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ABSTRACT

By monitoring both the isotope ratio variations and the concentrations of sulfur in bulk
precipitation samples, the seasonal changes in the relative contributions of airborne sulfur from
bacteriogenic and anthropogenic sources have been assessed. Although the &*S values during the
winter months are generally higher than those of the summer months by about 4%, there is no
corresponding seasonal variability in sulfur concentrations. In general, the average SO,
concentrations at urban stations are also higher during the winter months. Precipitation samples
at urban sites usually have higher sulfur contents and are enriched in **S compared to samples at
rural and remote locations. On the basis of these observations, it is suggested that the
bacteriogenic sulfur emissions within the basin may account for 10-30% of all the sulfur emitted
in the basin. The data suggest that the biogenic release of sulfur from land areas may be smaller
than the figures employed in many models of the global sulfur cycle.

1. Introduction

Isotope ratio measurements have provided im-
portant clues on the sources and sinks of sulfur in
the atmosphere (e.g., see Ostlund, 1959; Nakai and
Jensen, 1967; Mizutani and Rafter, 1969; Cortecci
and Longinelli, 1970; Grey and Jensen, 1972;
Newman et al., 1975a; 1975b; Hitchcock, 1976;
Ludwig, 1976). We have monitored the isotopic
compositions and concentrations of sulfur in bulk
precipitation (rainfall plus dry fallout) samples
collected from October 1973 through June 1975 at
37 stations in the Great Lakes Basin. The results of
the large-scale, regional survey are summarized in
the present report.

The area under study, which is restricted to the
Canadian side of the Great Lakes Basin, covers
about 3.2 x 10° km? Within this region, it is
estimated that 3 x 10° kg of SO, is released
annually into the atmosphere. A substantial quan-
tity of atmospheric sulfur is also imported from the
United States side of the Basin (see Kramer, 1975).
Anthropogenic and bacteriogenic sources account
for most of the annual sulfur emission; less than
10% of the airborne sulfur cycled through the basin
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comes from sea-salt spray and volcanogenic
effluvia (Nriagu, 1975).

2. Methodology

The distribution of the sampling stations is
shown in Fig. 1. Monthly bulk precipitation
samples were collected using the samplers
described by Shiomi and Kuntz (1973). No
bacteriocide was added to the samples which were
stored under aerobic condition. If biological growth
occurred in the samples, it was definitely minor. To
our knowledge, the fractionation of sulfur isotopes
resulting from biological assimilation of sulfate in
aerobic solutions is generally quite small (e.g., see
Ishii, 1953). After filtering through 0.45 um
Millipore membrane, each sample was treated with
two drops of bromine and boiled down to 200—400
ml. The sulfate in the sample was then determined
gravimetrically as barium sulfate.

The barium sulfate was thermally decomposed
to release SO, by the method of Holt and
Engelkemeir (1970). The 34S:32S ratios of the SO,
samples were measured on a dual-collector, isotope
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STATION NAME

TORONTO ISLAND
KINGSTON

PORT STANLEY
PELEE ISLAND
10 GORE BAY
12 THUNDER BAY
13 WIARTON
14 MAIN DUCK ISLAND
15 GUELPH, BLUE SPRINGS
20 SARNIA
30 CARIBOU ISLAND
31 COPPER HARBOR
32 ISLE ROYALE
33 NEYS PROV. PARK
34 PINERY PROV. PARK
35 INVERHURON PROV. PARK
36 GEORGIAN BAY ISLANDS NAT PARK
37 KILBEAR PROV. PARK
38 SCHREIBER

PRECIPITATION
CHEMISTRY STATION LOCATIONS

uokm

Fig. 1. Great Lakes Basin showing approximate locations of precipitation samplers.

ratio mass spectrometer (VG Micromass, 602C).
The isotope ratio results are reported in the usual
units of per mil (%¢) deviations of the 34S :32S ratios
(R) of samples from that of the standard Canyon
Diablo troilite:

83 = 100 (R /R, — 1)

where the subscripts x and std refer to sample and
standard respectively. The reported isotope results
have an overall precision of +0.2%e.

3. Results and discussion

I'he isotopic compositions of sulfur in bulk
precipitation collected during 1973 through 1975
are given in Table 1; the corresponding sulfate
concentrations in the samples are shown in Table 2.
The average ™S data for representative urban
(Toronto and Hamilton), rural (Trenton and

Kingston) and remote (Inverhuron, Kilbear and
Neys) stations are shown in Fig. 2, whereas the
corresponding sulfate concentrations are shown in
Fig. 3. The mean data for all stations in the study
area are also shown (as inserts) in Figs. 2 and 3.

