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CRAPTER 1. SUMMARY AND CONCLUSIONS

The prospect of a new industrial development in northeastern
Minnesota to recover copper and nickel raisés the potential for major
atmospheric impacts which may be categorized into human health,
terrestrial ecosystem, and water quality.

This research project characterized northeastern Mimnmesota in terms
of ambient air concentrations and deposition patterns of selected
pollutants (sulfur dioxide, sulfate, total particulate, copper, nickel,
arsenic, cadmium, lead, and mercury) for a base year, 1977, and a future
year, 1985. These data were then used to assess the potential ambient
air impacts of copper~nickel smelting in northeastern Minnesota in terms
of the health, enviroumental, and regulatory issues,

The regional nature of the chavacterization and impact analysis
tasks required an assessment tool that could be used to predict the
atmospheric impacts of a mining industry on a several thousand square
kilometer area which is already experiencing air quality impacts from
existing activity within and outside of the region.

1.1. ATMOSPHERIC DISPERSION MODELING

Well~known short~range atmospheric dispersion models (Climatological

Dispersion Model, CDM, and Texas Episodic Model, TEM) were used by

6 . . . s
Endersen 1 to predict concentrations of SO, and particulates within 10 km

2
of hypothetical smelter sites. Because of the distance limitations of
the short-range models a longer-range model was developed which predicts

concentrations and deposition rates of pollutants at distances up to

150 km from a source.



This: model, the modified gaussian model, incorporates the processes
of dry deposition, wet scavenging, and oﬁidation of sulfur dioxide gas
to sulfate. Horizontal dispersion is appro#imated by the gaussian
distribution, and vertical dispersion is assumed to be uniform from
the ground to the miiing height.

The model can handle 25 sources, 50 receptors, 5 meteorological
stations, and 25 pollutants. Requfred input data for sources include
the source coordinates, stack height, source width, heat emissions rate,
and pollutant emissions rate. The Input data for pollutants include
dry deposition velocity, washout ratio, and ambient air background
concentration. Receptor data include receptor coordinates and start/
stop times for computing.

The modified gaussian model was verified using deposition and

121, 122, 123

ambient air data collected by Kramer around Sudbury,

Ontario. The modified gaussian model was also compared to a well-known
gaussian model, CDM, and to a numerical ﬁodel developed by Ragland.193
Generally; the predicted results were within a factor of two of the
measured results at Sudbury. The model is not as accurate for single
24-hour events as for monthly or annual averages. The model under=
estimated the deposition of copper, nickel, iron, and rainfall amoﬁnt
in addition to ambient air concentrations. The results for copper are
not conclusive because of high control values in the measured data.
Although the éomparison to the standard gaussian model (CDM) and
the numerical model were based on limited data, the comparisions are

good (+ 50%) and the results support the modified gaussian model.

The accuracy of modeling predictions depends on the ability of

2=



a model to simulaie the phgaics of the atmosphere and on the lnput data,
primarily meteorological data and pdllutant data. Meteorolocial data
are readily available, but they are generally obtained near ground level
rather than at stack height where emissions are released. Other sources
of error include estimates of pollutant emissions, stack chavacteristics,
and location of.sources.

A sensitivity analysis was performed on the primary input and
meteorological parameters usi@g 5 sites around Sudbury over a one year
period. The meteorological parameters which were tested include the
rainfall rate, rainfall duration, wind speed, wind direction, and
standavrd deviation of the wind direction. Other input parameters which
were tested Include the oxidation rate, dry deposition velocity,
washout coefficient, and ambient air background concentrations.

The most sensitive inputs to the model are oxidation rate,
background concentration, and deposition velocity because of the large
variation in these values reported in the literature.

Uncertainties in the oxidation rate (2 orders of magnitude)
resulted in changes of a factor of 2 to 4 in ambient air concentrations
of sulfur dioxide and sulfate. Deposition was less sensitive than
ambient air concentrations, but varied up to a factor of 4 for wet
sulfate. Sensitivity decreased with distance from the source.

Ambient air background conceﬁtrations of pollutants are difficult
to define, and literature values range widely. Sensitivity of ambient
air concentrations and deposition rates to hackground coﬁcentrations
increased with distance from the source. A factor of two uncertainty
in the background concentration resulted in about a factor of two

uncertainty in concentration and deposition at about 45-150 km from
w3



the source. Amhient air background concentrations were not required
for the modeling simulations in Minnesoté, and the errors due to
uncertainty in background concentration do not apply. The factér of

2 to 3 uncertainty in the background concentration literature values,
however, is within and greéter than the uncertainty~of the model making
ambient air background values important If they are used in future
applications of the model.

Ambient air concentrationsbare relatively insensitive to changes in
deposition velocity. Deposition rates are more sensitive, and sensitivity
increases with distance from the source. One to 2 orders of magnitude
uncertainty in the deposition velocity resulted in deposition changes
ranging up to a factor of 20,

In general uncertainties of + (15-20)7 in the remaining parameters
(rainfall rate, rainfall duration, wind speed, wind direction, standard
deviation of the wind direction, and the washout coefficient) do not
result in significant uncertainties in ambient air concentrations or
depositions. The overall variation is less than + 20%.

1.2, REGIONAL CHARACTERIZATION

During the course of the Regional Copper-Nickel Study, two years
of air quality data (mid-1976 to mid-1978) were collected in northeastern
Minnesota. The results of this monitoring program revealed that the
present air quality in the region is good. Sulfur dioxide levels were
below the detection limit of 10 pg/mB, and particulate levels in rela-
tively undisturbed areas were about 10 pg/mB, annual geometric mean.
Average regional sulfate levels, 1.9 Pg/mB, were also low. Elevated

particulate levels (2 to 5 times background levels) were measured
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close to dust sources such. as dirt roads, mining operations, and

compunities.
A tabulation of major sources within 150 km of the ore body

identified 84,820 metric tons of 802 emissions per year which were

released during the baseline period. An increase of 1207 is projected

for 1985 (196,700 metric tons per year). For particulates, the baseline

emigsions, 92,540 mtpy are expected to decline 38% to 57,750 mtpy by

1985. The increases in sulfur diozide emissions are primarily due to

growth in the power generation industry and the conversion of the
taconite Industry from natural gas to coal. The expected decrease in

particulate emissions is attributable to improved control efforts,

particularly in the taconite industry.

About 99.57 of the 802 emissions estimated from fuel usage are

attributed to the industrial use of coal. On this basis it was concluded

that area source contrvibutions of 802 emissions are minimal, and that

802 emissions can be adequately characterized by the point sources in

the regional emissions inventory.

The modeling of regional point sources of sulfur dioxide indicates
that about 857% of the total measured sulfate deposition (about 15
kg/ha/yr) cannot be accounted for by sources within the region,
indicating that long~range transport from outside the region (possibly
from as far away as the St. Louis and Ohio valleys, and the east coast
area) is an Important source of sulfates in the study area.

111

If national sulfur emissions double by the year 2000 as expected,

gsulfate deposition in northeastern Minnesota may increase by a factor

Many of the northern lakes are already
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experiencing the effects of acidic rain, and any furthér increases
in sulfate deposition will only eiacerﬁate the broblem,

Without copper-nickel development in the region there does not
appear to be a problem, now or in the immediate future (10 years),
which would threaten to eiceed the ambient air quality sulfur dioxide
standards. Portions of the region are presently experiencing high
particulate concentrations for short periods of time which exceed
the 24-hour ambient standards. Elevated 24-hour particulate concentra-
tions (20 readings above 150 ug/m3 which is the secondary standard) were
observed during the course of the study's monitoring program, and were
generally associated with,pépulation centers and mining operations in
the Mesabi Iron Range. Although there appears to be a serious sulfate
problem, at the present time there are no Federal or State sulfate
standards.

Modeling of the particulate point sources indicates that their
contribution to observed particulate levels is very small, typically
a fraction of a percent. Area sources such as roads and tailings
basins, and transport from outside the region appear to dominate the
existing particulate levels.,

The Minnesota Pollution Control Agency has designated portions
of northeastern Minnesota as non-attainment areas in terms of the
particulate ambient air quality standards. Any neW‘iﬁdustrial develop—

ment in or near these areas which would contribute to particulate

concentrations could be restricted unless other sources in the area

reduced particulate levels to prevent an Increase in overall emissions.



Another air quality regulation which may affect the establishment
of a copper-nickel industry is the short—term (24~hour and 3-hour) PSD
restriction for sulfur dioxide, with the very stringent Class 1
requirements posing the greatest limitations. Present development
plans in the area, principally from the power genervating industry and
the taconite industry, indicate that the increased sulfur dioxide
emissions projected for 1985 are enough to consume and possibly exceed
the 24-hour Clags I PSD increment in portions of the Boundary Waters
Canoe Area to the northeast of the present development along the
Iron Range. This planned development could prevent any new sources of
sulfur dioxide emissions such as a copper-nickel smelter from being
located in the general corridor from the Iron Range communities (Hoyt
Lakes, Biwabik, Gilbert, and so forth) northeast to the BWCA boundary,
unless the Class T restrictions are waived by issuance of a variance.
1.3.  SMELTER MODELS

The foregoing discussion of sulfur dioxide and particulate
concentrations in the region is independent of copper-nickel develob—
ment. In order to investigate the Impacts of copper-nickel smelting,
three hypothetical smelter models were used to predict the ambient
air concentration and deposition patterns of pollutants resulting
from smelting in the region. These models were based on the evaluation
of. various mining methods and processing options'for milling, concen-
trating, extracting and refining the ore. Final selection of models
was predicated on compatibility of the various options, capacity,
pollution control, and economic feasibility. Some of the data for
the smelter eimssions were based on state-of~-the-art information which
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may be estimated, based on professional jﬁdgement of those experienced
in the field. In some instances accuracies could range from a factor
of 10 to 100.

1.3,1. ~Sulfur dioxide emissions.,

The major source of sulfur dioxide emissions in a copper-nickel
development complex s the smelter which processes the concentrated ore
into unrefined metal. Point sources of sulfur dioxide result from the
discharge of the uncontrolled gas stream. The primary sulfur dioxide
control devices are an acid plant which converts the sulfur dioxide gas
to sulfuric acid, and a gas scrubber. Both of these control devices
produce products which may require disposal; for example, sulfuric acid
from the acid plant if there is no market, and sludge from the scrubber.

Fugitive emission sources include leaks in ducts, converters, and
refining furnaces. Tﬁese emissions can be minimized by careful design
of the furnace, efficient gas haundling equipment, and good housekeeping
practices.

A hypothétical copper-nickel smelter with no pollution control
'equipment could emit 200,000 to 400,000 metric tons of sulfur dioxide
emissions each year. Such uncontrolled operations were once standard
practice in the United States, and are still operating in many parts of
the world. The resulting environmental damage is graphically illustrated
by the fact that the area around the Sudbury smelter complex was used
to train U.S. astronauts for the moon walks.

1.3.2, Particulate emissions.

Particulate emissions can result from nearly all phases of copper-

nickel development. Although the smelter is not the only source of
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particulates, there is more concern about these emissions than fyom
other sources because of the high level of metals in the concentrate.

Particulate control in the smelter is primarily accomplished by
cyclones, high efficiency electrostatic precipitators, hooding, and
ventilation systems. Smelter stack emissions result from drying the
concentrate prior to smelting, and from gaseé passing through the acid
plant. A high degree of removal iIs required before the gas stream can
enter the acid plant in order t6 prevent damage. Carryover from the
drying operation is conservatively estimated to be 10%.

If an electric furnace rather than a flash furnace were used for
smelting, particulate emissions would be near zero because the electric
furnace does not have a dryer. .

The major sources of fugitive emissions include leaks in ducts,
converters, screening operations, drying, and the refining furnaces.
These emissions can be effectively controlled in critical areas, such
as the converters, by routing gases to control equipment before final
discharge.

Metal particulates were selected for modeling on the basis of
quantity of element present in the concentrate, toxicity to either
human health or the environment, and the likelihood of release into
the environment. The elements selected for the modeling simulations
include copper, nickel, arsenic, cadmium, lead, and mercury. Volatile
elements such as arsenic and mercury may be carried out of the stack
efther as~abvapor or a particulate. The behavior of these elements is
difficult to predict.: Because low concentrations are present in the

concentrate and a high degree of removal is likely, the potentially
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volatile elements were modeled as particulates. This approach, however,
should be reconsidered in a specific development proposal based on the
composition of materials to be processed, and the technology to be
employed.

1.3.3., 'Modeéls of smelter émissions.

Because a new smelter in the region would have to comply with
Federal regulations; the Federal new source performance standards
(NSPS) provided the framework for quantifying emissions frém hypothetical
models. To meet these standards which limit SO2 in the exit gas streém
to 0.065% By‘volume, a smelter must have the equivalent of double contact
acid plant control (99.5% removal by volume) for all process gases from
roasters, smelting furnaces, and converters. One problem with the
standard is that removal is specified by volume, allowing the possibility
of dilution in order to achieve the standard. A standard based on mass
would not have this shottcoming. Three pollution control configurations
were selected to provide a range of emissions for queling purposes,
The base case smelter model would not meet NSPS, but was included to
provide a worst case perspective. All of the smelter models represent
a smelter/refinery complex producing 100,000 metric tons per year of
refined copper plus nickel metal, and all of the models have a sulfur
fnput of 165,542 mtpy.

Annual sulfpr dioxide emigssions for the base case, option 1, and
option 2 smelters are 12,274 mtpy, 5,502 mtpy, and 1,992 mtpy, respec-
tively. ¥Fugitive emissions are bQOAmtpy~of 802 for each of the models.

Annual particulate emissions are 3,885 mtpy for the base case, and

1,858 mtpy for the option l-option 2 smelters. Fugitive emissions
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are estimated to be 1500 mtpy for each of the particulate models.

There is, of course, a possibility that extremely high concentrations
of pollutants can be released during short periods of time as a result
of an accident, failure of equipment, or during the course of routine
maintenance. TFailure of a major piece of equipment such as the acid
plant could result in high emissions for up to a few hours before
repairs could be made or the smelter operations stopped. It is estimated
that the smelter operations could be stopped in 3 to 6 hours. The
modified gaussian model is not appropriate for simulating periods less
than 24 hours so these upset situations were not modeled. However,
two upset cases, low level release of fugitive emissions and stack
release were modeled for 3-hour periods by Endersen61 using short-range
models.

1.4, POTENTIAL IMPACTS OF SMELTING

The three hypothetical smelter models were used to predict the
ambient air concentrations and deposition patterns of pollutants in the
study region. Since it was not possible to model all possible smelter
locations, the modeling effort was concentrated near the copper-nickel
ore body where atmospheric dispersion patterns are considered to be
fairly uniform. The hypothetical smelter was located south of Babbitt
for site specific simulations, and non-site specific simulations were
also made.

