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Abstract. This paper describes investigations into the characteristics and atmospheric fate of emissions from
the INCO and Falconbridge Ni smelters at Sudbury, Ontario. The former smelter was of special interest,
being one of the largest point sources in North America, with most of its emissions being released from a
381 m ‘Superstack’. Emission rates of S compounds, trace metals, and a number of other substances, have
been quantified. The subsequent dispersion, transformation and deposition of these pollutants has been
studied in a number of intensive field campaigns, as well as by longer-term precipitation and air monitoring
programs. The results of these investigations are summarized, and the contribution of Sudbury emissions
to wet and dry deposition in the Sudbury Basin assessed.

1. Introduction

Sudbury, the location of one of the world’s largest Ni smelters (Figures 1 and 2) and
a major source of SO, and trace metal emissions in North America, has in recent years
been the focus of heated debates, both in the context of local impacts of the smelting
activities, and the long-range transport of air pollutants and the acid rain phenomenon.

Several changes in the local smelting practices have taken place since the beginning
of the century (Ontario Ministry of the Environment, 1982a), progressing from the crude
ignition of open piles consisting of sandwiches of sulfide ore and timber (which caused
extensive local damage of soils and vegetation due to trace metal and SO, pollution),
to the construction of smelters in the 1920’s and 1930’s with stacks to disperse the
emissions. At present, two smelters operate in the Sudbury area-INCO Limited and
Falconbridge Limited — having current rated production capacities in the order of 137
and 40 x 10°kg Niyr ', respectively. Damage to the ecosystems in the vicinity of
Sudbury due to smelter emissions has been well documented (for example, see
references Hutchinson and Whitby, 1974a, b, 1977; Whitby and Hutchinson, 1974;
Beamish et al., 1975a, b; Beamish and Van Loon, 1977; Freedman and Hutchinson,
1980b; Gorham and Gordon 1960a, b). In August 1972, with the belief that tall stacks
would significantly improve local air quality, the world’s tallest stack, the INCO 381 m
‘Superstack’ became operational.

In 1973, MOE initiated a multi-disciplinary study to assess both the atmospheric and
aquatic environmental impact aspects in the Sudbury area. The aquatic study has been
reported elsewhere (Ontario Ministry of the Environment, 1982b). The early atmos-
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Fig. 1. Location of the Sudbury Basin in Ontario.

pheric studies took the form of projects awared to universities and consulting firms.
As a consequence of the findings of the early work, the Air Resources Branch (ARB)
of the Ministry began an integrated program in 1977, an overview of which is given by
Chan (1982).

In essence, the problem under study was to determine the origin and fate of the
poliutants, the nature and quantity of the emissions, their dispersion, chemical trans-
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Fig. 2. The INCO 381 m Superstack.

formation, and ultimate deposition as listed in Figure 3. Information on emission rates
and characteristics was obtained by stack tests or airborne plume-level sampling near
the stack; information on the subsequent fate of the emissions resulted from routine air
and precipitation monitoring as well as special field studies. Mathematical models
developed for the Sudbury area were used not only to aid in the interpretation of the
experimental data, but also to examine various emission control scenarios.

This account summarizes the results of the atmospheric research carried out after the
Superstack was erected and operational, with a special emphasis on the comprehensive
studies carried out by the Ontario Ministry of the Environment (MOE).

2. Source Testing

There are a number of chimneys associated with the Sudbury smelters which emit gases
from pyrometallurgical smelting processes (the 381 m and 194 m stack at INCO, and
the 93 m stack at Falconbridge). Appreciable amounts of SO, and trace metals also
emanate from low-level sources such as roof vents and a pelletizer plant (which has two
45 m stacks). An extensive series of emission tests over the period 1973-1981 (Ozvacic,
1982) has led to the overall annual average values for the major emittants shown in
Table L. It should be noted that over the study period, there has been a considerable
variation in annual emission rates, largely due to smelter shutdowns or process changes.
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Fig. 3. Schematic representation of the atmospheric component of the Sudbury Environmental Study.