The most striking feature of the &**S data is the
marked seasonal variation, with the samples in the
winter months being much heavier than those of
the summer months. For all the stations, the mean
difference in §**S between the winter and summer
months is about 4%,. The disparities in §**S values
between the urban and rural as well as remote
stations are also quite pronounced. In general, the
remote stations are lighter than the urban stations
by about 2%. In contrast to the &**S data, seasonal
variations in sulfate concentrations are either not
apparent or are very subdued (see Fig. 3). Notice
also that the sulfur concentrations at remote
locations are less than those of urban stations
(Table 1).
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Fig. 2. Seasonal variations in averaged 6**S data for urban, rural and remote stations. The graph for all stations is

shown as an insert.

Several studies of temporal and spatial variations
in isotopic composition of sulfur in precipitation
have addressed the question of the origin of
atmospheric sulfate and the washout mechanism.
Mizutani and Rafter (1969) determined the isotopic
compositions of both oxygen and sulfur in “rain
only” samples collected at Gracefield, New Zea-
land, during only five months. Their data did not
reveal a definite temporal trend, but did indicate
that a large percentage of the sulfate in their rain
water was derived from sea-salt sprays. Cortecci
and Longinelli (1970) monitored the “precipitation
only” samples at Pisa, Italy, from August 1968 to
July 1969, and found the 4*S values to be fairly
constant throughout the year; their data ranged
from —2.5 to 7.1%c. Holt et al. (1972) found large
variations (of up to 5%g) in the isotopic com-
positions of sequential samples collected during
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two storms at Hinsdale (near Chicago), Illinois.
Their results on composite samples from several
storms, between March and June 1970, showed no
temporal variability. It should be stressed that the
studies above have used event only samples
whereas bulk precipitation samples have ex-
clusively been analyzed in the present study. A
recent study (Kramer, 1975) shows that the
deposition of sulfur in the Great Lakes Basin by
rainfall is comparable to that from the dry fallout.
Ostlund (1959) analyzed precipitation samples
collected at several locations in North America and
Scandinavia during 1957-58 and found no
variation in &**S values with sample location. On
the other hand, Jensen and his colleagues (Nakai
and Jensen, 1967; Grey and Jensen, 1972) found
large variations in the §**S values of rain and snow
samples collected in Japan and the U.S.A. which
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Fig. 3. Temporal variability in averaged sulfate contents of precipitation samples from urban, rural and remote
stations. The mean data for all stations are shown as an insert.

were attributed to differences in the admixture of
sulfur compounds from bacteriogenic and anthropo-
genic sources. They reported that the copper
smelters near Salt Lake City were the dominant
local sources of sulfur on a yearly basis, but that
biogenic sources made a significant contribution
during periods of peak activity. Ludwig (1976)
recently reported that the %S values of aerosol and
cloud droplet samples collected in unpolluted
marine air (San Francisco Bay area) were lower
than those from the adjacent and more polluted
urban areas. He concluded that the sulfur aerosols
in the marine air were mostly derived from bacterio-
genic sources. These studies thus generally show
that the sulfur derived from seasalt sprays is not as
great as one would expect, even in coastal areas,
and that most of the airborne sulfur comes from
pollutant and biogenic sources.

The processes responsible for the observed
seasonality in the 6**S values probably include: (a)
seasonal variations in the contributions of the
different sources to the atmospheric sulfur burden
and (b) changes in mechanism of origin of the

sulfur in precipitation, such as the fractionation of
the isotopes during the removal of sulfur by rainfall
compared to snowfall. The observed temporal
trend in &*S values cannot be due to seasonal
differences in the amount of sulfur removed from
the atmosphere because the graphs of sulfur
concentrations do not show a corresponding
systematic variation. Indeed, Fig. 4 shows that the
&**S values are independent of the sulfate con-
centrations in monthly bulk precipitation samples
particularly at the urban stations. It is also
significant that the 0**S values are not strongly
influenced by the precipitation intensity either
during the summer or winter months (see Fig. 5);
sequential sampling of storms likewise shows no
systematic trend in the **S values (see Holt et al.,
1972).