One possible smelter site which would require specialized treatment
is along the Duluth lakeshore which is governed by a complex dispersion

regime created by Lake Superior and 250 meter bluffs along the lakeshore.
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The modeling effort puts the general‘impact of copper-nickel
development on the region's air quality into perspective. Existing
ambient air quality standards, which have been developed to protect
the public health and welfare, are used to highlight problem areas.

1.4.1. Sulfur dioxide.

The modified gaussian model projects that the annual ambient air
quality standards would not be exceeded due to emissions from any of
the hypothetical smelter models; the highest predicted annual sulfur
dioxide concentrations amount to only 6.0%, 2.6%, about 1.0% of the
Federal primary standard for the base case, option 1, and option 2
smelters, respéctivelyu Also, the Federai primary annual standard is
not expected to be exceeded by any of the smelter cases even with
anticipated 1985 regional development. In fact, the highest annual
concentration resulting from the base case smelter coupled with
projected 1985 concentrations amounts to only 8.6% of the Federal
primary standard.

Although the annual ambient air quality standard-is not in jeopardy,
there is a possiblility that the annual PSD increment for sulfur dioxide
could be exceeded by the base case and option 1 smelters alone. Although
some PSD siting limitations based on annual averages may exist, the
24~hour PSD requirement will place even more stringent restrictions
on smelter siting.

A maximum 24~hour sulfur dioxide éoncentrations of 120/ug/m3 is
predicted for the base case smelter -at 5 km from the source. Considering
a modeling accuracy of a factor of 2, there is a possibility that the
maximum 24-hour State standard will be threateded by the base case



smelter at sites close to the source. The State annual (6qug/m3) and
maximum 24-hour (260jug/m3) standards are more stringent than the
Tederal standards (annualmSOfug/mg; maximum 24ﬂhour~365‘pg/53). The
24-hour standard would not be threatened by either the option 1 or
option 2 smelters; ambient concentrations are 50% lower for the option
1 smelter and about 85% lower for the option 2 smelter.

The Class II PSD increment is mnot predicted to be exceeded even
for the smelter model with the least amount of sulfur dioxide control.
However, for all three smelter cases the Class I increment could be
exceeded out to considerable distances from the smelter as shown in
Figure 73 (page 313).

The possibility of a smelter facility being located in the region
will be most seriously affected by the short-term PSD restrictions due
to the proximity of the BWCA and Voyageurs National Park. Exclusions
zones were created around the Class I area for the different smelter
cases (Figure 74, page 313). None of the smelter models are expected
to meet the allowable 24-hour Class I PSD increment for sulfur dioxdde
if located within 10 to 20 kilometers of a Class I area. Only the
option 2 smelter appears to meet the increment between 10-20 and 30—40
km, and the base case model would require at least 70-80 km.

When these data are applied to the ore development zones, it is
seen that none of the smelter models acting alone could be built in
zones 1 or 2 (Figure 75, page 316). The option 2 smelter could be
built in zones 3 and 4, while the option 1 (and of course option 2)
smelter could meet the increment requirements in zones 5, 6, and 7,

Within the factor of two accuracy of the model, at worst, none of the
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smelters could be leocated in zones 1, 2, 3, or 4, and only. the option 2
smelter could he located in zones 5; 6, or 7.

These results apply only to a smelter facility, and do not factor
in the contribution of new or expanded sources other than copper-nickel
development. However, It is predicted that these other sources could
exceed the 24-hour Class I PSD increment even without copper-nickel
development{ Taking this into consideration, smelter siting would
appear to be excluded iIn areas that are between the concentrated line
of sources along the Iron Range and the Class I areas. For this reason,
siting in development 2zones 1, 2, 3, and possibly 4 and 5 may be
precluded. This conclusion is independent of the degree of sulfur
dioxide control achieved by a smelter, since the increment may be
consumed by other sources. Zones 6 and 7 may then be most promising
for smelter siting.

The foregoing analysis of smelter siting is based on ambient air
-quality considerations not on economics. It is likely that a smelter
facility would be located close to the processing facilities, since it
is estimated that a 10~15% savings in smelter capital and operating
costs could result from shared facilities.lS6 Locating the smelter close
to the mines and processing facilities would also eliminate risks related
to transporting the concentrate.

About 757 of the copper-nickel resource lies in zomes 1, 2, and 3.
Zone 4 contains ahbout 20% of the resource, and zones 5, 6, and 7 together
contain just over lOZ.174 It is clear that:when development occurs, ‘the
economic potential will be greatest in those zones that would result in

the greatest air quality impacts.
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The siting question is, one that will have to be answered by the
appropriate authorities, but it is apparent that the 24-hour PSD
increment in a Class I area is one of the standards that will have a
major influence on smelter siting in northeastern Minnesota. The effect
of other new sulfur dioxide sources is also important since they may
consume a portion or all of the Increment, potentially excluding a
smelter from the region. Clearly, the decisions to be made must involve
long-range planning for any future industrial development in the region
as a whole.

The possibility of accidental release of sulfur dioxide emissions
was not modeled using the modified gaussian model because of the short
time periods (3-6 hours) involved. Accidental release was modeled
using short-range models by Endersen.6l It is possible that very high
concentrations ‘could result for short periods of time, but the probability
of occurrence is difficult to predict.

The three smelter models were also used to predict average regional
sulfate deposition. Based on a current average regional depositionvof
about 15 kg/ha/yr, the modified gaussian model predicts increases of
about 15%, 6%, and 27, reépectively, for the base case, option 1, and
option 2 smelters. Since ambient sulfate for the region.is expected
to double by 1985, the increases would be only about half as large.
Although the regional sulfate input from a smelter, expecially a’
facility with state-of-the-art control, is expected to be a minor
contribution to total sulfate deposition on a regional basis, the

contribution close to the smelter may be significant.
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Tor exampl% sulfate deposition at a‘site 5 km east of the base
case smelter iIs predicted to increase by about 607 over current levels.
Although this increase would be reduced to 25% and 107 for the option 1
and option 2 smelters, respectively, these levels are potentially
significant if sensitive lakes are close to the smelter site, or if
they receive a large portion of their inflow from areas surrounding
the smelter. This may be particularly Important during spring runoff
when sulfate which has accumulated during the winter is suddenly
released into surface waters.

The Impact of metals and acid-forming species like sulfate on the
érea's lakes and streams is of wvital interest. Many of the lakes in
the area have low buffering capacity and are already susceptible to
acidic precipitation. Evidence suggests that some of the lakes in the
BWCA are at or near the threshold of acidification which is serious
enough to cause decreased productivity of fish and other aquatic life.

1.4.2. Particulates.

The findings for particulate concentrations from smelter emissions
are similar to those for sulfur dioxide. Annual ambient concentration-=
increases due to a smelter are not expected to pose a problem. For
24~hour concentrations under worst case meteorological conditions,
values that are about 15% of the primary 24-hour standard may occur
at 5 km from the base case smelter; these levels fall to about 27
of the standard at 25 ki. However, there is a possibility that the
Class I 24-~hour increment of lOlug_/m3 could be eiceeded if the smelter
is located too close to a Class I area. Although some restrictions

to smelter siting may exist because of particulate emissions, the
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sulfur dioxide emissions would dictate siting on the basis of the PSD
regulations.

Ambient air concentrations of Hg, Pb, As and Cd resulting from
the option l-option 2 smelter are predicted to be 2-3 orders of
magnitude lower than eiisting levels which are typical of concentrations
measured in vemote areas. Concentrations of Cu and Ni, however, are
predicted to be the same order of magnitude or higher. Deposition of
As, Cd, PB, and Hg are also expected to be at least 2 orders of
magnitude lower. Deposition of Cu and Ni are predicted to be elevated
over current levels,

1.4.3. Human health.

Durivg normal operation the projected release of sulfur dioxide,
sulfates, total particulates, and metals from the smelter models is
not expected to have significant human heslth consequences.. There is
a possibility that concentrations of sulfate and particulates may be
high enough during normal operation on a few days each year to result
in discomfort very close to a smelter controlled only to the level
of the base case. During breakdown conditions people who live within
a few kilometers downwind of the smelter would be affected. Breakdown
episodes would be more of a problem if a smelter were located in a
populated area such as Duluth.

Over the long term, the concentration and deposition rate of
metals may pose a problem for people living within 10 km of the smelter.
Studies have shown that the populations in almost all of the counties
in the United States where copper smelters are currently operating

are experiencing increased death rates from respiratory cancers,
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accidents, and cardiovascular diseaaes.' The actual causes of these
Increases: is: not known; but the results do indicate that a potential
for human héaltﬁfimpactS‘e%istS’from copper smelting in northeastern
Minnesota.

1.4.4. Yegetation "and ‘so6il.

Northeastern Minnesota is potentially susceptible to iImpacts on
vegetation and soil from smelter‘emissionso The pine and aspen trees
which predominate in thHe region are sensitive to acute and chronic
sulfur dioxide exposure. The soils in the region are relatively thin
and poorly bBuffered, and could, therefore by impacted by deposition of
sulfate and metals from a smelter.

During normal operating conditions, vegetation damage is not
expected from the release of sulfur dioxide emissions based on the
mesoscale modeling results.

The modeling studies suggest that the deposition and accumulation of
metals is a potential problem.

Because most of the areas managed for timber by the U.S. Forest
Service are managed for conifer species which require mineral soils, the
leaf litter layers are often removed for planting. Those forest stands
with the least litter will be the most susceptible to metals deposition,
and the resultant decreased rates of nutrient recycling may affect
subsequent growth and productivity. 1In addition to reducing forest
growth, metals deposition onto the soil may also effect germination and
seedling growth.

Little can be done to reclaim areas that have been affected by
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widespread chronic alr pollution; damage méy\not even be visible, but
may- take the form of reduced growth rates. Prevention is; of course,
the best solution. Siting of smelters away from young; sensitive
conifer plantations and areas having low soil buffering capacity can
reduce potential impacts.

1.4.5. Water quality.

Many of tlie region's lakes are soft water lakes that have limited
buffering capacity. This generally includes lakes with the smallest
ratio of drainage area to lake volume; lakes at higher elevations may
be affected first because more precipitation falls in these areas,
resulting in gréater deposition. Such lakes are likely to be headwater
lakes, and Have the least buffering material in their drainage systems.

Data indicate that lakes in the region may already be affected by
acidity from atmospheric sources. Atmospheric loadings of sulfate to
lakes near the BWCA~VNP are at levels associated with the onset of
severe lake acidification in Sweden. However, the association between
atmospheric deposition of sulfate to lakes in Minnesota and acidity of
these lakes has not been proven.

Potential impacts of acidified lakes include a reduction in the
productivity and diversity of aquatic communities with elimination of
fish populations in the most susceptible lakes. Increased acidity is
also likely to result in detrimental levels of aluminum and other trace
metals in lakewater By increasing leaching.

The atmospheric deposition of air pollutants onto surface waters
occurstdufing the summer as rain and during the winter as snow. During

the winter months when the ground is frozen and surface runoff is absent,
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ajr pollutants are deposited onto the snowwpack,‘stored, and later
released over a very short interval during the spring melt. The melt-
freeze cycles that océﬁr dﬁring the snow~m¢1t can result in dramatic
Increases In the concentrations of pollutants in the meltwater. These
increases can Be as much as two to tliree times greater.

The modeling simulations predict that the concentrations of sulfate,
copper, and nickel in tlie snow-pack due to the option 1 smelter will
Be 10 to 100 times greater than the currently‘measuredvlevels. If it
ig assumed that the average concentration in the snow can double or
triple in the first 30 to 407 of meltwater, then predicted concentrations
would increase accordingly, considering, of course, the factor of two
accuracy attributed to the modeling results.

The modeling simulations using the option 1 smelter also show that
the predicted contributions of sulfate deposition to regional lakes and’
streams would. be about 10 times greater than currently measured sulfate
levels; predicted copper and nickel concentrations would be 10 to 100
times greater than current levels.

The modeling result were also used to predict the length of time
required to acidify (to pH 4.5) two regional lakes, one with very little
buffering capacity and one with good buffering capacity, by sulfate
deposition. The results indicate that a lake with low buffering capacity
could be acidified in a short period of time at present sulfate loaaings,
and that existing point sources, although contributors, are not as
significant as sources- outside the réggon. Local sources contribute
less tHan 157 of the total sulfate loading with the rest due to long-

range transport from outside tlie region. The addition of new sources
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such_asg a copperwﬂiﬂkel smelter could he important in determining the
the productive life of 1owAélkalinity\1akes; Time spans for fhe acidi-~
fication of low alkalinity lakes appear to be on the order of less than
10. years at present deposition rates, and perhaps 100 to 200 years for
moderately High alkalinity- lakes. These results represent a worst case
approiimation because of assumptions made in the calculations. Even
though the absolute values may be inaccurate, present evidence indicates
that acidification of northern lakes could be a problem, and any
activities which could increase the acidic input into the region's
surface waters requires careful evaluation.

For this reason, a research program should Ee implemented in the
near future to better define the identity, sources, and deposition rates
of acid-producing compounds in the region.

1.4.6. Summar;*g°

This research project was part of a regional study designed to
assess possible envirommental impacts resulting from copper-nickel
development. ‘There bas esgsentially been a moratorium on éopper~nickél
mining in Minnesota since 1974 when the Study began. The Copper-Nickel
Study report was officially accepted by the Envirommental Quality Board
in September, 1979, and mining companies can now apply for development

'permits.

Actual development will probably be different from any of the
models used in this assessment. However, the impact assessment tools
and Baseline data have now been developed that will be used to evaluate
future site-gpecific development proposals., In addition, the Study
provides the basis for the development of State policy regulating the
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copper-nickel industry in northeastern Mlinnesota.
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CHAPTER 2, INTRODUCTION

2.1, BACKGROUND

Beginning with the discovery of major coppefunickel deposits in
northeastern Minnesota in 1948, mining companies have shown consider-
able interest in developing this resource. By 1974 a major mining
company proposed open-pit mining on U.S. forest lands near Ely,
Minnesota. Other mining companies also began active exploration in
the area.

Concurrently, public apprehension mounted over the possible conse-
quences of the development of a major new base-metal industry in north-
eastern Minnesota. Although there is major taconite mining in northern
Minnesota, copper-nickel development caused concern because it would be
located near a prime recreational area. A principal concern was that
the open-pit mining proposal was within a few miles of the Boundary
Waters Canoe Area (BWCA), a federal designated wilderness area.

This pristine forested region contains numerous interconnecting
lakes (over 200) and rivers potentially susceptible to mining and
smelting impacts. The strong prospects of a major new mineral
industry locating in this sensitive region caused many citizens and
environmental groups to push for a major environmental study of the
area prior to further exploration and any mining. In late 1974 the
Minnesota Environmental Quality Board (MEQB), a State agency responsi-
ble for the implementation of the Minnesota Environmental Policy Act,
passed a resolution that a regional environmental study be completed
prior to the acceptance of any site specific environmental impact

statement. Further, all mining exploration programs were required
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to include sound preoperational monitoying and environmental assessment
programs.

The unique aspects of the 1974 resolution are that: A regional
study was implemented which was to be completed prior to any mining
proposals; the study would not replace site specific investigations.of
individual mining proposals; and, a social and economic study was
included to interface with the environmental study.

