd 1993 1932
Pb Dec—April 127.2 212.4
. May—Nov 37.6,19.2
TI Dec—~April 0.34 077
) May—Nov 0.15, 0.06
Cd Dec—April 3.7 74
May—Nov 18,15
Zn Dec—April - 153 301
May—Nov 63, 105
Al Dec—Apil 17.7 12.2
May—=Nov 22,15

1991 1990 1989 1988 1986
159.5 201.2 _
293 73.1% 487 13.2 378
0.54 0.84 ,
0.17 0.18¢ 0.12 0.13 0.14
. 5.6 - 5.2
18 . 2.8 1.3 0.4 1.1
: 243 273
96 1780 102 62 88
9.0 _ 7.2
1.0 6.3 17 13 20

* The within-sample % RSD’s are <12% for all metals, except Cd with <25%. ® These values are all higher than otharyaars, It is probably becavise
they are close to the winter values. The resuits are between-samples averages. The rangss of the between-samples % RSD's are the following:
8%—27% for Pb; 8%—41% for Tt; 1%—~27% for Zn; 1%—51% for Cd; and 6%—39% for Al.

Conductivity (uS/cm)

<50

E ".100 -1
g
g
- =3
1504 & B ——— — - 1989
. i% 188
200 4% 3
1987
* 1986
‘250 ¥ 1 T 1 1 T
0 50 100 150 200 250
Pb Concentration (pglg)

and summer ice layers: (e lead O, conductwuly. , ice layers

Therefore our Pb results from accumulated snow and fim
layersmirmr the historical air pollution and snow chemistry
of the region. In fact all of the metal data (Pb, Zn, Al, Tland
Cd) presented in Table 3 show for all practical purposes the
same seasonal pattern.

Compatibility of Pb Data and a Suggested Pollution
Pattern. Since the main concern was on the seasonal
variations, the annual snow accumulations were not col-
lected. However, we had for the years 1988, 1990, and 1992
atleast two values for each year; basically one value for winter
and one or two for summer—fall (Figure 2). As a crude
approximation, aninual deposits were calculated, by averaging
those values, and were found to be 107 pg/g 116 pg/g, and

90 pg/g, respectively; for the years 1988, 1990, and 1992. The -

three values further average to 104 pg/g, which is almost an
order of magnitude higher than the average of 15 pg/g for
Summit, central Greenland, for the years 1990, 1991, and
1992 (11), or 18 pg/g for central Greenland for the years 1989—
1990 (44). This difference seems high but may be real given
the following facts: Agassiz is significantly lower than
Summit, 1.8 vs 3.2 km above sea level; the Agassiz glacier is
weathered with the Arctic haze and with poliuted lower
tropospheric air masses; and Summniit, en the other hand,
receives relatively unpolluted snow from the middle and
upper troposphere (20, 23, 45, 46). Furthermore, Sturgeon

250 T T T " 250
__ Céamp Century,Greenland, 1753-1965 1e70
~ (Murozumi et al. 1969) I
200+ Summit,Greenland, 1773-1992 i % ~|200
o == (Candelone ot al, 1995) I"
D Agassiz fve Cap, Northwast Teritortes, i ,
T gl Canada, 1808-1992 (Biswor) T
§ 150 .. Possible pattem for Camp Century, and |
E — rvegod 'l
’ »
§ 100 A\ #4100
8 |  J
£ |
50 - —150
P " 1970
o . 1 1 1 :
1760 1800 1850 1900 1950 2000

Aga of snow / ice, year

FIGURE 3. Time dependence of Ph concentrations in snow/ice at
three different locations in the Arctic.

et al. (34) reported Pb values which are closer to ours for
snow samples from an ice floe north of Ellesmere Island (83°
94'N, 61° 10/ W). Their samples were collected in April 1992
from two different isolated pits of 30 cm deep, and their Pb

- results-were 241/29 and 365/49 pg/g for top/bottom layers

of the two pits.
Figure 3 shows Pb concentrations covering the past 250
years for three different Arctic areas: Camp Century,

northwest Greenland (dashed line, ref 1); Summit, central” ‘

Greenland (solid line, ref 8); and AgassizIce Cap (star symbols,

this work). The dashed line was originally drawn by -
. Murozumi et al. (1) for the period 1753—1965, where the

datahave been shown to be reliable over the years (8, 35, 47). .

The solid line is the original spline-smoothed curve repre- -

senting the data by Candelone et al. (8) for the period 1773~

' 1992. Since Camp Centuty is lower than Summit (1866 vs

3228 m above sea level) and is expected to receive more
pollution, the relative position of the two lines is reasonable,‘
the dashed line being higher than the solid one.

Since Camp Century and Agassiz have about the same
altitude (1866 vs 1830 m) and are relatively close to each
other, both locations are probably under the influence of the
same polluted air masses. Then, our data should closely fit
the pattern of Pb pollution reported by Murozumi et al.
(Figure 3) and should corr'espo‘nd to a declining trend which
had passed by a certain maximum concentration. Since our
results for the 1990s approximate those of Miirozdami et al.
for 1950, the pattern of the dashed curve and that of the solid
curve between these years (Figure 3) together suggest that

this maximum occurred around 1970—1975 with an annual

concentration near 225 pg/g. Accordingly, a possible Pb

pollution pattern for Agassiz and Camp Century would follow
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the dotted curve as shown in the figure from 1965 to the
1990s.