TABLE 1

Average yearly emissions (tonne) of major pollutants in the Sudbury Basin for the period 1973-19812

Source SO, H,SO, Total Fe Cu Ni Pb As
particulate

INCO 381 m 885667 7270 11417 990 245 228 184 114
stack

INCO 194 m 54568 1664 2380° 643 171 226 6 4
stack

INCO smelter 12000 88 586 70 242 31 0.6 0.1
(low level)

INCO Two 45 m 4073 2354
stacks

Falconbridge 173000 438 865 98 11 9.6 134 6.4
93 m stack

Total 1125235 9460 15248 1801 669 500 204 125

= Basis: 365 days x 24 hr day~! production.
b Based on tests conducted in 1977 only.
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TABLE II

Variation of SO, and particulate emission
rates (10° tonne) at INCO 381 m Superstack

SO, Particulates
1973 1171 122
1974 1126 14.1
1975 1141 143
1976 1163 14.5
1977 1069 13.8
1978 535 8.1
1979 383 6.5
1980 733 10.1
1981 650 9.2

Table II, for example, shows the annual variation in emission rates of SO, and
particulates at the INCO 381 m stack, over the period 1973-1981. It may also be noted
that measurements of NO, and HCI have also been made at the 381 m stack, showing
emission rates of about 3000 and 500 tonne yr ~ ', respectively.

Particle size distributions have been measured, both in the two tallest stacks (Ozvacic,
1982) and in the plume near the stacks (Chan et al., 1982a, b, 1983). The in-plume
studies, which are perhaps of greater interest in the context of atmospheric deposition
(since particle size distributions are modified when the hot gases are mixed with ambient
air on exiting from the stack), have shown that in the 381 m stack plume, metals such
as Fe, Cu, Ni, Al, Mg and Mn are in particles with mass median diameters greater than
2.5 um, while Pb, Zn, As, SO,~, NH,* and Se occur in particles with mass median
diameters less than 2.5 um. Observations were generally similar in the Falconbridge
stack plume, while at the 194 m stack plume, particle size distributions appeared to
depend on the plant operating conditions. Most of the emitted sulfate is in the form of
H,S0, and depending on the source is about 0.4 to 3%, of the SO, emissions.

3. Monitoring Programs

A number of monitoring programs have been carried out, especially over the period
1978-1980 to determine the ambient concentrations and fate of the pollutants deposited
through wet and dry mechanisms, and to provide data for model validation.

3.1. WET DEPOSITION MONITORING NETWORKS

3.1.1. Bulk Sampling Network

The first organized precipitation monitoring program in the Sudbury area in the early
seventies was made by Kramer (1973, 1975, 1976) who operated a comprehensive bulk
deposition network in central and northern Ontario. Using data obtained from this
precipitation network with a varying number of stations from 1970 to 1974, Muller and
Kramer (1977) concluded that with the commissioning of the 381 m stack, while there
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was less deposition of SO, =, Fe, Cu and Ni near the source, the affected area had
increased. However, deposition rates were still found to be highest in the Sudbury area.
Deposition rates (in decreasing order) were found to be as follows: Fe, Ni, Cu, and S.
The fraction of emitted pollutant deposited within an area of 3200 km? varied from over
100%, for Fe, 699, for Ni, 429, for Cu, to 0.6% of total S.

Qualitatively similar results from bulk sampler measurements, suggesting that the
smelter-emitted trace metals are mainly locally deposited whereas most of the SO,
undergoes long range transport, have been reported by other investigators (Freedman
and Hutchinson, 1978; Scheider et al., 1980; Jeffries and Snyder, 1981; Kramer and
Snyder, 1977).

3.1.2. Cumulative Monthly Network

The Air Resources Branch of MOE completed the installation of a wet only monthly
deposition monitoring network in mid-1978, to measure the long term wet deposition
field out to a radius of 150 km from Sudbury (see Figure 4). This network and the daily
network described in Section 3.1.3 were operational until the end of the Sudbury
Environmental Study field program in May 1980 (Chan ez al., 1982¢, d).