In 1975 the MEQB created a Regional Copper-Nickel Study Task
Force, organizationally separate from existing regulatory agencies and
under the aUspices of the MEQB, to conduct the study. The study began
in January, 1976 and was compieted in 1979. The cost of the
study will be about 4.3 million dollars.

The major objectives of the Regional Copper—~Nickel Study were:

1) - To characterize the region in its pre~copper-nickel development
state; 2) To identify and describe the probable technologies which
may be used to exploit the mineral resource; 3) To identify and assess
the impacts of primary copper-nickel development and secondary
regional growth; 4) To conceptualize alternative degrees of develop-
ment; and 5) To assess the cumulative environmental, social, and
economic impacts of various hypothetical developments.

Specifically, the Study was designed to provide scientifically
developed information so that the State legislature and State agencies
can implement any new mining policies they deem necessary.

The Study was organized into six major disciplines: geology and
mining technology, water resources, air resources, aquatic biology,

terrestrial biology and socio-economics.
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This research project developed from the need of the Regional Copper-
Nickel Study to assess potential atmoépheric impacts of a copper-nickel
smelter in northeastern Minmesota on avregional scale.

2.2, 1ISSUES

The prospect of a major new industrial development in northeastern
Minnesota to recover copper and nickel raises the potentlal for atmos-—
pheric impacts. The air quality concerns relating to gopper~nickel
development can be categorized into human health, terrestrial eco-
systems, and water quality. Some of the issues of concern to Minneso-
tans in each of these areas are outlined below.

Inhalatién of airborne sulfur (primarily as gaseous sulfur dioxide,
but also as particulate sulfate), copper, nickel, mineral fibers and
other particulates is a potential health problem. Other elements of
potential concern include arsenic, lead, mercury, and cadmium. The
increase of metals uptake by people living near a smelter, acute effects
due to upset or breakdown conditiomns, and potential long-term effects of
mineral fibers must be evaluated. The literature relating to identified
public health problems resulting from the pollutants selected for the
modeling analyses are summarized in Chapter 4.

Ambient concentrations of sulfur dioxide and deposition of air-
borne metals (primarily copper and nickel) may have direct or indirect
effects on terrestrial plants and soill organisms. These changes can
affect all other components of the ecosystem. Another concern is .the
potential for direct vegetation damage by sulfur dioxide close to a
smelter should equipment breakdown cause high sulfur dioxide emission

rates. The long-term effects due to the deposition of metals,
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particularly copper and nickel, are also iwmportant in terms of plant
productivity.

Atmospheric pollutants can be deposited directly onto water sur-—
faces, or be depositéd on land and Subsequently washed into rivers and
lakes by precipitation. Metals which are potentially toxic to aquatic
life include copper, nickel, cobalt,varsénic, lead, mercury, and
cadmium., Sulfur in the form of unneutralized sulfate contributes to
the acidity of rain which, in turn, can acidify. regional waters. Many
northern lakes may now be susceptible to increased acidic inputs.

Present air quality standards do not address many of the environ-
mental concerns just listed. However, air quality regulations are also
issues that will affect the development of copper-nickel mining and
smelting in the State.

The air quality regulations relevant to the development of a
copper-nickel industry in Minnesota include standards which limit sul-
fur dioxide and particulate emissions from a smelter and ambient air
quality standards. Ambient standards currently exist for sulfur
dioxide, particulates and lead. Trace elements such as copper, nickel,
arsenic, mercury, cadmium, zinc and other pollutants such as sulfates,
silica and mineral fibers pose potential environmental/health risks,
-but the ambient air quality standards do not regulate these pollutants
at the present time.

In addition to the ambient air standards the region is also
subject to the prevention of significant deterioration (PSD) amend-
ments to the Federal Clean Air Act of 1970. The PSD regulations are

designed to prevent degradation of air quality by specifying maximum
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allowable iIncreases for sulfur dioxide and particulate concentrations
above 1977 levels. A1l of northeastern Minnesota has been designated
a Class IT PSD area with the exception of the Boundary Waters Canoe
Area (BWCA) and the Voyageurs National Park (VNI') which are designated
Class I areas and are subject to more stringent regulations.

2.3. RESEARCH PROJECT

The purpose of this research project was to characterize north-
eastern Minnesota in terms of ambient air concentrations and deposition
patterns of sulfur dioxide, sulfate, total particulates, and selected
metals for a base year and a future year, and finally, to assess the
potential air pollution impacts of copper-nickel smelting in the region
in terms of the environmental, health and regulatory issues.

By definition the task was regional in scope and required an
assessment tool that could predict atmospheric impacts of a mining
industry on a several thousand square kilometer (kmz) area which is
already experiencing air quality dimpacts from existing activity within
and outside the area.

The approach to the research project was to first review the
literature and determine if predictive air dispersion models were avail-
able that could be adapted to model an area of about 5000 km2 in north-
castern Minnesota at a reasonable cost. Because of the problem of
acidic rain impacts on streams and lakes the model had to include the
following processes: conversion of sulfur dioxide to sulfate, dry
deposition and wet scavenging.

Existing models included standard gaussian plume models, puff
models, box models, trajectory models, and sophisticated numerical
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solutions to the eddy diffusion equation. ‘The gaussian models are

limited to application within 10-15 km of the source, existing box

model did not include all the required processes, and the numerical
models were prohibitively expensive.

A model which was being developed at McMaster University, Hamilton,
Ontario by F. Huhn and J.R. Kramer was initially selected for application
in northeastern Minnesota. This model included the required processes
of chemical conversion, wet scavenging, dry deposition, and, in addition,
predicted pollutant concentrations in lakes.

A careful review of the model by Ritchie showed that it would not
be appropriate for use in northeastern Minnesota as formulated, and the
model was subsequently modified by Ritchie, Bowman, and Burnett for
application in Minnesota. The handling of meteorological data and the
basic diffusion concepts were retailned with some modifications. Major
changes were made in the processes of wet scavenging, dry deposition, and
losses en route; minor changes were also made in other portions of the
model, and the lake model was deleted. The modeling theory is described
in Chapter 5.

After the model was developed, it was verified against deposition
and concentration data from the Sudbury, Ontario area and two other
models. A sénsitivity analysis was also performed on the input parameters.
Chapter 6 presents the results of the model verification and the sensi-
tivity analysis.

Chapter 3 describes the area that was modeled, rules and regulations
that appiy to smelter siting, smelter models and the regional sources in

the emissions inventory.
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Measured data taken by the Regional Copper-Nickel Study are used
along with regional modeling simulations to describe the existing air
quality in the region, and to make predictions of air quality in 1985
in the absence of copper-nickel mining (Chapter 7),

The smelter models are then used alone and along with the 1985
regional sources to predict the concentration and deposition of pollu-
tants expected from copper-nickel smelting (Chapters 8 and 9).

The impacts of smelter emiséions on health, surface waters and

soil are discussed in Chapter 10.
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CHAPTER 3, APPLICATION TO COPPER-NICKEL SMELTING IN
‘ NORTHEASTERN MINWESOTA

In order to assess the potential air quality impacts from copper-nickel
smelting in northeastern Minnesota, it was necessary to identify the types
and amounts of alr emissions likely to result from a smelter, This chapter
discusses the smelter models, the area of interest, regional
climatology/meteorology, legal considerations, and introduces the regicnal
emissions inventory.

31 ‘AREA OF INTEREST

Figure. 1 shows a land area of about 10,000 square kilometers
encompassing northeastern Minnesota and parts of Canada and Wisconsin.
This area is known as the air quality study region or simply as the study
region: The study region extends from International Falls in the west to
Thunder Bay, Ontario in the east, and is bounded by Atikokan, Ontario to
the north and Duluth, Minnesota and Ashland, Wisconsin to the south,
Within the larger study region is a smaller area of about 5,000 square
kilometers known as the study area. The study area contains the
copper-nickel ore body and is actively being considered for mining
development .,

The zone of the ore body is shown in greater detail in Figure 3. The
area most likely to contain any mines, based on available data, has been
identified as a set of seven resource zones, The resource zones are
surrounded by a larger area called the development zone which should
contain most of the facilities needed to serve any mines,

The Boundary Waters Cance Area and Voyaguers National Park which are
Class I prevention of significant deterioration (PSD) areas are also shown

in Figure 1.
-30-
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The study region also contains the receptor sites and regional sources
which were included in the modeling simulations.
3.2, ATIR QUALITY REGION RECEPTORS AND METEOROLOGICAL STATIONS

Thirty-three receptors (Figure 3) were selected in the study region to
be representative of regional watersheds (12 receptors), population centers
(11 receptors), rural areas (8 receptors), and mining areas (2 receptors).
Table 1 provides the receptors and coordinates,

Meteorological data from four stations; Thunder Bay, Duluth, Hibbing,
and International Falls; were used to drive the model (Figure 3).
3.3, REGIONAL CLIMATOLOGY/METEOROLOGY

Much of the study region of northeastern Minnesota is heavily wooded
with swamplands in low lying areas. The terrain can be characterized as
flat to moderately rolling with the exoeption of the Giants Range., The
climate of the region can be considered continental, characterized by cold
winteré and warm summers. Surface wind patterns are dominated by
northwesterlies (about 75% of the time at Hibbing) and southeasterliesdz77
Precipitation is moderate; June, July, August, and early September are the
months with the highest precipitation, During the winter the ground is
snow=-covered from November to mid-April; frost may penetrate the ground
from a few iches to as many as 60 incheeuvH

Precipitation averages from 700 to 760 millimeters. Precipitation
bexceeds lake evaporation by about 200 millimeters, and nearly all of the
precipitation that falls on lake surfaces ends up in the 1akes.277

Meteérological data from Thunder Bay, Duluth, Hibbing and International
Falls were used to drive the modified‘gaussian model, Data from the four

stations during the period November, 1976 through October, 1977 are

presented along with normals in the following discussion.
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3.4. REGIONAL EMISSIONS INVENTORY

A regional emissions inventory, initially compiled by BowmanZl and
subsequently refined by Ritchie, provided the basis for both the
characterization of present air quality and the evaluation of future
developuent impacts with and without a copper-nickel smelter.

The regional emissions Inventory includes point sources emitting
more than 100 metric tons per year (mtpy) sulfur dioxide (802) or total
suspended particulates (TSP) within a 150 km radius of the copper-nickel
ore body (Figure 5) for the base period 1975-76 and the projected year
1985. Other pollutants such as oxides of nitrogen, sulfate, and metals
are not included in the inventory. The names and locations of all sources
in the inventory are given in Table 8. The source emission rates are
given in Chapter 7.

Area sources such as fugitive emissions from tailings basins, uunpaved
roads, and space heating requirements, and line sources such as traffic
are not included, but thelr contributions to regional ambient air quality
are discussed in Chapter 7.

The base year period 1975-76 was selected because it is the most
recent year that the State inventory was nearly complete, available in
computerized form, and it corresponds closely to the baseline ambient air
quality data which were collected during 1976-77. 1985 was the latest
year for which emissions projections could be based on expansion plans
for industrialization in the region, and 1985 is also the earliest

anticipated date that a smelter complex might be operational.
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The stability classes al International Falls are used in the
dispevrsion model to calculate the increase in wind speed with stack
height according to the power law velocity equation.

Mixing height may be defined as that height above the earth's
surface to which pollutants will extend, primarily through the action of

, _ 103 . . o . .
atmospheric turbulence. Estimates of mixing height from Intermational
Falls were used in the modified gaussian dispersion model, and are
given in Table 7 for various seasons and times of day.

The monthly mixing height equation for the modeling simulations was

. 106 .
derived from the seasonal data at International Talls. The average
monthly afterncon mixiung heights were fit to a sine curve resulting in
the equation: HMAX = 1.000 + 0.510 sin ((IM-3) x 0.524), where HMAX is
the monthly mixing height in km and IM is the month.

An dnverse linear relationship exists between pollutant concentra-

tion and mixing height.

Table 7. Mean seasonal and annual morning and afterncon mixing heights
at International Falls.

Morning Mixing Afternoon Mixing

Time Period Height, meters Height, meters
Winter 347 656
Spring 411 : 1646
Summer 337 1747
Fall 513 1146
Annual 402 1299
Maxwelll41
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Table 5. Monthly snowfall (cm) for 1976-77 compared to normals at the
regional meteorological stﬁticﬂs

Thunder Baya Duluthg Hibbing Internétional F‘b

1976~  long 1976~ long  1976-° long® 1976~ Long

1971 tern 1977 .. tern 1977 . term 1917 term
Jan  16.6 5146 22,4 3,4 323 23.6 28,4 2942
Feb 34,7 31.0 13.0  30.0 15.7 4.4 3641 2146
Mar  11.0 35.3 38,9 35.8 175 2541 3546 2547
Lpr 5.60 2041 0.25 17.3 trace 14,5 0.51 1545
May trace 4,30 2429 0450 2,54
Jun trace trace
Jul

 Aug trace
Sep trace trace 0.25
Oct  trace 3.60 4,32 3.05 trace 160 trace 3.81
Nov 8.80  30.7 6,86 25.9 8.13 4.5 9.65 2647
Dec  36.4 45,5 19.8  39.9 25.4 25.2 3145 27 M
Amn 113.5  222,1 105.5 197.6  99.0  119.4 1418 152.7
8Fisheries and Environment Canada67’ 68
bNational Oceanic and Atmospheric Administration16u
OWatson278 dWatson277
Table 6. Annual stability class occurrences, International Falls
Year

Stability Class 19772 19701974

A 0.003 0.0045

B 0,034 0.0264

c | 0.091 0.0828

D 0.597 0.,6235

E-F 0.275 0.2683
?Endersqu:
Maxwell
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Table 4. Monthly precipitation (em) for 1976-77 compared to normals at
the regional meteorological atations.

Thunder Baya Duluthb Hibbing International de

1976~  long 1976- long 1976%- longd» 1976- long

19771 term 1977 __term 19711 term 19771 term
Jan IPRL 4,80 0.91 2:90 1,22 1463 2.21 2.21
Feb 310 3.02 1,19  2.44 1,80 148 2.57 1.78
Mar 5612 4,37 113 b2k 2429 3.51 4,85 2.82
Apr 2.97 5.64 3423 551 3.05 U,16 2.57 by
May 6.02 T U7 8,89 7.85 TT5 7:02 14.8 6.68
Jun  10.2 8.28 10,41 1041 10.8 8,85 107 9.93
Jul 9.56 7411 9.93  9.30 5:56 10,2 5,49 9.75
Aug  16.9 8.79 8,28 8476 18.5 8,63 765 8,48
Sep 28,4 8.33 15.2 8,13  12.5 8.03 1743 8.U43
Oct 5.65 5.69 8.13  5.61 5.97 4,86 2.03 4,39
Nov 1.10 5472 C0.48 4,22 0.U8 2497 0.53 3.30
Dec 2.89 L.60 0.99 2.92 0.81 1.90 1.52 2.31
Ann 93,1 73.9 78,6 T72.0 707 63.2 122 64,2
8Fisheries and Environment Canada67’ 68
bNational Occeanic and Atmospheric Administration16u
cWatsonZTB
dWatson277
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and precipitation that falls as rain. Snowfall accumulates during the
winter. The accumulation is released to the streams and lakes in the
area over a short period of time during the spring thaw resulting in
potential ecological damage from high concentrations of pollutants
that have accumulated in the snow.