Lead Sources and Recommended Follow_-Up._ If Pb
concentrations at Agassiz and Camp Century did peak in the
early 1970s, the descent in Pb concentration would have
occurred about mid 1970 (Figure 3) when the phase-in of
unleaded gasoline was implemented in North America (48).
Thus a link to the North American gasoline consumption
seems obvious, especially when Boutron and co-workers (4,
9, 10) showed that the rise and fall of Pb concentration at
Summit was directly associated with the use and discon-
tinuance of leaded fuelin the United States. However, since
Asia and Burope stillused mostlyleaded gasoline in the 1970s,
and since the source of pollution in the Canadian Arctic is
believed to originate in Eurasia (20, 21, 49), the hinted link
to the U.S. source is seriously challenged or even ruled out
by virtue of the isotopic evidences shown by Sturges and
Barxie (50).

A possible scenario is that the rapid increase in Pb
concentration from 1950, observed by Murozumi et al. (1),
was a combination of sources from Eurasia and, to a lesser
extent, eastern Canada and northeastern U.S. (43, 50) since
the consumption ofleaded gasoline increased rapidly in these
sources. Also, nongasoline sources, such as emissions from
metal productions, smelters, coal combustion, refineries, etc.,
still increased significantly in Eurasia. This scenario would
explain the increased difference between the dashed curve

(eastern Canadian, northeastern U.S., and Eurasian source .

mainly) and the splined curve (U.S. source mainly) from 1950
to 1965 as seen in Figure 3. This also supports the fact that
our Pb values are higher than those of Candelone et al. (11)
since the Eurasian source still contains Pb from the con-
sumption of leaded petrol. But the descent of the dotted
curve from 1975 to early 1990s seems too steep, which does
not corroborate with the late (1987—1989) phase-in of the

unleaded fuel ih Eurasia (48). It could be that the data of

Murozumi et al. of 200 pg/g (top of dashed line) might be
too high, making the extrapolated peak of 225 pg/g too high
also, thus the steep descent. A lower top of the dashed line
would make the descent less steep, even less steep than the
slope of the solid line from 1370 to early 1990s. This would
vezify the diminished U.S. source compared to the still very
strong Eurasian source during this time span.

Obviously, additionalreliable data are needed to elucidate
this “nearly solved” question of Pb quantity and sources in
this region. It seems therefore highly desirable that a deep
core of snow/ice covering the last 100 years be obtained
from the Canadian Arctic, and the concentrations of Pb as
well as its isotopic and organometallic characteristics be
determined along with other toxic metals including Hg and
Cd.

Estimation of Metal Fallout Fluxes. Because the amotint
of annual snowfall differs from year to yeat, and because the
concentration depends on the dmount of showfall, metal

- concentration alone could be a “weak” quantity to be used

when comparing quantities from different times or different
regions. Metal fallout flux, which is based on both the
concentration and the amount of snowfall, would be a
complementary quantity to be used for comparison purposes;
it is defined as the product of annual metal concentration
(pg/ g and anmisal snéw acciimulation (g cm-2year!). The
annual snow accumulations wére éstimated from the fluxes
and annual PAHs concentrations reported in 1995 by Peters
et al. (28) for the Agassiz Ice Cap. For the top seven years
(1993—1987), the annual snow accumulations were calculated

'yieldingan averageof11.5 gem~2year—!. This accumulation,

coupled with the Pb concentrations for the years 1988, 1990,
and 1992, results in calculated Pb fluxes of 1.23, 1.33, and
1.04, averaging to 1.2 ng cm2 year~’.
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TABLE 4. compansun of Metal Flnxes (cah:ulatell Average i
Standard Deviation), ng em~2 year™!

metal Agassiz® Greenland® Greenland®  antarctic”
Pb 1.2+£0.2 039 0.85+0.10 0.07 +0.03
Tl 0.005 £ 0.001 :

Cd  0.04+0.01 0.02

Zn 20+03 1.2

Al 7020

= This work for the years 1988—1892. # Candslorie et al. (8), central
Greenland for year 1992. © Boyle et al. (57), central Greenland for the
years 1988—1990. 9 Scarpani et al. ( 19), at Hércules Neve, east Antarctica
for the years 1988—1991.

The flux of 12 ng cm™ year™ is reasonable when
compared to the average flux of 0.85 ng cm™2 year! for
central Greenland in the years 1988—1990 (51), and to 0.39
ng cm~2 year~! for Summit in year 1992 (8). Also, it is -
approximately 18 times the average flux of 0.068 ng cm2
year™! for Hercules Névé, Antarctica, in the years 1988—1991
(19); this is reasonable given the fact that the Arctic is known
to be significantly more polluted than the Antarctic. Table
4 compares the fluxes of Pb and other imetals, dad shows
thiat our results are highet than those for central Greenland
and Antarctica, which supports the fact that the Agassiz Ice
Cap has received more polluted air masses as discussed
above.
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