Concentration and deposition fields of the pollutants measured in the cumulative
monthly network were assessed in the light of concurrent smelter operations (Chan
et al., 1982¢c, 1984b). It is of special interest that INCO was not operating, either due
to maintenance shutdowns or labor disputes during most of the first study year
(Falconbridge shutdown ~ July 1 to August 21, 1978; INCO shutdown — July 17 to
August 27, 1978; and INCO strike — September 16, 1978 to June 7, 1979). Thus
comparison of the two periods June 1978 — May 1979 and June 1979 — May 1980 yielded
information on the long-term smelter impact on wet deposition in the Sudbury Basin.

The overall network geometric mean precipitation concentrations (for all cumulative
network stations) of the 78/79 and 79/80 periods referred to above were: pH, 4.1 (78/79)
and 4.2 (79/80); and in mgL~! sulfate, 3.4 and 3.4; N-nitrate, 0.6 and 0.6;
N-ammonium, 0.3 and 0.4; Fe, 0.06 and 0.07; Cu, 0.003 and 0.004; Ni, 0.001 and 0.002;
Pb, 0.013 and 0.009; and Zn, 0.011 and 0.009. Results of a Student — ¢ test analysis
indicate that the mean concentrations for the two periods are not statistically different
at the 959, confidence level. Bearing in mind of the significant difference in the emission
rates for the two study years, it is clear that other factors, such as the contribution of
species by long range transport from sources outside of the immediate area, and
year-to-year meteorological variability, have a significant effect on Sudbury area precipi-
tation chemistry.

The precipitation concentration and wet deposition fields for the 1978/79 and 1979/80
periods showed the greatest impact of smelting activities to be for Cu and Ni (i.e., there
were clearly elevated long-term concentrations in the vicinity of Copper Cliff, when the
INCO smelter was operating). A second group of trace metals (Pb and Cd) showed only
a minor smelter impact. Results for the other substances examined (H*, SO, ~,NO, ™,
NH,*, Fe, A, Mg* *,Ca* *, K", Na*, and Cl~) apparently were largely governed
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by non-smelter-related phenomena, such as long range transport into the study area, and
contributions of local windblown dust or vehicular traffic.

3.1.3. Daily Network

In June 1978, a second deposition monitoring network was also installed, which
measured daily bulk deposition on days of precipitation. This daily network was
established to assess the impact of the INCO sources within about 50 km of Sudbury.
The results for Falconbridge were based on relatively few data, and will not be discussed
further here. The two year daily network data were stratified according to the type of
frontal passage, and whether or not the sampler was downwind of the smelter during
each storm. Based on the analysis (Chan ez al., 1982d, 1984a) of the stratified data, the
following conclusions were made:

Background precipitation concentrations (as observed in the Sudbury area) associ-
ated with cold fronts were usually lower compared to those accompanying warm frontal
passages. Concentrations of species such as H*, SO, =, NO, ~, and trace metals which
are found in sub-micron particles and have a contribution due to long range transport,
were in general higher with back-trajectories from the S and SW sectors, where the
major emission areas in Canada and the United States are located. Note that warm
frontal storms are generally associated with southerly back-trajectories at this location.

Table IIT summarizes the results obtained from the daily network. With the exception
of Cu and Ni, most of the wet deposition in the Sudbury area (about 80%, or more) can

TABLE III

Average wet deposition of INCO emissions within a 40 km radius of the smelter per precipitation event

Parameter Emitted Deposited Emissions INCO contribution to
(kg) (kg) removed total wet deposition
(%) (%)
H* 45 x 102 14 x10? 32 6
S 52 x10° 34 x 10° 0.7 8
Fe 7.1 x10? 4.8 x 10? 68 20
Cu 2.6 x 102 2.7 x10? 100 69
Ni 3.5 x 102 1.3 x 10? 36 67
Pb 21 x10? 0.7 x 10? 33 14
Zn 0.55 x 10? 05 x 107 93 12
Al 1.8 x 10? 14 x 10? 80 8
Cd 0.16 x 10? 0.04 x 102 23 28
Cr 0.52 x 10? 0.01 x 102 2.3 8

be attributed to sources other than the INCO smelter. Long range transport from
sources to the south is implicated for many parameters, notably acidity and the
acid-precursors, sulfate and nitrate. Nevertheless, careful meteorological analysis of the
data showed a definite influence of the smelters on the local downwind precipitation
quality can be detected for almost all of the substances known to be emitted. For
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example, average downwind precipitation Cu and Ni concentrations were found to be
an order of magnitude higher than upwind values in INCO’s case. In many cases, this
smelter influence can be detected to a distance of more than 40 km from the source.