Table 5 shows average monthly and annual snowfall at the weather
stations. Although total precipitation was above normal during the study
period, snowfall was about 517, 53%, 83%, and 937 of normal at Thunder
Bay, Duluth, Hibbing, and Intermnational Falls, respectively.

3.3.4. Atmospheric stability and mixing height.

Atmospheric stability and wind speed are the primary meteorological
parameters which determine the capacity of the atmosphere to transport
and disperse pollutants.

Stability is commonly characterized by categories (first proposed by
Pasquilll77) which are determined by wind speed at a height of about 10
meters along with the incoming solar radiation during the day and cloud
cover during the night. Table 6 shows the annual stability categories
at International Falls for the period 1970—1974141 and for 1977.61

Category A is the most unstable, D is neutral, and F is the most stable,
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Table 3, Monthly and annual average wind speed (km/hr) fori1Q76-77
compared to normals at the regional meteoralogical stations,

Thunder Bay® Duluth® Hibbing International F,P

1976 long 1976- long 1976de longQ 1976 long

1977 term 1077 term 1977 term 1977 term
Jan 160 15,0 5.1 19.3 14,4 14,8 121 14,8
Feb  15.3 14,6 18.0 19,0 16,0 14,8 4,2 1.6
Mar 15,8 14,3 20,6 19,5 17.6 1541 15.3 15.3
hpr 11,9 15.8 18.2  21.2 16.0 16.7 13.2 16,9
May  12.3 15,2 7.7 19.8 16.0 1643 14,0 16.3
Jun 10,0 3.2 15.0 17,4 4.4 4,2 117 14,0
Jul 9,2 12.6 1.2 15,9 4.4 13,2 13.2 12.9
hug 9.3 11.8 4.3 15,46 4.4 12.6 12,4 1244
Sep  10.8 12.7 16,3 17.1 14,4 13.7 12.2 14,2
Oct 1047 15.9 17.9  18.3 16,0 15.9 14.6 5.3
Nov  15.5 14,8 15.4 19,5 1746 15,0 14.8 15.9
Dec 13,8 14,3 158  18.3 16.0 14,3 13.5 14,6
Ann 12,6 14,2 16.5 18,3 15.6 14,6 13.4 14,8

@Fisheries and Environment Canada67’ 68
Nationa%MQCeanic and Atmospheric Administration
Maxwel}78

Watson™

164

d

between December and March. During the study period the general
precipitation pattern was one of extreme dryness from July 1, 1976 to
February 23, 1977, and was followed by very wet and rainy weather for the
remainder of 1977.

Table 4 provides a summary of monthly precipitation recorded at the
meteorological stations, Total precipitation for the year of data used in
the modeling was 26%, 9%, 12% and 12% higher than normal at Thunder Bay,
Duluth, Hibbing, and International Falls, respectively,

It is important to distinguish between precipitation that falls as snow

<39~



3+3.3¢ Precipitation.
The study region has a wet and a dry periced which correspond closely to

summer and winter seasons, respectively. watson277

analyzed composite
precipitation records from 1894 to 1976, and defined the wet season as
beginning on April 14 when a sudden increase in average precipitation
begins, and endiﬂg on October 15 when a sharp drop in precipitation takes
place.

June and July are the wettest months and February is the driest, The

region experiences heavy snowfall and the most frequent snow occurs

Table 2, Moﬁthly mean and annual temperatures for 1976-77 compared to
normal temperatures (OC) at the regional meteorological
stations.

Thunder Baya .Duluthb Hibbing International [,
1976-  long 1976~ long 1976 longd 1976° longb
1977 term 1977  term 1977 term 1977 term
dJan  -17.9 -14,8 =179 =131 -19.,3  ~15.4 -21 =167

Feb =10,0 -=13.0 - 8,2 =111 = 9,4 -=13,3 =10.8 -13.9

Mar - 1,2 - 6.2 = 0.3 = 4.7 0 - 5.8 - 1.3 - 6.3

Apr 4.3 2.4 6.9 3.7 6.9 2.4 6.1 3.4

May 12.0 8.3 1441 9.7 15.5 1042 1641 10.0

Jun 13.8 13.8 15.6  15.0 16.4 15.2 16.6 15.8

Jul 17,0 17.5 18.8 18,7 19,3 18.7  19.2 15,4

Aug 13.6 16.5 14,8 17.8 14.5 16.5 13.9 17.3

Sep 1.3 11,3 11.8 12,4 1149 11.8 11.4 1.7

Oct 6.1 6.1 6.8 7.4 6.2 540 6.3 6.4

Nov -5.8 =245 =55 2.0 -6.8 -4,2 1.5 5.4

Dec -17.2 -10.8 -15.,3 =9.8 =17.1 =11.7 -19.4 -12.9

Ann 2.2 2.4 3.5 3.7 - 3.2 6.7 3.2 2.4

8Fisheries and Environment Canada67’ 68 163

National Oceanic and Atmospheric Administr‘ationwu

c
Nation Oceanic and Atmospheric Administration
dwatson§%7 eWatson29é
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FIGURE 4. ANNUAL AVERAGE WIND ROSES
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3.3.1. Temperature.

Temperatures can vary from ~40°¢ during the long winter to as high as
40°¢c during the summer in the study region.279 Table 2 presents monthly
mean temperatures along with long term averages for the four weather
stations.‘ When the data are averaged for the year used in the modeling
runs (November, 1976 to October, 1977) annual average temperatures of Z.ZOC,
3,50C, 3.200, and 3.2°C are calculated for Thunder Bay, Duluth, Hibbing,
and International Falls, respectively. Thunder Bay and Duluth had temp-
eratures slighly below normal; Hibbing had an annual temperature that was
about two and one-half times below normal; and International Falls had
an annual average temperature slightly above normal.

3.3.2. Wind direction and wind speed.

Table 3 presents monthly and annual wind speed for 1976-1977 at the
regional meteorological stations; normals are also included in the table.

Figure 4 shows annual wind roses base on long term data. The annual
wind roses demonstrate strong westerly (Thunder Bay and International
Falls) and northwesterly (Hibbing and Duluth) components.

Thunder Bay is located along the north shore of Lake Superior, and
the weather station is located on flat ground west of the City. Duluth is
also located along the north shore of Lake Superiof; the weather station is
located over the bluff at an elevation of 435 meters. Both of these
stations are influenced by the lake. The weather station at Hibbing is
located in the Mesabi Range on flat meadowland at an elevation of 411
meters. International Falls is influenced somewhat by the prairie wind

regime, and the weather station is located at an elevation of 343 meters.
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Table 7.

Site
Noa .

-0 o -2 O 2= N0 -

23

25
26
27
28

29
30

32
33

Comp «

Code sile Mame
301-iittle Johnson Lake
106=Little Vermillion Lake
10U-Birch Lake Dam
103-Saganaga Lalke
105=Vermillion Lake

102-Shagawa River HWatershed
214-Ely High School

22U -Fernberg Road
219=Tower-Sudan

206=Bear Island River W,

201-Kawishiwi Lab Watershed
202~Keeley Creek Watershed
107-August Creek
i01-Isabella Watershed
212=N¥ of Virginia
207=-Embarrass River W.

215-Babbitt 4
204<Unnamed Creek-Bob Bay W,
223~Env, Learning Center (ELC)
225=Parkville

221-Erie Office

208-Dunka Road

205<Dunka River Watershed
203--Stony River Watershed
217T=NW of Eveleth

218-NE of Eveleth
213~Hoyt Lakes G.C.
209-3t, Louis River W,

210-Waterhen Creek W.
211-Whiteface River W,
222-Toimi
220-Whiteface
226-Tower

=35-

Receptor coordinates for the modified pgaussian model

L.ongitude Latitude
92.7112 Ug,3714
g2.,4478 hg,2004
91,4410 48,0566
90,8894 ug,254y
92,3789 47,9127
92.0309 hr.ou87
91,8615 47,8979
91.5045% 47,9505
92.,2715 47,7870
9149237 47,80u8
01,7438 h7.8147
91,6964 47,7868
91.5760 47,7868
91.3217 b7,8228
92.5779 47.6159
92,1241 47,6789
91.9439 H7.,7111
91.8302 47,7148
91,5150 47,6690
92.5853 47,5170
92.1513 47,5849
9149771 47,6069
91.8302 47,6429
91,5633 47,5889
92,6167 b7.4270
92,3768 47,4270
92.1104 k7,5170
91.8970 47,4720
92,1502 47,3821
91,9503 47,3911
91,8038 47,3911
92.2111 47,2701
91.8705 b7,.1932
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Table 8. Point sources in the air quality study region included in the
enlssions inventory.
STATE COUNTY CITY FACILITY
Minnesota Carlton Cloquet Potlatch Northwest
Conwed
Wrenshall Continental 0il
Cook Taconite Harbor Erie Mining Company
Itasca Cohasset MP&L Clay Boswell
Generating Station
Keewatin National Steel Pellet
Nashwauk Butler Taconite
Koochiching Intl. Falls Boise Cascade
Lake $ilver Bay Reserve Mining
St. Louis Aurora MP&L Sy Laskin
. Generating Station
Babbitt Reserve Mining
Duluth Arrowhead Blacktop
Cargill Elevator B
Cargill Elevator C
Duluth Steam
General Mills A
International Multifoods
MP&L Hibbard Generating
Station
Superwood Corp.
U.S. Steel-~Duluth Coke
U.S. Steel-shipping
Eveleth Eveleth Taconite
Floodwood ot
Brookston MP&L Generating Station
Gilbert Jones & Laughlin
Hibbing Public Utility
Hibbing Taconite
Hanna Mining Company
Hoyt Lakes Erie Mining Company
Mt. Iron Minutac ;i
Virginia Public Utilities Dept.
Inland Steel
Biwab ik Pickﬁnds Mather
Wisconsin . Ashland Ashland Lake Superior Power Dist.
Roffler's Construction
Douglas Superior Murphy 0il Corp.
Farmer's Union Grain
Globe Elevator
Superior WL&P
Orba Corp.
Burlington Northern
Univ. of Wiscoasin
CLM Corp.
’g CaNADA
é Ontario Atikokan

Ft. Frances

Ontario Bydro Generating
Station

Caland Ore Company

Steep Rock Mines

Minn, Pulp & Paper
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Emi=sions data were taken directly from dnventories which are compiled
by Minnesota and Wisconsin from questionaires sent to major emitters of air
pollutants. Baseline emizsions were also estimated direcﬁly'frﬁm atack
tests when the data were available.

Projected emissions were based on proposed source changes in the study
area including expansions in the power generation and taconite industries,
additions to pollution control systems, fuel conversions such as the change
from gas to coal in the taconite industry, and the closing of some sources,

Sources for baseline and projected emissions data include the
Minnesota Pollutiom Control Agency, Minnescta Energy Agency, Wiscoensin
Department of Natural Resouces, and the Ontario Ministry of the
Environment,

The data in the emissions inventory aré not absolute numbers; that is,
emissions data are continually being refined. The inventory that is
compiléd for 502 (section 7.1) and TSP (section 7.2) reflects the best
avallable data at the time of the compilation.

.41, Stack Parameters.

In order to estimate the air quality impact of a point source certain
characteristics must be known, In addition to pollutant emission rates,
the following information is required: source location, stack height,
inside top diameter; exhaust gas temperature, flow rate, and heat
emissions. Sources emittingvthe same pollutant from several stacks that
are within approximately 100 meters of each other can be analyzed by
treating all emissions as coming from a single representati§e stack,26u
This technique involves calculatiﬁg an arbitrary parmeter, k, which

accounts for the relative influence of stack height, plume rise, and

emission rate.28 wlp7 -



The parameter k, which is an arbi§rary parameter, is give by the
v nequation: k = hTsV/Q, where h is the stack height (m), TS is the stack
gas exit temperature (OK), V is the stack gas flow rate (m3/sec), and Q
is the stack pollutant emission rate (g/sec).
The k value was then used to select representative stack parameters

for a facility with several stacks as follows:

1) A k value was calculated for each stack with the facility,

2) The stack with the lowest k value was selected as the
representative stack.

3) If the difference between stack height or flow rate was

greater than 257, the sum of emissions from all stacks was
then assumed to be emitted from the representative stack.

If the difference between stack height or flow rate were greater than
257, then the stack parameters of the largest emitter were used as
representative parameters. The representative stack procedure may result
in concentration estimates which are high if the stacks are located more
than 100 meters apart, or if the stack heights or volume flow rates differ
by more than 25%.

The sources in each community or city were then combined using the
largest emitter as the representative stack.

Facilities which are located along and below Lake Superior were
uniformly assigned a stack height of 10 meters because of the elevated
terrain and probable plume interception by terrain.

Heat emissions>Were calculated according to the formula:

QH = pCPVTg,

where QH is the heat emission rate (cal/sec), Tg is the exhaust gas

temperature (OK), Cp is the specific heat of air (cal g—l OK_l),

<48



V is the exhaust gas flow rate (mg/sec), and P is the density of
air (kg/ma).

In those instaunces wheve stack parameter data were not available for
a particular facility, data from a similar facility were used. Specifi-
cally, stack data for the planned MP & L generating station at Floodwood
were based on MP & L Clay Boswell unit No. 3, and stack data for the
proposed operations of Jones and Laughlin at éilbert and Pickands Mather
at Biwabik were both taken from Hanna Mining Company.

Table 9 summarizes the representative stack data for the regional
emissiong inventory.

3.5. EXISTING LEGAL FRAMEWORK

The air quality regulations relevant to the development of a copper—~
nickel industry in Minnesota include emissions standards and ambient air
standards.

Ambient air quality standards which exist for sulfur dioxide and
particulates are summarized in Table 16 (Chapter 4). Trace elements and
other pollutants such as copper, nickel, zinc, cadmium, mercury, silica,
and asbestos-like fibers may po#e environmental health risks, but the
ambient air quality standards at present do not encompass these pollutants.