Little is currently known about the fractionation
of sulfur isotopes during the rainout versus
snowout of sulfur compounds from the at-
mosphere. In an effort to get a handle on the
problem, we are now monitoring the isotopic
composition of sulfur in precipitation samples

Tellus 30 (1978), 4
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Fig. 4. Relationship between the §*S values and sulfate contents of bulk precipitation samples from remote (A) and

urban (B) stations.

collected near the smelter stacks at Sudbury
(Ontario), a source with relatively constant &%
value. The preliminary data also show a seasonality
in 6*S values, implying that washout phenomena
may contribute to the observed difference in the
data for the summer and winter months. Around
Sudbury, however, there is a significant correlation
between 0*S and the sulfate contents of the
precipitation samples. The absence of a similar
correlation in the present regional surveys suggests
that the seasonal variability in 6**S data cannot be
attributed solely to the isotopic fractionation
associated with the washout phenomena.

In order to ascertain exactly the isotopic effects
of the precipitation processes, it would be
necessary to determine the &°¢S values of the
simultaneously collected SO,, SO3~ and the rainfall
or snowfall. It was not feasible to include all these
measurements during the present study. We
recognize that the sulfur content of the bulk
precipitation samples is related in a complex
fashion to the sulfur content of the ambient air (see
Fisher, 1977). Table 3 shows the average monthly
SO, levels at selected urban stations in the Great
Lakes Basin; comparable measurements at non-
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urban locations are not available. Incidentally, the
reduction in the SO, level at Sudbury is related to
the installation of taller stacks at the smelters.
Unfortunately, none of the air monitoring stations
matches the rain monitoring station, making it
impossible to assess the relationships between the

.
.9 L
a b
H
.8 toa
. .
PN .
+74 4 .
A
. aa
> 6 . . .
=N . A
g"’ 5 . . "
o
. o o . .
+4 . o
3
Key
2 ® APR - SEPT
4 OCT- MARCH
1 3 - .
0 2 a [ 8 0 12 4 % B 20

AMOUNT OF RAINFALL (cm)

Fig. 5. Plot of mean rainfall (cm) versus 6**S for urban
stations.
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Table 3. Monthly average atmospheric sulfur dioxide concentrations at locations in the Great Lakes Basin

Time and SO, concentration (parts per hundred million)*

1974
Jan. Feb. Mar. Apr. May June July Aug. Sep. Oct. Nov. Dec.
Windsor
Norton Terminal Dock 1.8 34 19 1.7 2.1 1.6 1.9 24 2.0 37 2.3 1.8
471 University Ave. 5.5 35 1.6 35 25 28 4.0 32 2.6 3.6 3.1 3.8
Toronto
67 College St. 24 2.0 1.2 1.7 0.9 0.8 0.7 1.1 0.8 04 0.9 1.8
Science Center, Don Mills 2.0 1.5 . 1.5 1.3 2.1 1.6 1.8 1.2 2.7 2.5 1.5
Evans and Arnold St. 2.2 2.1 1.5 1.8 1.9 1.7 1.5 0.9 0.7 1.3 1.2 1.5
Lawrence and Kennedy St. 0.6 0.6 0.5 0.7 0.6 0.7 0.6 12 1.1 1.3 0.7 0.9
Pharmacy and Hwy 401 1.0 0.9 1.1 1.1 0.9 1.1 0.6 0.6 0.3 0.2 0.4 0.6
Hamilton
Barton and Sanford St. 2.0 33 2.3 2.1 2.7 2.0 1.3 1.5 1.3 2.8 1.9 2.6
North Park 5.7 1.5 1.6 1.8 1.0 1.2 1.3 1.2 2.1 1.8 14 2.0
Sudbury
Ash St. 3.0 3.0 35 37 2.7 3.1 5.1 3.5 3.0 24 31 35
Sarnia
156 Victoria St. 2.3 — 1.7 2.5 2.7 22 1.7 29 4.1 4.2 3.8 33
Average
(Sudbury excluded) 2.6 2.1 1.5 1.8 1.7 1.6 1.5 1.7 1.6 2.2 1.8 2.0
1975
Jan. Feb. Mar. Apr. May June July Aug. Sep. Oct. Nov. Dec
Windsor
Norton Terminal Dock — 4.2 24 2.8 3.1 3.0 3.2 2.3 1.0 0.7 1.0 1.4
471 University Ave. 4.3 4.0 2.1 24 2.9 2.1 33 2.7 24 1.8 2.1 2.8
Toronto
67 College St. 1.3 1.5 2.0 1.4 1.6 19 1.1 0.7 0.9 1.9 1.6 1.9
Science Center, Don Mills 1.7 2.0 0.6 0.8 1.3 1.0 1.8 2.5 0.9 1.2 1.1 14
Evans and Arnold St. 1.8 1.8 1.2 1.2 1.1 0.8 0.6 0.3 0.5 0.8 1.2 1.5
Lawrence and Kennedy St. 0.9 0.9 0.6 0.9 1.0 2.0 1.4 0.9 1.3 1.8 1.5 1.7
Pharmacy and Hwy 401 1.1 0.9 0.9 0.9 1.5 14 0.9 0.3 0.6 1.6 0.9 1.2
Hamilton
Barton and Sanford St. 2.1 20 2.2 2.3 22 2.0 1.1 1.8 1.5 24 2.1 2.6
North Park 2.0 1.7 1.0 0.6 0.9 0.5 1.2 1.4 1.1 1.3 2.0 1.9
Sudbury
Ash St. 5.1 4.2 4.1 3.1 39 2.1 2.3 2.1 2.2 1.3 1.6 1.3
Sarnia
156 Victoria St. 29 24 1.6 24 2.3 2.5 24 — 1.1 24 2.8 24
Average
(Sudbury excluded) 2.0 2.1 1.5 1.6 1.8 1.7 1.7 1.4 1.1 1.6 1.6 1.9