It was found that most particulate constituents (acids, sulfates, trace metals) are
scavenged quite efficiently from the smelter emissions during both rain and snow storms,
and almost total removal occurs within the Sudbury area for some trace metals (e.g. Cu).
The percentage of the total emitted S thus removed is much lower, mainly because this
S is largely in the form of SO,, which is subject to a low precipitation scavenging
efficiency.

3.2. DRY DEPOSITION MONITORING NETWORK

In order to assess the ambient concentration and dry deposition rate of various
pollutants, an ambient particulate matter (APM) monitoring network was set up using
high volume (HiVol) samplers, and occasionally Andersen impactors (see Figure 4).
This air sampling program operated from July 1978 to May 1980 (Chan et al., 1982e,
1984a). Ambient SO, concentration data were obtained from the routine monitoring
network operated in the area by the Ministry’s regional office.
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Typical geometric mean air concentrations (ugm™>) over the 2yr of network
operation were found to be: SO,=12.7, SO, =2.6, N-NO;~ =0.16,
N-NH,* = 0.54, Fe =0.29, Ni = 0.005, Pb =0.04, Zn = 0.02, Cd = 0.001, and
Al = 0.10.

Direct measurement of atmospheric dry deposition is extremely difficult, and no
existing method is suitable for routine field use. The approach taken in this study was
to determine the ambient concentration of the particular substance of interest (be it in
the gaseous or particulate form), and then to estimate the deposition flux from the
product of concentration and a ‘deposition velocity’ (the magnitude of which can be
estimated, although for some substances with large uncertainty; Hicks er al., 1980).

Ambient concentration data for SO, and a number of particulate consituents (includ-
ing sulfates, nitrates and trace metals), together with meteorological data, were used to
distinguish HiVol samples impacted by smelter emissions from those exposed to
background air. From these data, dry deposition rates for various substances were
inferred, both within the plume sector and in ‘background’ areas. Particle sizing
measurements (Chan ef al., 1982a, b, 1983) were used to estimate deposition velocities
for the particulate constituents. Long term average values used in the present calcu-
lations were within the following range (in cm s~ '): SO,, 0.3; SO,~, 0.09-0.14; Fe,
1.1-1.8; Ni, 1.4-1.8; Pb, 0.23-0.34; Zn, 0.25-0.38; Al, 0.87-1.2; and Cd, 0.25-0.49.
The SO, deposition velocity was calculated based on the method of Sheih ez al. (1979)
which attempts to account for factors such as land use, biological status of the vegetation
and atmospheric stability. Particulate deposition velocities were estimated from
McMahon and Dennison (1979). More details are given in Chan et al. (1982e, 1984a).

Table IV summarizes the results of the present investigation. These estimates showed
dry deposition to be a relatively inefficient removal mechanism for SO,, and substances
predominantly in sub-micron particles (i.e., SO, ~, Pb, Zn, Cd), less than 29, of the
emissions being deposited within 40 km of the smelter sources. On the other hand, a

TABLE IV
Dry deposition of INCO emissions (r = 40 km)

Parameter Daily Estimated plume Deposited Background Total®
emissions dry deposition (%) deposition (%)
(kg) (kg) kg)
SO, 2333548 3975 0.17 10427 28
SO; 49067 58.49 0.12 2074.07 2.7
S 1183130 2006.84 0.17 5904.86 25
Fe 1626 247.88 15.2 1090.12 19
Ni 798 20.72 2.6 11.68 64
Pb 480 2.57 0.53 33.68 7.1
Zn 126 222 1.67 26.04 7.9
Cd 37 0.01 0.03 1.07 09
Al 406 36.28 8.9 484.05 7.0

2 INCO deposition/(INCO deposition + background deposition).
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higher proportion of the coarse particles (containing most of the airborne Fe, Al and
Ni) — up to about 15%, or more (long term average) — can be deposited within the same
area.