In addition to the ambient air quality standards, the entire nation
is subject to the prevention of significant deterioration provisions of the

1977 amendments to the Clean Air Act of 1970.271

The PSD amendments (40
CFR 52.21) require the establishment of a baseline of pollutants present
in the atmosphere in 1977 due to existing major sources. The amendments

allow incremental increases above these levels due to new or expanded

sources in the area., Additionally, three classes of areas are established
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Table 9. Representativé stack data for regional emissicns inventory point sources

MINNESOTA
Cloquet QU399 U6.TINT 63.0 bu 470 H.1 3.70
Wrensha]l 9243746 u646077 1“;0 048 923 541 ‘5405
Taconite Harbor 90,9765  47.53%0 10.0 3.1 113 116.8 10.81
Cohasset . 9346587 )4742571 122 5‘3 386 56540 13868“6
Keewatin . 93,0656 Iy ,4081 42,0 3.9 393 194 .0 17 .08
Nashwauk 93.8638  U47,3515 38,0 3.7 797 1771 31.63
Silver &y 91 421“49 lﬂ43011 10.0 849 3'{‘23 88.,«3 807
Aurcra 92,1625  47.5260 91.0 3.2 331 233.7 17.33
Babbitt 91,8336  u7.6708 10.0 0.4 260 4.7 0.27
Duluth 92,1488 16,7345 66.4 3.3 ihg 76.9 774
Eveleth %45735 i'r{‘}u?g 3-36 a3 340 326 139 ¥ 3@&‘!?
Floodwocd 02.8648 46,8607 120 1.6 386 56540 48,86
Gilbert 2,3998 47,5116 41,7 4.0 387 129.0 11.18
Hibbing 92.9417  H47.4162 41,7 4,0 367 129.0 11,18
Hoyt Lakes R.1359 475970 40.0 1.1 533 19.3 2.0
Mountain Iren 92,5468 47,5476 31.7 4,6 324 26242 19.03
Virginia R.5u26 47,5183 40,0 2.2 453 BT 3.93
Biwabik 92,3506 47,5350 1,7 4.0 387 129.0 11,18
International Falls ) :

Ft. Francis 93.4063 48,5962 30.0 25 433 3H.4 33.43

WISCONSIN
Asnland 90.8545 15,6023 43.0 241 423 2.0 2.65
Superior 92,1024 46,7210 10.0 2.0 923 23.6 4,88

CANADA
Atikokan 91.6198  48.%210 198 7.6 676 398.8 £0.44

1Sinceeadlcitya'ccnmmitymyhavemorethménestack

a representative stack has been selected for modeling purposes.



with different allowed increments for each class. All of Minnesota falls
into the Class Il designation except areas within the borders of the
BWCA and Voyageurs National Park. These areas are federally mandated
Class I areas (40 CFR 52.21 (e)). Table 10 gives the allowable PSD
increments for Class I and Class IT areas. Tor any period other than an
annual average, the applicable increment may be exceeded during one such
period per year at any location (40 CFR 52.21 (c)).

The amendments provide that a Class I variance may be granted for a
Federal Class I area if it is demonstrated to the Federal Land Manager
that a new source or a source modification would have no adverse impact
on the éir quality related values of the Class I lands. If a Class I
variance is granted, maximum allowable increases over baseline concentra-
tions are limited to the Class II increments, except for the 3-hour 802
increment which is reduced to 325 ug/m3 (40 CFR 52.21 (q)(4)). Further,

a variance of the 24-~hour and 3-hour increments may be granted for federal
mandatory Class I areas if approved by the Governor with the concurrence
of the Federal Land Manager or the President (40 CFR 52.21 (q)(5) and (6)).
In such cases it must be shown that the variance would not adversely
affect the air quality related values of the area.

In order to determine whether or not a new or expanded source of
pollutants in an area would cause the allowable PSD increments to be
exceeded, a PSD review is required for new or modified sources which fall
within certain major stationary source catégorieé that could potentially
emit 100 tons per year of pollutant regulated by the Clean Air Act.

Primary cbpper smelters are included among the source categories subject

to this review (40 CFR 52.21 (b)(1l) and 52.21 (i)). 1In addition, any
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source which Is not Included in the selected categories, but which emits
or has the potential to emit 250 tons per year of pollutants regulated
under the Act, is also required to undergo‘PSD review (40 CFR 52.21

(b) (1) (14)) .

When a new or modified source is identified as being subject to PSD
review, the source must have the best available control technology (as
defined in 40 CFR 52.21 (b)(10)) for each applicable pollutant, unless the
increase in allowable emissions of that pollutant would be less than 50
tons per year, 1000 pounds per day, or 100 pounds per hour, whichever is
most restrictive (40 CFR 52.21 (3)(2)).

The regulations require that a baseline concentration be established
against which incremental increases can be evaluated. The baseline
concentration is defined as the ambient concentration level reflecting
actual air quality as of August 7, 1977 minus any contribution from major
stationary sources and major modifications on which construction started
on or after January 6, 1975. The regulations further define the baseline
to include thevallowable emissions of major stationary sources and méjor
modification which started constrution before January 6, 1975 but were
not in operation by August 7, 1977 (40 GFR 52.21 (b)(11)). In the air
quality study region, this clause has the effect of raising the PSD
baseline above the actual concentration present on August 7, 1977 for
both SO, and particulates. The principal reason for this is the taconite

2

expansion currently taking place on the Iron Range.
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Table 10. Maximum allowable PSD increments in Class 1 and Class II areas.

PLLOVABLE_INCREMERT® (pg/u)
Pellutant Classg 1l Areas Glosg LI Areag

Particulate Matter:

Annual geometris mean 5 19

24-hour maximum 10 37
Sulfur Dioxide

Annual arithmetic mean 2 20

2U~hour maximum 5 91

3=-hour maximum 25 ' 512

qFor any period other than an annual period, the applicable maximum
allowable increase may be exceeded during one such period per year at any
one locationg

In addition to the increments listed earlier, the PSD regulations also
require that pollutant concentrations not exceed the national secondary
ambient standard or the national primiary ambient standard, whichever
concentration is lowest for the pollutant for a given period of exposure
(40 CFR 52.21 (d)).

Three steps are involved in the PSD review. The first step is to
identify all sources that are to be used in determlining the PSD baseline as
defined by the act. Next, new sources in the area which are not part of
the baseline contriibutors must be ldentified since they will consume all
or part of the allowed increments. Third, the new proposed source under
review must be characterized in terms of its location and emissions,
Appropriate alr quality modeling for the various periods specified in the
regulations (3-hour, 24-hour, annual) can then be used to determine whether
or not the new source, in conjunction with other new sources in the area,
will resuit in the increments being exceeded, The modified gaussian model
was used for 2U-hour and annual PSD review. The 3-hour increment has been

evaluated using the standard gaussian model¢61
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For purposes of studying potential copper-nickel development impacts, a
target date of 1985 was selected for PSD review analysis. This is the
earliest date that a major copper-nickel source such as a smelter might
reasonably be expected to begin operations. Also, 1985 was the latest year
for which emissions projections could be based on expansion plans for
industrialization in the region, or on possible enforcement actions by the
Minnesota Pollution Control Agency.

In terms of the sources leocated in Canada, it must be noted that their
status in the PSD review is not certain. The regulations provide that upon
the request of the Governor the increase in pollutant concentrations
attributable to new sources outside the United States may be excluded in
determining compliance with maximum allowable increases (40 CFR 52.21
(£Y(1)(iv)). The major.source of relevance here is the proposed coal-fired
power plant at Atikokan, Ontarioc which is being constructed by Ontario
Hydro.

In addition to ambient standards, copper-nickel development wquld
also be subject to a variety of emissions standards. The federal new
source performance standards (NSPS) are applicable to primary copper

smelters‘267

There is a technical legal question whether or not a
copper-nickel smelter of the type envisioned to treat concentrates from a
Minnesota mining operation is a primary copper smelter as the term is used
in the existing NSPSVas well as in the PSD regulations. A ruling by the
appropriate legal authorities may be needed to clarify this matter,
However, for the purposes of assessing impacts, it is assumed that the
regulations apply.

Emissions of particulate matter in the gases discharged to the

atmosphere from dryers are limited to 50 mg/m3 (dry) and an opacity of 20%
~54-



FIGURE 6
PRINCIPAL MINING CCMPONENT RELATIONSHIPS
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(40 CFR 60,162 and 60,164, respectively). Also, emissions of S0, from
roasters, smelting furnaces, and coppér converters are limited to 650 ppm
(by volume) averaged over a 6-hour period (40 CFR 60.164)s, The standards
also require the continuous moniteoring of the opacity of dryer emissions
and 802 content of emissions from roasters?'smelting furnaces, and copper

converters (40 CFR 60.,165).

3.6, SMELTER MODELS

This section discusses sources air emissions from a smelter along with
control equipment, emissions estimates, and stack input parameters,

Sulfur and metal particulates are the primary emissions of concern in
terms of health and environmental effects of a sulfide mining development.

Figure 6 shows the various operations involved in copper-nickel
mining, smelting and refining. Figure 7 shows a f{lowscheme for a
copper-nickel smelter using a flash smelter furnace.

The wet concentrated smelter feed (635,260 mtpy; 14.3% Cu, 2.5% Ni,
33.3% Fe, 25.9% S) is processed using pyrometallurgical techniques which
incorporate drying,smelting by a flash furnace, converting, and refining.
All smelter models were scaled to represent a smelter/refinery complex
producing 100,000 ntpy of refined copper plus nickel

metal‘17u, 186, 197, 274

3.6, Sulfur emissions.

Other point sources of sulfur dioxide which potentially could emit more
than 100 mtpy include the copper refinery, nickel refinery, and supporting
energy plants, The major source of sulfur dioxide emissions in a
copper-nickel development complex is the smelter which processes the

concentrated ore into unrefined metal, Mining and milling operations are
' ~-56-
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FIGURE .7. TFLOWSCHEME FOR A COPPER-NICKEL SMELTER USING A FLASE SMELTING FURNACE
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not significant sources of SO2 emissions.

The refineries ave potential sources of SO, because they consume fuel

2

to provide heat for a variety of processes. 802 emissions from the
refineries depend on the type of fuel used. Coal or high sulfur residual
01l could result in major emissions, while a sulfur-free fuel such as
natural gas would vesult in minimal emigsions. If the refineriés are
located at the site of the smelter, then a significant part, if not all,
of the thermal needs of the refineries could be met by the waste heat
from the smelter.

Total energy requirements for an integrated copper-nickel develop-
~ ment producing 1605000 mtpy of copper and nickel metal are estimated to
be one billion kilowatt~hours of electrical energy per year, with a peak

197

load of about 150 megawatts.

Although this could result in substantial SO, emissions, it is assumed

2
the electrical energy needs of a copper-nickel development will be met by
large central station power plants, and the added electrical demand will
not require the construction of an additional coal-fired power plant in the
study region.

Because there is no firm basis for modeling 802 emissions from the
copper or nickel refineries or new power generating facilities specifically
built for copﬁerwnickel development, the major source of sulfur emissions
is assumed to be the smelter. |

A brief discussion of emission sources, mass balances, and control
technology follows.

Duriﬁg the smelting operation, the bulk of the sulfur is removed by

literally burning it to form sulfur dioxide. The fate of the input sulfur
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depends on the types of control technologies used.

Point sources of SO2 result from the control of the strong and weak
gas stream as shown in Figure 7. Based on a review of the literature and
communications with mining cowpanies, it is likely that the major control
devices for 802 emissions could be either a double contact acid plant and/
or a wet calcium-based scrubber (turbulent contact absorber, TCA). Both
of these control devices produce products which may require disposal; for
example, sulfuric acid from the acid plant if there is no market, and

sludge from the scrubber. Double contact acid plants can achieve efficien-

cies of 99.57% to as high as 99.97 with exit SO2
228,265

concentrations ranging
from about 500 ppm to as low as 100 ppm. A survey of domestic
smelter installations using double contact acid plants showed that actual
operating efficiences of 97% to 99.7% have been achieved.l39’165’282‘284’289
Calcium~based scrubbers have been installed in several domestic
fossil~fuel fired power plants, a molybdenum ore roaster, a secondary
lead smelter, and an ore sintering plant. Various pilot studies have also
tested calcium-based scrubbers. The turbulent contact absorber, which
would countrol low SO2 concentration gas streams from the smelter and the

acid plant, is a wet calcium~based scrubbing system. It has been used

successfully in the electric utility industry where SO, gas stream

2
concentrations are low, a few tenths of one percent.
Fugitive or uncontrolled sulfur dioxide emissions sources include
. § - 282-290
leaks in ducts, converters, and the refining furnace. These
emissions can be minimized by careful design of the furnace, gas handling

equipment, ducts, and good housekeeping practices. It is difficult to

quantify the magnitude of fugitive emissions and exact methods have not
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265 , ’ L ‘
been developed. Estimates of 802 fugltive emissions have been reported

to be in the range of 0 to 157 of total sulfur input at domestic
smelters.97’ 165, 282-289

Smelter mass balances were based on data from bench-scale processing
analyses of Minnesota ore, on-site investigations of existing smelters,

38, 186

and consultations with mining/smelting engineers. The literature

reports that actual resolution of sulfur mass balances may be only 20%
365 i . :
to 40% of input sulfur, and the mass balance does not counsider time
variations of input sulfur content,

The federal new source performance standards (NSPS) provided a
framework for smelter pollution control equipment configuration. In order

to meet the NSPS limit of 0.065% 80,, by volume, a smelter must have the

23
equivalent of double contact acid plant control (99.5% removal by volume)
for all process gases from roasters, smelting furnaces, and converters.267
One problem with NSPS is that removals are specified by volume, allowing
the possibility for dilution in order to achieve the standard. The
author feels that a standard based on mass would make a better standard.
Three pollution control configurations were selected to provide a
range of emissions for modeling purposes; mass balances for each of the
three smelter mddels are shown in Figures 8, 9, 10. The base case smelter
which would not meet NSPS is the least likely to be built; it is included
in the analysis to provide a worst case comparison. The smelter mass
Balances are shown in metric tons of suifur per year; flows labeled stack
and fugitive emissions actually leave the facility primarily as sulfur
dioxide ﬁith some sulfuric acid.