* Compiled from data published by National Air Pollution Surveillance (1974/75).

sulfur isotopic composition and the ambient sulfur
concentration. Table 3 does, however, emphasize
the local origin of the atmospheric SO, at the urban
stations. It is equally noteworthy that the average
SO, concentrations at the urban locations are
higher during the winter months than during the
other times of the year (see below). Hitchcock
(1976) also found the mean sulfate levels in urban

sites in U.S.A. during winter and spring to be much
higher than those of the other seasons.

The possibility that the seasonal variation in **S
may stem from differences in the extraregional
contribution of sulfur by seasonally different
prevailing winds should also be considered. Three
major air mass types dominate the weather in the
Great Lakes Basin: Arctic air, which moves in

Tellus 30 (1978). 4
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from the north mostly in the winter time; Pacific air
from the west coast, and the warm tropical air,
which moves north from the Gulf of Mexico across
the industrial regions of the eastern and mid-
eastern U.S.A. The first two air masses should
generally be clean, whereas the third air mass
(which is responsible for much of the summer
rainfall, often in the form of convective storms)
should be heavily loaded with pollutant sulfur
(Summers and Whelpdale, 1976). In terms of the
prevailing winds, the sulfur contents of bulk
precipitation samples and the mean monthly
atmospheric SO, concentrations should be higher
in summer compared to the winter time. Inspection
of Table 2, however, reveals no significant seasonal
differences in the observations made during 1974
and 1975; in fact, the opposite trend is found in
urban stations (Table 3). Altschuller (1976) also
reached the conclusion that climatological factors
exercise only a minor influence on the regional
distribution of sulfate in the U.S.A.

The foregoing suggests that the seasonal dif-
ferences in 8°*S values are due, in part, to changes
in the relative amounts of the atmospheric sulfur
compounds derived from bacteriogenic and
anthropogenic sources. It may be argued that in
winter months, the increased use of fossil fuels to
provide space heating increases appreciably the
release of sulfur into the basin atmosphere (see
Table 3). Recent studies by Goffin (1973) and
Caulson (1973) suggest that the emission of SO,
associated with space heating constitutes 10-30%
of the total annual SO, emissions from
anthropogenic sources. High SO, levels and high
0**S values in winter times observed at the urban
areas (see Fig. 2 and Table 3) are evidence that
within the basin, the sulfur, due to space heating,
apparently is enriched in %S relative to the
background suifur at the remote stations. In
summer months, the space heating elements are
inactive and the fact that the sulfur contents of the
bulk precipitation remain unchanged (or show a
marginal increase) can only indicate substantial
bacteriogenic addition of sulfur to the atmospheric
sulfur pool. The decrease in 6**S values during the
summer months strongly supports the argument;
bacteriogenic sulfur released from soils and wet-
lands is characteristically depleted in 3*S (see Kemp
and Thode, 1965; Grey and Jensen, 1972; Nriagu
and Coker, 1976). By considering the isotopic
effects of the washout phenomena to be minor, we
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can speculate that the maximum bacteriogenic
contribution to the atmospheric sulfur burden is
comparable to sulfur emissions associated with
space heating, i.e., that the maximum contribution
of sulfur from bacteriogenic sources is 10~30% of
total sulfur emitted in the basin. Using other lines of
evidence, Hitchcock (1976, 1977) essentially ar-
rived at the conclusion that biogenic sources may
give rise to local concentrations of particulate
sulfur which are comparable to those observed in
many cities in winter when pollutant sulfate sources
are large.