During the study period, the smelter contribution to the total dry deposition, within
40 km of the sources was greatest for S (primarily due to SO,) and Ni, making up 25%,
and 64%, of thetotal, respectively. The smelter contribution of the other metals examined
(Fe, Pb, Zn, Cd, and Al) was generally less than 209, of the total. Due to sampling
problems, the corresponding figures could not be derived for Cu, but results simular to
those for Ni are expected, based on the available emission rate and particle size
information.

3.3. RELATIVE IMPORTANCE OF WET AND DRY DEPOSITION AND CONTRIBUTION
oF INCO EMISSIONS TO TOTAL DEPOSITION

Data reported in Tables I1I and IV were combined to obtain information regarding (i)
the relative importance of smelter wet and dry deposition in the Sudbury area defined
by a radius of 40 km, and (ii) the contribution of INCO emissions to the total
deposition. In this calculation, two assumptions were made: (i) precipitation occurs on
every third day and (ii) Cu dry deposition is similar to that of Ni. The results are
summarized in Table V. No similar comparison for the Falconbridge source was made

TABLE V

A comparison of wet and dry deposition and relative contri-
bution due to INCO and background*

Parameter Wethnco (Wet + Dry). percer
(Dry)nco (Wet + Dry), ia
S 0.39 0.18
Fe 0.45 0.23
Cu 3.0° 0.7°
Ni 139 0.69
Zn 5.26 0.12
Pb 6.24 0.13
Al 0.90 0.09
cd 6.17 0.23

2 Assuming precipitation occurs, on average, every third day.
Results are average values for an area within 40 km of the
source.

b Assuming similar dry deposition to that for Ni.

because of uncertainties associated with the wet deposition results. Note that whereas
for S and trace metals in large particles (Fe, Ni, Al) wet and dry deposition is similar,
particles in the sub-micron size range (Zn, Pb, Cd) are primarily deposited by precipi-
tation.
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As far as total deposition is concerned, the major smelter impact is seen to be from
Cu and Ni. For most of the other substances examined, INCO contributes about 25%,
or less of the total atmospheric deposition. These results agree qualitatively with the
work of Freedman and Hutchinson (1980a) who made total dustfall-rainfall collections
in the 1976 and 1977 growing seasons in the area.

4. Supporting Studies

4.1. LLOCAL METEOROLOGY AND DISPERSION STUDIES

Quantitative determination of the fate of Sudbury emittants requires a detailed know-
ledge of the meteorological characteristics of the area. From September 1976 to
September 1979 a program was carried out to measure the wind speed, wind direction
and temperature in the vertical using a pilot-balloon minisonde system. The balloon
releases were carried out twice daily (once in the early morning and once in the early
afternoon) under fair weather conditions. The balloons were tracked using dual
theodolites (Vet et al., 1982).

Priority was given to characterizing the meteorology of the Sudbury area during
summer months (May to September) because most of the plume impingement episodes
occur then, resulting in relatively high ground level concentrations and dry deposition
rates. On warm, sunny days, the 381 m stack plume begins looping (due to large scale
convective turbulence) typically between 1000 and 1100 hr and stops roughly 1 to 2 hr
before sunset. The initial impingement of individual plume loops usually occurs at a
distance of 3 to 10 km from the stack. During such looping conditions, SO, concentra-
tions within the mixing layer, and on the ground at various distances from the 381 m
stack, have been measured by instrumented aircraft and ground vehicles during two
intensive field programs conducted in June 1978 and August 1979 (Vet and Chan, 1982).
Ground-level concentrations typically in the range of 100 to 300 ppb SO, (half-hourly
average) were observed.