All models have a sulfur input of 165,542 mtpy which comes from both
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FIGURE 8
BASE CASE MODEL SULFUR BALANCE FOR
FLASH FURNACE WITH ACID PLANT CONTROL
OF STRONG SOo GAS TO 650 PPM SOo, SECONDARY
HOODING COLLECTION OF WEAK SO, GAS TO
REDIRECT IT TO THE STACK DISCHARGE

SMELTER FEED 165,642 MPTY S (100.0%)

SMELTER
SLAQ METAL WEAK SO, STRONG SO,
2,804 MTPY 8 PRODBUCTS GAS - aAs ¢
(2,3%) 5,115 MTPY 9 4,860 MTPY 8 (7.78% 80,)
(3.1%) (3.0%) 151,663 MTPY S
(91.6%)
SECONDARY HOODING ACID PLANT
(90% COLLECTION EFFICIENCY} (99.22% REMOVAL EFFICIENCY)
FUGITIVE COLLECTED  TAIL GAS . SULFURIC
EMISSIONS ik WEAK 80, 1477 MIPY § ACID &
495 MTPY S GAS (0.7 %) WEAK ACID
(0.3%) 4,465 MTPY § AT 850 PPM BLOWDOWN
’ (2.7%) $0,° 150,486 MTPY S
l (80.9%)
STACK EMISSION %k
5842 MTPY S TOTAL EMISSIONS
(3.4%) 8137 MTPY S (3.7%)

AT 1818 PPM 302

* NORMAL OPERATING CONDITIONS ARE ASSUMED. \

dk EMITTED TO THE ATMOSPHERE AS S05, WITH EACH METRIC
TON OF SULFUR CONSTITUTING 2 METRIC TONS OF SOjp

Ritchie and Kr eisma11197
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FIGURE 9

OPTION 1 MODEL SULFUR BALANCE FOR FLASH FURNACE
WITH ACID PLANT CONTROL OF STRONG SO, GAS TO 650
PPM SO5, SECONDARY HOODING COLLECTION OF WEAK
80, GAS FOLLOWED BY SCRUBBING TO 650 PPM SO*

SMELTER FEED 165,542 MTPY & (100.0%}

SMEJLTER
! ! ! ]

SLAG METAL PRODUCTS WEAK 505 GAS STRONG S0O2 GAS
3804 MTPY S 51156 MTPY 8 4960 MTPY S 161,663 MTPY S
£2.3%) (3. 1%} €3.0%} (91.6%)

SECONDARY HOODING ACID PLANT
(80% COLLECTI]ON EFFICIENCY) (99.22% REMOVIAL EFFICIENCY)
FUGITIVE COLLECTED WEAK TAIL GAS SULFURIC ACID &
EMISSIONS %X SO2 GAS .177 MTPY S WEAK ACID BLOWDOWN
495 MTPY S 4,465 MTPY S (0.7%) 150,486 MTPY S
(0.3%) (2.7%) AT 650 PPM S0, (90.9%)

SCRUBBER
(75.6% REMOV?L EFFICIENCY)

| l

SLUDGE & SCRUBBED WEAK
CLARIFIER O'FLOW SOs GAS
3,386 MTPY S 1,079 MTPY S

(2.0%) (0.7%)

STACK EMISSIONSk*
2,256 MTPY S
(1.4%)

AT 650 PPM SO»

TOTAL EMISSIONS 2,751 MTPY S (1.7%)

% NORMAL OPERATING CONDITIONS ARE ASSUMED

%%k EMITTED TO THE ATMOSPHERE AS SO5, WITH EACH METRIC
TON OFQ?ULFUR CONSTITUTING 2 METRIC TONS OF S03
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Freure 10
OPTION 2 MODEL SULFUR BALANGE FOR FLASH FQRNACE

WITH ACID PLANT CONTROL OF STRONG SO, GAS TO 300
PPM $O5, SECONDARY HOODING COLLECTION OF WEAK
SOo GAS, AND SCRUBBING OF ACID PLANT TAIL GAS
PLUS COLLECTED WEAK SO GAS TO 143 PPM SO5 ¥

SMELTEHR FEED 165,542 MTPY S {100.0%) '

SMELTER
!

SLAG METAL PRODUCTS WEAK SO, GAS STRONG SO» GAS
3804 MTPY § 5115 MTPY 8 4960 MTPY S 151,663 MTPY S
(2.3%) (3.1%) (3.0%) (91.6%)

ACID PLANT

SECONDARY HOODING
(90% COLLECTION EFFICIENCY) {99.64% REMOVAL EFFICIENCY)
I |

! }

TAIL GAS SULFURIC ACID &

FUGITIVE COLLECTED WEAK

EMISSIONSs % S0p GAS 543 MTPY S WEAK ACID BLOWDOW:!

495 MTPY S 4,465 MTPY § {0.3%) 161,120 MTPY S
(0.3%) (2.7%) AT 300 PPM SO, {51.3%)

SCRUBBER
(90%’ REMOV,?.L EFFICIENCY)

l

SLUDGE & STACK EMISSIONS %k
CLARIFIER O'FLOW 501 MTPY §
4507 MTPY S (0.3%)
(2.7%) AT 143 PPM SO,

TOTAL EMISSIONS ,996 MTPY S (0.6%)

# NORMAL OPERATING CONDITIONS ARE ASSUMED

%% EMITTED TO THE ATMOSPHERE AS SOs., WITH EACH METRIC
TON OF SULFUR CONSTITUTING 2 METRIC TONS OF SO2

1
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the concentrate (over 99%) aud from the coal used as a fuel in the
smelter. The three models are summarized below.
Base case model: The base cace model assumes that SO2 from the

strong gas stream is treated by a double contact acid plant with a removal

efficiency of 99.22Z, The tail gas from the acid plant contains 650 ppm

802 (1177 mtpy S). The weak SO, gas stream is treated by secondary hoods

2
with a 907 collection efficiency. About 4465 mtpy S are collected, and
about 495 mtpy are estimated to éscape secondary hooding and be released
as fugitive emissions., The collected gases from secondary hooding combine
with the acid plant tail gases and are emitted to the atmosphere. Total

stack emissions from the weak and strong SO, gas streams are estimated

2
to be 5642 mtpy S.

Option 1 model: The option 1 smelter assumes that both the weak and

strong gas streams are treated to meet the new source performance 802
standard of 650 ppm, by volume. The strong gas stream treatment is the
same as for the base case smelter. The collected weak gas stream (after
secondary hooding) is further treated by a scrubber with 75.87 removal
efficiency. The scrubbed weak gas stream (1079 mtpy S) is then combined
with the acid plant tail gas to yield total sulfur stack emissions of 2256
mtpy S. Fugitive emissions from secondary hooding are the same as for the

base case smelter.

Option 2 model: The option 2 smelter model assumes best available

control teéhnology removal for both the strong and weak gas streams. The
acid plant removal efficiency is increased to 99.64% to yield a gas stream
of 0.3% (543 mtpy S). Secondary hooding efficiency remains at 90%. The

collected weak gases and the acid plant tail gas are then combined and

.



sent through a wet scrubber of 907 removal efficiency. The resulting gas
skream from the stack is 0;3% S(501 mtpy S). Tugitive emissions resulting
from secondary hooding are the same as for the base case smelter.

Table 11 summarizes the 802 emissions from the three smelter models
for a smelter complex producing 100,000 mtpy of copper plus nickel metal.

The sulfur dioxide emissions from theée hypothetical models can be
placed into perspective by comparing them to other sources (Figure 11).
The models have emissions ranging from 2 to 3 orders of magnitude below
the emisson rate from the Copper Cliff smelter at Sudbury as of 1975.
Emissions from the Clay Boswell plant at Cohasset with the addition of
Uniit 4 are expected to be about four times the emission rate of the base
case smelter and about eight times the emission rate for the smelter

which meets NSPS.

Table 11. Summary of S0, emissions from three smelter configurations each
producing 1007000 mtpy of copper plus nickel metal.

Annual SO, emissions in mtpy (gm/sec)

2
Smelter Fugitive Emissions Stack Emissions Total Emissions
Models mtpy (gm/sec) mtpy (gm/sec) mtpy (gm/sec)
Base 990 (31) 11284 (357) 12274 (388)
Option 1 990 (31) 4512 (143) 5502 a4
Option 2 990 (31) 1002 ( 32) 1992 ( 63)

There is, of course, a possibility that extremely high concentrations
of pollutants can be released during short periods of time as a result of
an accident or other upset at the smelter. Failure of a major piece of
equipment such as the acid plant could result in high emissions for up to

a few hours before repairs could be made or the smelter operation stopped.
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| Freure 11
SUMMARY OF MODELED FLASH SMELTER SO2

EMISSIONS® AND EMISSIONS FROM OTHER

SULFUR DIOXIDE** LARGE S0O9o SOURCES

EMISSIONS ..
MTPY) (SOURCE: RITCHIE, 1978)
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High_ emissipuns will also result from shut-downs due to routine mainten-—
ance. It is estimated that the smelter operations could be shut-down in
3 to 6 hours either as a result of accidental rvelease or maintenance.

The modified gaussian model is not appropriate for simulatlng periods
less than 24 hours so these upset situations were. not modeled. However,
two upset cases, low level fugitive release and stack release were modeled
for 3~Bour periods by EndersenGl using a fugitive emissions model.

Table 12 provides a comparisén of the average sulfur balances for the
three modeled smelter cases and other domestic copper smelters. All of
the domestic smelters with the exception of the Phelps Dodge smelter at
Hidalgo, New Mexico are older reverberatory type smelters. The Phelps
Dodge smelter is a flash smelter with advanced pollution control equip-
ment resulting in lower 80, emissions.

2

3.6.2. Particulate emissions.

Particulate emissions can result from nearly all phases of copper-
nickel development including construction areas, mines, haul roads, mills,
tailings basins, smelters, and stock piles of either lean ore or waste
rock. Secondary development such as new road construction can also produce
particulate emissions, Although the smelter is not the only source of
particulates, there is more concern about these emissions than from other
mining sources bBecause of the high levels of metals in the concentrate.

Particulate control is accomplished primarily by cyclones, high
efficiency electrostatic precipitators (ESP), hooding, and ventilation
systems. The major potential source of stack particulates likely to be
present within the emelter appears to be the dryer. Up to 10% of the
concentrate is estimated to be carried out of the dryer as particulates
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Table 12.

Comparison of sulfur mass balances for the base case, option 1 and option 2

Sulfur Input

smelters to other domestic smelters

Sulfur Capture

Fugitive Emissions

Stack Ewmissions

Installation TPD-S TeD=3 (% of input) IPD-$ (¥ of ingut) IPD-S (% of input) Befersnce
white Pine 113 3.4 3.1 2.2 1.9 108 95 282
Kennecott, Hayden 361 328 90.8 18 5.0 15 4,2 283
Kennecott, Hurley 351 215 61.1 - - 157 38.9 284
Magma, San Manuel 660 L2 71.5 16.5 2.5 172 26 285
Phelps Dodge, Ajo 203 183 0 10 5.0 10 5.0 286
Phelps Dodge, Morenci 981 668 68.2 17 14T 296 30,1 287
Asarco, El Paso 185 141 76.5 - 15% estimated 44§ 23,5 97, 288
Asarco, Hayden 609 161 26.4 21 3.4 427 TA.1 290
Phelps Dodge, Hidalgo 275 254 92 .4 - - 21 7.6 165
Phelps Dodge, Douglas 7713 22 3.0 53 7.0 696 90 288
Base Case Smelter 499 465 93.2 '3 0.6 31.0 6.2

Option 1 Smelter 499 Y8y 7 3 0.6 12.4 2.5

Option 2 Smelter 499 493 98.8 3 0.6 2.8 0.6



. . 186.
entrained in the exlt gases.

Dryer gases, along with gas streams from secondary hooding devices,
would he passed through one or more particulate removal devices such as
an electrostatic precipitator. Removal efficliences of 967% to 99% can be

- N e 239 i . . -
expected from electrostatic precipitators. Efficiencies ranging from
907 to over 997 have been reported at domestic smelters where electro-
static precipitators are used on all roaster, reverberatory furnaces,
238, 283, 284, 286-291
and converters.

Gases from the smelting furnaces (a flash furnace is assumed in the
smelter models) will also contain high particulate loads. After passing
through an electrostatic precipitator, these gases will flow to a
sulfuric acid plant. A high degree of removal of solid or gaseous contam-—
inants is required before the gas stream can enter the acid plant to
prevent damage to the catalyst beds and contamination of the product.
Overall particulate removal efficiences of 99.5% to 99.97 of the smelter

. R 265
off-gas contaminants are attainable.

Cyclones are used as precleaners to remove large particulates (greater
than 10 microns) from the gas stream. Efficiencies in the range of 50%

9 . , . 204
to 907 are easily attained depending on flow and design characteristics.
Removal efficiences of 96.97 have been reported at a domestic smelter
using cyclones for particulate control.

If wet scrubbers are used to remove SO2 from the secondary hooding
gases and possibly the acid plant tail gases, further particulate control
will result. Again, removal efficiency depends on the gas stream and

design characteristics. Removal efficiences greater than 907 have been

. : 92
reported at two power plants using 3-stage turbulent contact absorbers.
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A removal efficicncy»of 857 was selected fof<modeling purposes.

Sources of particulate fugitive emissions include leaks in ducts,
converters, material bandling during crushing and screening operations,
drying, and the refining furnace.282“289 Particulate fugitive emissions
may be effectively controlled in critical areas such as converters by
collecting and routing gases to control equipment before final
discharge,265

Based on the following considerations, two stack particulate mass
b‘,alancesw6 were generated based on a flash smelting facility with a spray
dryer. As hefore, the facility is sized to produce 100,000 mtpy of copper
plus nickel metal. The two models (shown in Figures 12 and 13) reflect
emissions with and without the use of scrubbing units to treat the weak
SO2 gas streams. The modeled stack particulate emissions are 2385 mtpy
without a scrubber and 358 mtpy with a scrubber. It is clear from the
figures that the gases coming from the furnaces contribute a negligible
part of these emissions as a result of the high particulate removal prior
to the acid plant. Particulate fugitive emissions are estimated to be
1500 mtpy for both of the smelter models based on the middle of the range
of estimated fugitive emissions from domestic smelters (7 to 3700

ntpy) 166> 269

Figure 14 places the smelter particulate emissions in
perspective with emissions from other point sources in the regional
particulate emissions inventory.

Unlike the 802 emissions models the particulate models were not
developed within the framework of emissions regulations, but rather, in

terms of available control equipment performance.
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GURE 17

MODEL FOR STACK EMISSIONS PARTICULATE BALANCE
FOR BASE CASE SMELTER/ REFINERY COMPLEX

TOTAL FLASH SMELTER FEED 794,328 MTPY (100.0%)
635,259 MTPY CONCENTRATE
151,479 MTPY FLUX

40,000 MTPY COALN:

DRYER
5
PARTICULATES DRY SMELYER FEED 714 896 MTPY (20.0%)
79,432 MTPY (10.0%)
é SMEL,T
ESP (97% REMQVAL PARTICULATES METAL, SLAG. ETC.
EFFICIENCY) 71,489 MTPY (9.0%) 643,407 MTPY (81.0%)
PARTICULATES ESP (87% REMOVAL
2,383 MTPY (0.3%) EFFICIENCY]

é

PARTICULATES
2,145 MTPY (0.3%)

L

ACID PLANT
£99.9% REMOVAL EFFICIENCY)

PARTICULATES ,
2 MTPY (<0.1%)

) -p{ STACK

TOTAL PARTICULATES 2.385 MTPY (0.3%)

K NORMAL OPERATING CONDITIONS ARE ASSUMED, IGNORING FUGITIVES
WHICH ARE UNKNOWN

HokONLY 7.590 MTPY OF THE 40,000 MTPY COAL ASSUMED TO REPORT AS
PARTICULATE MATTER (SEE VOLUME 2. CHAPTER 4)

1
Ritchie and Kreisman
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FIGURE 13, MODEL FOR STACK EMISSIONS
PARTICULATE BALANCE FOR OPTIONS {1 AND 2%

TOTAL FLASH SMELTER FEED 794.328 MTPY (100.0%]

DRYER
§ - ¥
PARTICULATES DRY SMELTER FEED_714.898 MTPY (90%)
78,432 MTPY (10.0%) r—-———-r_—j—jSMELTER ]
\gf REMAINDER 71,489 MTPY (9.0%) METAL. SLAG. ETC
ESP (37% REMOVAL €43,407 MTPY (81.0%)
EFFICIENCY)
l [EsP (97% REMOVAL EFFICIENCY] ]

PARTICULATES
2,383 MTPY (0.3%) PARTICULATES 2,145 MTPY (0.3%)

l

[ACID PLANT (89.9% REMOVAL EFFICIENCY]]

'

PARTICULATES 2 MTBY (<0.1%)

, 12,385 MTPY (0.3%)
[ VENTURI PRESCRUBBER (70% REMOVAL EFFICIENCY} |

L

PARTICULATES 715 MTPY (<0.1%]

[SO, SCRUBBER SPRAY TOWER (50% REMOVAL EFFICIENCY)]

¥

STACK *k NORMAL OPERATING
: CONDITIONS ARE ASSUMED
197 TOTAL STACK PARTICULATES 358 MTPY (<0.05%)

Ritchie and Kreisman ;




FiGure 14
SUMMARY OF MODELED FLASH SMELTER TOTAL
PARTICULATE EMISSIONS AND EMISSIONS FROM

OTHER LARGE PARTICULATE SOURCES
PARTICULATE 7 (SOURCE. RITCHIE , 1g78!
EMISSIONS

TMTRYY
1,000,000 ===

i
=
e
e
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-‘v»:%:yg’m
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33!3 )
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@t s 4
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mﬂdjtne
B /N SMELTER MODEL WITH ESP'S. AND AGID PLANT (3886 MTPY)

'§g§\§\\moposao ATIKOKAN POWER PLANT, FROJECTED 1288
CU/NI SMELTER WITH SCRUBBERS (1888 MTRY)

It
°
o

o

1,000 =

VR MP.LL. AURORA GENERATING STATION, 1876-78
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3.6.3. Elemental-constituents.