There is the possibility that the sulfate at the
remote stations represents anthropogenic back-
ground sulfate, whereas that at the urban sites
includes both the common background sulfur and
the specific contributions from local urban sources.
In this case, it is doubtful whether the marked
seasonality in §**S values would be observed unless
the urban sources are putting out sulfur with
seasonally varying isotopic composition. Even so,
the differences between the %S values of the
winter and summer months should be much larger
at the urban stations. Fig. 2, however, shows the
amplitudes of the sinuous graphs for the urban and
remote stations to be quite similar.

Our interpretation of the data needs to be
confirmed by (a) the study of the time-dependent
variation in 6**S values of atmospheric sulfur in the
basin, and (b) a detailed inventory of the sources
and fluxes of sulfur in the basin. Indeed, it is our
sincere hope that the present report will stimulate
other studies on the cycling of sulfur in the Great
Lakes Basin. The interpretation is consistent with
the conclusion by Hitchcock (1976, 1977) that a
large fraction of the summertime atmospheric
sulfate, in many parts of the United States, is of
local biogenic origin. This point was clearly
demonstrated in the Monroe County (New York)
sampling network, where she noted a strong
correlation between SO, emissions and sulfate
concentrations in the winter, but virtually no
agreement in the summer, when the pattern was
congruent with the distribution of wetlands.

Thus, by monitoring both the isotope ratio
variations and the concentrations of sulfur in
monthly bulk precipitation samples, it has been
possible to ascertain the seasonality in the relative
emissions of sulfur from anthropogenic and bio-
genic sources. The data implicate the summer time
release of sulfur from soils and wetlands as an
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important source of atmospheric sulfur compounds
in the Great Lakes Basin. It seems reasonable to
suggest that some of the bacteriogenic sulfur is
derived from pollutant sulfur deposited on soils and
wetlands in preceding years. Most models of the
global sulfur cycle invoke such bacteriogenic
emissions in order to balance the sulfur budget (see
Robinson and Robbins, 1970; Moss; 1977). The

J. O. NRIAGU AND R. D. COKER

considerably smaller than the figures employed in
many model calculations.
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W30TOITHBIA COCTAB CEPBHI B OCAIIKAX B BACCENHE BEJIUKUX O3EP

IlyTeM MOHMTOPMHIa KaK BapHauuii OTHOIIEHM
HM30TONOB, TaK M KOHLEHTPALMHH cepbl B mnpobax
OCaJKOB, OlpeneneHbl Ce30HHblE K3MEHEHHA B
OTHOCHTENbHBIX BKJIaJaX Cepbl B BO3AyXe OT GakTep-
HOTCHHBIX M AaHTPOMOTeHHbIX HMCTOYHHKOB. XOTA
BeMYHHBI §74S 3uMOl 06bIvHO BhIle Ha 4%,, 4eM
JIETOM, HET COOTBETCTBYIOLIEH Ce30HHON H3IMe-
HYMBOCTH B KOHLEHTPALMAX cepul. B 061eM cpeanue
KOHUeHTpamuu SO, HAa TOPOACKHMX CTAHLMAX TaKXe
BLIlle B 3MMHME Mecausl., [IpoGsl ocankos B ro-

Tellus 30 (1978), 4

POOCKMX MecTax OOBIMHO HMEWT O6ojiee BHICOKHE
KOHLEHTpallid Cephl M oborauieHsl *S mo cpas-
HEHHIO ¢ MpoGaMH B CENBCKMX M OTAAJICHHBIX Me-
cTHOCTAX. Ha OCHOBE 3TMX HaGNIONEHWH BBISCHEHO,
410 GaKTEepHOTEHHBIC MCTOYHMKH Cephl B Oaccefine
Benukux o3ep NPHONIHM3MTENLHO IKBHBAJIEHTHBI IO
UHTEHCHBHOCTH HCTOMHHKAM CE€pbl, CBA3aHHBEIM C
HCTIONb30BaHMEM HMCKONAEMBIX TOIUIHB A1 oborpe-
Ba, T.c. OAKTEPHOTEHHBIE MCTOYHHKHM IIOCTaBISFOT
ot 10 no 30% cepsl, BBIMycKkaeMoif B 3T0# obnacTH.