The meteorological program yielded a great deal of data, which were useful for
interpreting the behavior of the 381 m stack plume, and for mathematical model
development. The results indicate that the effectiveness of a tall stack for eliminating
ground level concentrations is inadequate during convective periods (because of plume
looping) which frequently occur during the summer. This is not the case however, during
the night and during winter months, when inversions are generally below the plume level
and tend to keep the plume aloft thus preventing it from impinging at the ground level.
On the other hand, at these times low level smelter emissions are trapped in stable air
near the ground and can result in relatively high smelter produced ground-level concen-
trations.

4.2. PLUME OXIDATION RATE STUDIES

A number of investigations have been carried out into the oxidation rate of SO, to
SO, ~ in the INCO Superstack plume (Lusis and Wiebe, 1976; Chan et al. 1979, 1980).
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These studies, carried out at different times of the year, indicated that: 1) the SO,
oxidation rate is low, typically 1%, hr~*! or less; 2) as far as 100 km from the source,
109, or less of the S is in the form of SO, ~; and 3) the particulate S is predominantly
in the form of H,SO,. .

It is interesting to note that the oxidation rate under ‘wet’ conditions (the above
conclusions were based on aircraft studies when there was no precipitation) has been
estimated using data from the daily precipitation chemistry network (Chan efal.,
1982d), and found to be comparable to the ‘dry’ value above.

4.3 PLUME WASHOUT STUDY

In 1980 and 1981, a series of intensive field experiments was carried out, involving the
use of remote sensors to locate the 381 m stack plume, and direct sampling of
precipitation underneath the plume at different downwind distances (Millan et al., 1982;
Lusis et al., 1983). These studies clearly showed the impact on precipitation quality of
a large point source of S and trace metal emissions, and the results were used to obtain
scavenging coefficients for use in the mathematical models. For sulfates, the scavenging
coefficient was found to be about 10~*s~! and for trace metals, in the (1 to
2) x 10~* s~ ! range. These results are in qualitative agreement with the earlier work
of Wiebe and Whelpdale (1977) who estimated, from intensive under-plume sampling,
that less than 1%, of the emitted S was scavenged within 50 km of INCO, whereas the
fraction of trace metals was much higher.

5. Mathematical Modelling

As part of the Sudbury Environmental Study, mathematical models were developed to
account for long and short range, as well as long and short term, air quality and
atmospheric deposition.

5.1. LONG RANGE, LONG TERM MODEL

A simple statistical model was developed for estimating long term concentrations of S
pollutants associated with long range transport (Venkatram ez al., 1981, 1982). The
mode} consists of three components; transport and dispersion, scavenging and chemis-
try. Dispersion and wet scavenging are treated statistically. Dry deposition is treated
by assuming loss at the ground through a dry deposition velocity. Sulfur dioxide
oxidation is described by a first-order process. The model was used to estimate wet
deposition of S over a grid covering northeastern United States and Canada. The model
predictions compared well to corresponding measurements of annual deposition, and
the model has been applied to estimate the relative contribution of INCO and Falcon-
bridge to the total S deposition in Ontario and Quebec (Venkatram ez al., 1981, 1982).

The model predicted that, for typical mid-1970’s SO, emission levels, Sudbury
sources contributed up to 309, of the total S deposited during precipitation in most of
central Ontario, with INCO’s emissions dominating, but Falconbridge also contributing
a significant amount (up to 5, of the total). The results from this model are not directly
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comparable to the measurements made within the Sudbury Basin (Table III), but they
do suggest a comparable impact of the smelters within the Basin itself and farther afield,
such as in the ecologically sensitive Muskoka-Haliburton area of central Ontario.

5.2. SHORT RANGE, SHORT TERM FUMIGATION MODEL

Conventional ‘Gaussian type’ dispersion models cannot predict ground level concen-
trations (glc) of pollutants associated with plumes emitted into the convective boundary
layer. Most high glc’s at Sudbury are associated with convective conditions. A model
was therefore developed for this purpose (Venkatram, 1982). The required data inputs
to the model are the climatology of the mixed layer height, solar radiation, mixed layer
winds and the temperature structure above the mixed layer. The model is only applicable
to daytime convective conditions. It was evaluated with ground level concentrations
obtained in the dispersion field studies described earlier, as well as data sets obtained
elsewhere. In about 80% of the cases, model predictions were found to be within a
factor-of-two of the observations.