The distributlon of elemenital constituents and mass balances were

estimated bBased on a combination of bench tests of the copper-nickel ore

38, 186

and operating data from e%isting smelters. Uncertainties in the
mass balances are estimated to range from +207% to an order of magnitude.38
Table 13 summarizes the elemental particulate emissions expected from a
smelter producing 100,000 mtpy of copper plus nickel metal.

Coleman38 prioritized those elements in the Duluth Gabbro ore body
which might pose operational and environmental pollution problems if they
are processed iﬁ a primary copper-nickel smelter. The prioritization is
based on the quantity of element present in the concentrate, toxicity to
either human health or the environment, and the likelihood of release
into the environment. Relative toxiclty was based on the American
Conference of Governmental Industrial Hygienists (ACGIH) TLV's and the
National Institute of Health (NIH) LD 50's. Priority 1 elements are
those that are present in significant concentration in the bench-scale
concentrate, have a high toxicity relative to other elements present in
the ore, or are likely to be released into the enviromment. Priority 2A
elements present potential envirommental hazards but are present in very
small quantities, are expected to be relatively inert, or are not very
toxic relative to priority 1 elements. Priority 2B elements are present
in low concentrations, have low toxicity, or are unlikely to be released
into the enviromment. Priority 2C elements present potential environmental
problems, But bench-scale data were not available for further characteri-
zation., Table 14 prioritizes the elements aésociated with copper-nickel

smelting.
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Table 13. Stack and fugitive particulate emissions from a smelter complex
producing 100,000 mtpy of Cu plus Hi metal.

STACK EMISSIONS FUGITIVE EMISSIONS

b optiog f-~option 2
Constituent Base Model” .mtpy  meodel” . mipy all _smeliers
total particulate 2383 ‘ 358 1510
50, | 1490 - 223.6 | 0
Cu 263.5 39.53 281
Ni 5045 757 61.9
As 1Tl 0.01 0.12
Cd 1.84 0,01 0.07
Co 2:53 0.38 1.81
Be 0.02 0.00007 0
Pb g.8 0.02 0,13
Hg 0.07 0.00006 0
n 23.82 0.33 3423
Fe 581.67 87.26 83,0
Sb 0.003 0,0005 0
Bi
C1 0.39 0.06 0
F 0.02 0.003 0
Se 0 0 no data
Te 0 0 no data
Si (SiOE) 638.:51 ’ 95.79 704
Al (A1203) 101.83 15.28 116
Mg (Mg0) 57 .48 8.62 68
Ca (Ca0) 100,18 15.03 119
Coleman38 |
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Table 14. Prioritization of elements in the Duluth-Gabbro ore,

Priority 1: arsenic, cadmium, cobalt, copper, nickel
selenium, sulfur, tellurium

Priority 2A: Dberyllium, lead, mercury, zincg

Priority 2B: aluminum, barium, boron, calcium, carbon,
chromium, iron, magnesium, manganese,
mol ybdenum, phosphorous, potassium, silicon,
silver, sodium, titanium, thorium, vanadium,

zirconium

Priority 2C: chlorine, fluorine, antimony, bismuth

38

Coleman
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Six elements were selected for the modeling simulations based on
their texicity and eipected eriissions: copper; nickel, arsenic, cadmium,
lead; and mercury-.

Elements of particular Interest are arsenic and mercury (and to .a
lesser extent lead, cadmfum, and zinc) because thease elements may be
carried out of the smelting furnace with the eihaust gases either as
vapor or particulate depending on gas stream characteristics. Although
the available information is limited, indications are that these elements
are present in low concentrations and a high degree of removal will occur
as these elements pass through the electrostatic precipitators, acid
plant, and possibly wet scrubber. These elements (with the exception of
zinc which was mnot modeled) are treated as particulates rather than
vapors in the modeling simulations. This approach should be re-evaluated
for any specific proposal depending on the composition of material to be
processed and the technology to be employed.

3.6.4. ‘Smelter stack parameters.

In addition to smelter source emissions data, the modified gaussian
model requires the following additiomnal source information: stack
height, heat emissions, and flow rate.

The selection of stack parameters (stack height, exit gas velocity,
exit gas température, and inside top stack diameter) for the hypothetical
smelter was based on data from the Phelps Dodge flash smelter at Hidalgo,
New*Mexico.165 The same stack parametefs were used for each of the three
smelter cases, and gases from both the weak and strong gas streams were
assumed ﬁo be combined for release through a single stack. Fugitive

emissions were assumed to be releaged through the top of the smelter
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building ond were handled as exiting from a low level stack for modeling
purposes .
Unlike the very. tall stacks ranging from 180 to 360 meter5283“289

found in many- conventional smelters with poor SO, removal, the main stack

2
for a smelter in northeastern Minnesota Is expected to be relatively
short,

A stack height of 60 meters and an exit gas temperature of 82°¢c
were selected for modeling the main stack. A fugitive stack of 50 meters
was selected based on the furnace building height of a new flash furnace

o s . e e 166 .
smelter facility bBeing planned in Louisiana. An exit gas temperature
of 4°C was used for the fugitive stack based on the annual average

. 2 s .
temperature of the region. 7 An inside top diameter of 2.2 meters was

used for both stacks.

The choice of an appropriate exit gas velocity for modeling purposes
was based on an analysis of wind data for the study area. A value was
selected to avoid stack downwash By using 1.5 times the 95th percentile
of wind speed measured at Hibbing and adjusted to 50 meters under neutral
s.taBility.6l Neutral stability was used because it is the usual stability
under strong winds. The resulting value, 21 m/sec, is high compared to
gas exit velocities of 10.3 m/sec and 9.15 m/sec for the two Hidalgo
stacks. Nevertheleés, it seems reasonable, considering the wind condi-
tions of the area, and was used in the modeling simulations.

Table 15 summarizes the primary and fugitive stack input parameteré.

A hypothetical smelter site was selected at a location 4.8 km south
of Babbitt in order to provide a spacial reference point in the study

area. This location does not imply that a smelter has been proposed or
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is being considered for this location; however, the site is adjacent to

the most active mining exploration in the study area. The smelter

coordinates are 91.8970° longitude and 47.6429° latitude.

Table 15. Smelter stack Input data

input parameter

height (meters)
exit gas temp (OK)
exit gas flow~(m3/sec)

heat emissions (cal/sec)

Cprimary stack

60
355
80.4

6.4 x 10

-7G~

‘Fugitive stack

50

277

1.0

8.45 x

10



CHAPTER 4. HEALTH LITERATURE REVIEW

A major consideration Lo copper-nickel development in northeastern
Minnesota are the health consequences of smelting. Sulfur dioxide,
sulfate, total particulates, copper, nickel, arsenic, cadmium, lead, and
mercury were selected for modeling based on toxicity, quantity of
emissions, and availability of the required input parameters.

This chapter summarizes the relevant occupational and non-occupa-
tional health data of these pollutants, existing standards, and
measured ambient air concentrations.

This infdrmation, particularly the existing standards, will
provide a framework for assessing the environmental health impacts of
copper-nickel smelting from an air quality perspective.

4,1, TOTAL SUSPENDED PARTICULATES AND SULFUR OXIDES

An excellent review of the epidemiologic literature relating to
sulfur oxides and particulates is presented by Schuman §£_§13215 This
paper reviews experimental studies, both animal and human, for sulfuric
acid, sulfur dioxide, sulfates, sulfites, and particulates along with
epidemiologic studies. Because of the wealth of health data relating
to sulfur oxides and particulates, the reader is referred to the
Schuman_gg;glL215 review for a comprehensive summary of the literature.

Sulfur oxides refer to a large group of compounds including sulfur
dioxide, sulfur trioxide, sulfuric acid, and sulfur salts or sulfates.
Sulfur dioxide (802) is emitted by industrial plants in larger quanti-
ties than the other oxides, and can undergo chemical conversion in
the atmosphere to form sulfate aerosols (referred to as SO, in the

4

remainder of the paper). 80



The effects of sulfur dioxide alone first appear as irritation to
the mucous membranes of the eyes and respiratory tract.

Concentrations of sulfur dioxide in the range of 0.8-2.6 milli~

. . 3 . .

grams per cubic meter of air (mg/m™) can be detected by taste and 7.9

3 ) . 209 | .
mg/m~ can be detected by smell. Toxic effects in the form of a
reversible bronchiolar constriction can result in healthy individuals

2
during several minutes exposure to 3.9 mg/m~ SO

297

93 and eye irritation is

experienced above 26 mg/mB.
. . 241 >

Stokinger and Coffin concluded that concentrations greater than

3 . . s e
2.6 mg/m~ SO, were required before serious or even significant effects

2
could be expected in healthy individuals.

When 802 acts synergistically with particulates, its action is
potentiated, and the threshold for health effects is reduced. Studies
indicate that 802 aerosols potentiate health effects by a factor of 3

or 4 over the same 302 gaseous exposure.2

Health effects studies of sulfuric acid exposure in man are
limited. Occupational exposures have shown that inhalation of sulfuric
acid mist at concentrations of 0.5 mg/m3 to 2.0 mg/m3 is mildly annoy-

ing; concentrations in the range 6.0 to 10 mg/ms-are unpleasant; and

concentrations in the range 40 to 60 mg/m3 result in severe coughing and

irritation to the mucous membranes.

Particulate matter is broadly defined as any material except
uncombined water which exists as dispersed solid or liquid at standard
temperature and pressure. Sulfates, metal salts, pollen, sand, and
dust all fall under this definition. The individual particles are

generally smaller than 500 microns, and can remain suspended in the
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air from a few seconds to several months.

The most important characteristic of particles is their size;
particle size determines deposition and vetention in the respiratory
system. Most particles larger than 10 microns (um) are removed from
inhaled air in the nasal region. TFor particles less than 10 um the
percentage deposited in the lung Increases with decreasing particle
size down to about O,S/um, and maximum deposition occurs in the range
1 to 2 Fm4192, 261

An Important health aspect is the inhalation of respirable parti-
cles which can penetrate deeply into the lung alveoli. Respirable
range particles are generallyvagreed to be those less than lO/mn dia-
meter. Removal mechanisms may involve tfansfer to the blood, lymph, or
intestinal tract resulting in damage elsewhere in the body.

The problem of relating health effects to particulate exposure is
a difficult one. In order to define health effects the chemical nature
of the particles, size, and distribution must be related to mechanisms
of retention ip and femoval from the body.

Acute episodes of high sulfur oxide and particulate levels have
been associated with a larger number of deaths than normally expected.
The very young, very old, and those individuals with chronic pulmonéry
or cardiac disorders are the groups most severely affectad. Two of the

; 2
classic episodes occured in Donora, Pennsylvania in 1948 10 and in

London, England in 1952.131

Forty-three percent of the population in Donora became i1l and
twenty people died.ZlO Sulfur dioxide, its oxidation products, and

particulate matter were implicated.
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In the London episode a sulfur dioxide concentration of 654 micro-
. . - 3, , S 3 .

grams per cubic meter of air gug/m ) in the presence of 750 Pg/m parti-

' . X . . 131 o ,
culates caused a rise in the daily death rate. A 207 increase over
the expected death rate was associated with SO2 levels in excess of

3 .
1361 pg/m for one day along with particulate levels greater than
3 26

2000 Pg/m . 1

Epidemiologic studies demonstrate that exposure to high levels of
contaminants of sulfurous smog causes excess morbidity and mortality in
persons with chronic lung disease. Conditions like asthma may be aggra-
vated by prolonged exposure to moderately high concentrations of
pollution.

7

One of these projects, the Community Health and Environmental
Surveillance System (CHESS), sought to determine the adequacy of the
national primary air pollution standards, and provided a wealth of
information on the relatiounship of air pollution to disease. Two of the
CHESS studies were conducted in four communities in the Salt Lake Basin
66,167 '

and in five communities of the Rocky Mountain Area.

In the Salt Lake . Basin study the primary SO, source was a large

2
copper smelter located 8 km from the high exposure group and 61 km
from the low exposure group. This study of school aged children showed
that the frequency of single or repeated episodes of acute lower
tespiratory illness, bronchitis, and croup increased 40 to 50% after
exposure to elevated levels of SO, (91 pg/ms) and suspended sulfates
(15 pg/m3) for over three years. Pollutant levels were also correlated

with excess asthma attacks.

Sulfur dioxide sources in the Rocky Mountain area included a lead
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smelter and a copper smelter. This study found significantly greater
incidences of acute lower respiratofy disease among asthmatic children
and non-asthmatic children who were exposed to estimated annual 802
. 3 3 .
levels of 177 Pg/m , suspended sulfates of 7.2/ug/m , and particulates
3 ;
of 65 pg/m for three or more years.

The present ambient air quality standards for SO, and particulates

2

were established on the basis of these and other studies to protect the
public health and welfare (Table 16).

At the present time, national standards have not been established
for suspended sulfates; however, it is possible that standards based on

total water soluble sulfates may be established by 1985‘205 A potential

24-hour standard of 10 to 25 pg/m3 and a potential annual standard
of 5 to 15 pg/m3 have been developed by the Brookhaven National
Laboratory Office of Environmentai Policy.205
4,2 COPPER
Copper is an essential element in plants, animals, and man.
Dietary sources may range from 2 to 10 mg copper (Cu) per day, and about
one-third to one-~half of this is absorbed in the body.132’ 161
Average copper concentrations of 134 Pg/l have been measured in
142

969 water systems in nine geographic areas of the U.S.