5.3. SHORT RANGE, LONG TERM MODEL

The short range, long term model uses long term meteorological data in the simulation
of transport and dispersion of pollutants (Ellenton, 1984). Ambient ground level
concentration, as an annual or seasonal average for locations within a distance of about
100 km from the source of emission, as well as annual wet and dry deposition, can be
calculated. This model is still under development, and details will not be given here
except to mention that a preliminary comparison of the calculated seasonal SO,
concentration with the observed values has given encouraging results. Furthermore, it
is interesting to note that the model predicts that the Sudbury sources’ contribution to
S dry deposition is highly direction-oriented (due to local prevailing wind patterns) and
quite significant near the smelters, making up as much as 709, of the total (note that
the estimates in Table IV, based on air measurements, are regional average estimates).

6. Summary

As part of the Sudbury Environmental Study, a concerted effort has been made to
characterize the atmospheric emissions of the Sudbury smelters, and determine their
atmospheric fate.

Emission rates of the major pollutants (SO,, H,SO,, and particulate Fe, Cu, Ni, Pb,
and As), as well as a number of other substances have been quantified. The subsequent
atmospheric dispersion, transformation and deposition of these pollutants has been
studied in a number of intensive field campaigns, as well as by longer-term precipitation
and air monitoring programs, with emphasis on the largest single source in the Sudbury
area, viz, the 381 m INCO Superstack. These studies, and concurrent mathematical
modelling of air quality and atmospheric deposition both in the Sudbury Basin and
farther afield, have yielded the following major findings:

— The contribution of the smelter emissions to the total wet deposition in the Sudbury



56 WALTER H. CHAN AND MARIS A, LUSIS

Basin was generally small, less than 209, for S and a number of other substances with
the exception of Cu and Ni, where the contribution was about 70%,. The above figures
refer to smelter emission rates representative of the late 1970’s. For S, mathematical
modelling suggested that the smelter contribution could be of a similar magnitude farther
afield as well, such as in the ecologically sensitive Muskoka—Haliburton area of central
Ontario.

— The results were generally similar with regard to dry deposition, which was
estimated from ambient concentrations and particle size distribution information, using
a deposition velocity. For S, the INCO smelter was found to contribute a large
proportion of the total atmospheric dry deposition. Mathematical modelling predicted
the S dry deposition to be very direction-oriented, and quite high near the smelters
(making up as much as 70%, of the total).

— On warm, sunny days during the summer, the plume from the largest source in the
area, the 381 m Superstack, begins looping in the late morning due to large-scale
convective activity leading to ground impingement at a distance of about 3 to 10 km,
and resulting in relatively high local ground level concentrations thus limiting the
effectiveness of the tall stack. This condition has been successfully simulated with a
short range short term fumigation model. On the other hand, during the winter months,
and at night, when the atmosphere is stable below plume level, the plume from this
source is kept aloft and can travel for large distances in a coherent form. An extensive
study of the local meteorology has been used to determine the frequency of occurrence
of various atmospheric dispersion conditions.

— The chemical transformation rate of SO, to sulfates in the smelter plume is
relatively low, typically less than 1% hr~!. Although the above figure comes from
experiments carried out largely under fair-weather conditions, estimates based on
precipitation chemistry measurements suggest that it may also be representative of ‘wet’
conditions.

— Precipitation scavenging of the smelter emissions is very efficient (with the
exception of SO,). Typical scavenging coefficients for sulfates were found to be about
30 to 40% hr ', and for trace metals in the 60 to 80% hr~' range.

— Nevertheless, on a long-term basis, a relatively small portion of most of the total
smelter emissions is deposited in the Sudbury Basin by wet and dry processes. Thus,
just as pollutants imported into the area due to long-range transport are a significant
contributor to atmospheric deposition in the Sudbury Basin as a whole, most of the local
emissions leave the Basin and in turn contribute to ecological impacts farther afield.
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