Atmospheric concentrations of copper have been measured in the

range of 0,01 to 0.57 Pg/m3 in urban areas and 0.0l to 0.25 pg/m3 in non~

urban areas.213 Concentrations averaging less than 1 pg/m3 have been

measured over a 10 year period around copper smelters in the U.S.132

Schroeder213 estimates a total maximum daily intake of 11.4 ug

from air and 1325 pg from food and water. The intake by air is only

0.86% of the total intake. -84



Table 16. National ambient air quality standards for sulfur oxides and
total suspended particulates.

Pollutant Wording of Standard frimg;xi _ﬁgeondarzﬁ
Suspended annual geometric 3 3
Particulate mean concentration 75 ug/m 60 ug/m
Matter '

max 24-hr concentration

not to be exceeded 3 3

more than once/year 260 pg/m 150 pg/m
Sulfur annual arithmetic 3
Oxides average concentration 80 pg/m

max 24~hr concentration
not to be exceeded 3
more than once/year 365 pg/m

max 3+~hr concentration
not to be exceeded 3
more than once/year 1300 pg/m

aprimary standard: protects public health

_secondary-standard: protects against all other adverse effects of
air pollution

An extensive review of the effects of copper on plants, animals,
and man has been compiled by the National Research Councill61 and
Schuman,ggijgg.216

Symptoms of copper poisoning by ingestion are similar to other
forms of food poisoning and include a metallic taste in the mouth and
vomiting.

Gleason89 reported metal fume fever in three men who were exposed
to dust during the polishing of copper plates. Concentrations of
0.12 mg/m3 were found in the polisher's breathing zone.

Silicosis was studied in Rhodesian copper miners by Paullgl and

in Russian workers by Yakshina and Makarov.30l
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Blot and Fraumenizo studied cancer mortality in 36 counties with
primary copper, lead, or zinc smelting and refining of non-ferrous
metallic oves (18 of the counties had copper smelters). Lung cancer
mortality was found to be significantly higher among males (177 higher)
and females (157 higher) than the rest of the U.S. population.

The National Research Councill61 concludes that because of the
absence of reports on significant énvironmental effects from airbormne
copper, copper and its compoundé as dusts or fumes dispersed into the
atmosphere have not been considered to be hazardous.

At the present time there is no ambient air quality standard for
copper. The adopted threshold limit value-time weighted sverage
(TLV-TWA) is 0.2 mg/m3 for copper fume and 1.0 mg/m3 for dusts and mists.,
The tentative short-term exposure limit (STEL) for dusts and mists is
2.0 mg/m3 as Cu.2
4,3, CADMIUM

The cadmium Intake in man has been estimated to be about 160 pg/day
from food and water, and 7.4 pg/day from air (about 4.6% of total

13 Cadmium in air has been reported to range from 0.002 pg/m3

intake).2
to 0.37/ug/m3 in urban air and from 0.0004 to 0.026 ,ug/m3 in nonurban
areas.Zl3 Schroeder213 concluded, "There is little question that
cadmium in air is a real and present hazard to human health."

Toxic effects of cadmium include acute effects at concentrations
of several milligrams/m3 which result in pneumonitis, pulmonary edema,
and sometimes death.ls’ 132

Chronic effects of low level cadmium exposure are more difficult to

diagnose. Some of these effects include shortness of breath due to
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emphysema, total or partial loss of smell, coughing, weight loss,
A N - e neaaen 0O .
depressed appetite, and generalized ivvitability. Proteinuria has
: . 3 . B , 120
also been reported as an important effect of cadmium poisoning. A
relationship between cadmium exposure and cancer has been

128, 190 SchroederZIS concluded there is a suggestive rela-

suggested.
tionship between renal cadmium and hypertension.

Non-occupational acute poisoning generally results from inadvertent
ingestion of a food or drink containing high concentrations of cadmium.
Itai~itai disease in Toyama, Japan 1s probably the classic example of
non-occupational chronic cadmium poisoning.253 Cadmium contamination
resulted from a mining operation located by a river upstream from the
community. Contaminated river water was used for irrigation resulting
in accumulation of cadmium in the rice crop.

Baker gg_gl;? studied cadmium absorption in children (1 to 5 years
0ld) living within 6.8 km of 11 U. S. copper smelters. In nine of
the eleven smelter towns, the mean hair cadmium levels in the children
were significantly higher than those of the controls.

At the present time there is no ambient air quality standard for
cadmium. The adopted TLV-TWA is 0.05 mg/m3 for cadmium dust and salts
(as €d), and the tentative STEL is 0.2 mg/m3.2
4,4, LEAD

The average daily intake of lead in the U.S. has been estimated to
be about 300 pg.213 Only 5 to 10% of this amount (30 Fg/day) is absorbed
into the body.157 Dietary sources are probably the most important, and

the Jlead content of food varies from 10 to 2500 parts per billion

(ppb) with an average of about 200 ppb; the average daily intake of
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lead through water is about 20,ug/1.157 Schroeder213 estimates that
about 15% of the total daily intake is from air.

Prban concentrations range from 0.1 to 2.3/pg/m3, and nonurban
concentrations range from 0.002 to 0.15 pg/m3.213

Ambient concentrations greater than 2 to 3 Fg/m3 result in increased
blood levels.157 Normal blood lead levels are below 40 pg/lOO ml.19

The effects of lead poisoning vary depending on whether the lead is
organic or inorganic. Mild sympfoms of inorganic lead poisoning include
tiredness, Irritability, anorexia, altered sleep patterns, anemia, and
slight abdominal pain of discomfort:; severe symptoms include muscle
tenderness, colic, reduction of muscle power, and other symptoms of
neuropathy or encephalopathy°127 Inorganic lead poisoning inhibits
several steps in the synthesis of heme.99 Neurological and gastrointest-
inal effects have been reported at blood lead concentrations of 70 to 80
pg/100 g whole blood.157

Organic lead poisoning is exhibited as a psychotic state, and
sywptoms include nervous irritability, agitation, and ultimately an
irrational, delusional, and hallucinated state.207

Baker et al.8 studied children from 1 to 5.years old living within
6.5 km of 11 copper smelters in the U.S. Mean hair lead levels were
higher than controls in all 11 copper smelter towns and 8 were signifi-
cantly higher. Systematic absorption, however, occurred only in sporadic
cases, and blood lead levels were rarely high enough to be associated
with hematological or neurological toxicity.

Baker EEnél.7 studied 91 children and 12 wives of current and

recently terminated workers of a secondary lead smelter. The concentra-



tion of lead in the dust of workers' homes averaged four times that of
controls, and blood lead levels in the children correlated with the lead
concentration in the dust.

Roberts §£M§;,199 found elevated blood lead levels (about 307 over
40 Fg/lOO ml blood) in children aged 0 to 14 years living near two
secondary lead smelters in Toronto. Although distinct symptoms.of lead
poisoning were not observed, metabolic and subtle neurological changes
did occur.

Landigran E£~§£f126 investigated blood lead levels in adults and
children around a smelter in El Paso, Texas where 1012 metric tons of
lead were emitted over a three year period. Blood lead levels over
40fug/100 ml were found in 43% of those living within 1.6 km, in 8% of
those living within 1.6 to 3.2 km, and in 17 of those living more than
3.2 km from the smelter. Soil levels of 3457 parts per million (ppm)
lead were measured within 200 meters of the smelter; soil lead levels
remagined above the background level of less than 50 ppm as far as 10 km
from the smelter.

Roels ggﬁgl.ZOB found that blood lead levels in children living
less than 1 km from a smelter averaged about 30/ug/100 ml; at 2.5 km
the concentration was about ZOiug/lOO ml; and in rural areas the concen-
tration was 9.4 /ug/lOO ml blood.

Children and women are thought to be more susceptible to lead
poisoning than men, and the National Safety Coun011159 concluded that
‘children in the 1 to 5 age group should not have exposures resulting in
blood lead levels greater than 30 /ug/lOO ml.

The national ambient air quality standard for lead is 1.5 }Jg/m3 per

calendar quarter year average.272‘ ~89~-



The adopted TLV~IWA for inorganic lead is Q.15 mg/mj, and the
. U 32

tentative STEL is 0.45 mg/m™,
4,5. MERCURY

Mercury compounds have no known normal metabolic function, and the

. . ., 162 i . . . -

National Research Council concludes that in view of the toxicity of
mercury and the inability of researchers to specify the threshold levels
of toxic effects on the basis of present knowledge, all mercury contam-—
ination must be regarded as undesirable and potentially hazardous.

Mercury may be present in an organic form (alkylated mercurials) or
in an inorganic form (metallic mercury and mercury sulfide). Organic
mercury compounds, particularly, methyl mercury, are most important
. - . . . . 162
because of their toxicity and bioaccumulation.

Ambient concentrations of mercury range from 0.7 nanograms per
cubic meter (ng/mg) in remote O0cean areas (nearly all present as a

3 . . .
vapor), to 4.0 ng/m~ (less than 5% as particulate) in rural areas, to
concentrations less than 10 ng/m3 (variable particulate concentration)

: 162
in urban areas.

Mercury contributions from drinking water have been estimated at
less than O.Z‘pg/person/day; the contribution from food can vary widely,
but has been reported to range from 9}pg/person/day in Brazil to 109 ug/

. 162 213 , .
person/day in Japan. Schroeder =~ calculates a daily mercury intake
of 10;ug from food and water, and a maximum of 760 ug from air.

Existing evidence indicates that methyl mercury poisoning first
results in central nervous system damage. Toxic dosages in man result
in neurological disturbances weeks to months after acute exposure;
symptoms include blurred vision, blindness, deafness, and ultimately

death.162 : ~G0—



The best knovw  amples of methyl mercury poisoning occurred in
Minamata Bay and 1. ligato. Poisoning occured as a vesult of industrial
release of methyl jicrcury and other mercury compounds into Minamata Bay
and the Agano River followed by accumulation of methyl mercury in edible
fish and shellfish, The median total mercury level in fish caught in
Minamata Bay during the epidemic is estimated to be 11 pg/gm fresh
weigbt.162 More than 700 cases of methyl mercury poisoning were identi-
fied in Minamata, and more than 500 in Nidigata by 1974c249

The largest significant outbreak of methyl mercury poisoning occurred
in Iraq during the winter of 1971~72 as a result of consumption of home-
made bread prepared from seed treated with a methyl mercury fungicide.
More than 6000 poisoned children and adults were admitted to hospitals
throughout Iragq and nearly 500 deaths were reported,9

At the present time there is no ambient air quality standard for
mercury. The adopted TLV~TWA is 0.01 mg/m3 for alkyl mercury compounds
and 0.05 mg/m3 for all other forms (as Hg). The tentative STEL values
are 0.03 mg/m3 for alkyl compounds and 0.15 mg/m3 for all other forms.2
4,6, ARSENIC

"The health and environmental literature relating to arsenic and its
compounds has been reviewed by the U.S. Dept. Health, Education, and
Welfare,262 the National Research Council,l6o and Ashbrook.4

Arsenic is most commonly present in the trivalent (arsenic trioxide,
arsenous acid, arsenite) and pentavalent (arsenic pentoxide, arsenic
acid, arsenate) forms.

Inorganic arsenic compounds can have a direct effect on the skin,

or can be absorbed into the body through the skin, from the lungs, from
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the tracheobronchiol tree, or from the gastrointestinal tract. Arsenic

4 . . . . 214

is distributed throughout the body.
o 21 , . .

Schroeder 13 calculates a daily intake of 1000 pg arsenic (As) from
food and water, and a maximum of ]JA«Fg (0.14% of the total intake) from
air.

Arsenic concentrations in air have been reported to be less than
O.O2lmg/m3 in remote areas, and range from 0.01 to 0.16 yg/mB in urban
areas.l60 During 1961-62 an air pollution survey in Montana reported an
atmospheric arsenic concentration in Anaconda, where a large smelter is
located, up to 2.5 !u.g/m3 (0.45 pg As/m3 average) compared to 0.0 to 0.55
/ug/m3 (O.O7l,ug/m3 average) in Butte, where there are mines adjacent to
the city. Annual average concentrations of 0.001 to 0.07 ,ug/m3 were

. . 154
reported for five other Montana cities.
Arsenic has been strongly implicated as an occupational

125, 146, 175

carcinogen. In 1979 the Environmental Protection Agency's

Science Advisory-Board concluded that the association between exposure
to arsenic and the development of cancer was well established.273

Most nonferrous metal smelters produce arsenic in varying amounts
depending on the ore concentrations and process, and there is some
evidence that arsenic air pollution may have resulted in increased
lung cancer mortality in the general population.

Fraumeni74 reported that lung cancer mortality was increased in
26 of 38 U.S. counties that had nonferrous metal smelters, Heuper
reported excessive respiratory cancer mortality in three Montana

counties in which the major industry was copper mining and/or smelting;

Newman et a1.168 attributed the increased respiratory cancer mortality
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in Anaconda, Montana to arsenic alr pollution.

At the present time there 1s po ambient air quality standard for

arsenic. The current TLYV-TWA is Q.2 mg/m3 for arseunic and compounds,

= 3 . _— : 3 . _ 2
0.05 mg/m~ for arsenic trioxide, and 0.2 mg/m”~ for arsine (all as As).
4,7, NICKEL

Nickel (Ni) may enter the body through oral intake, inhalatdion,
percutaneous absorption, and parenteral administration.

213 . . - . .

Schroeder estimates that the total daily dntake of nickel ig
600 pg/day from food and water, and 2,36ﬁng/day (0.39% of total intake)
is the maximum amount from alr.

Ambient air concentrations may be as high as 0.118 Pg/ms (New York

3 213
City, 1966) and 0.69 Pg/m (East Chicago, Indiana, 1964).

Metallic nickel is relatively nontoxic. Nickel salts are highly
toxic when administered intravenously or subcutaneously. Nickel
carbonyl, an organonickel compound, i1s highly toxic and symptoms may
occur immediately or be delayed. Major symptoms of acute nickel toxicity
include hyperglycemia, gastrointestinal effects, and central nervous
system effects.l58

Nickel is a common sensitizing agent for allergic dermatitis.

Nickel carcinogenesis has been documented among nickel refinery workers

V/
55, 104 245

in Wales, nada, " and Norway.1

Doll et al.55 conducted an epidemiological survey of 845 men who
had been employed by a nickel refinery in Wales for at least five years
and who were first employed before May 1944, Men who worked at the
refinery between 1900 and 1925 died of cancer of the nasal cavities at

a rate of about 364 times the national average; no deaths were reported
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from this cancer after 1925, Mortality from pulmonary cancer was 7.5
times the national average for those men who started working between 1900
and 1925; this dropped to only 1.3 times the national average for those
starting after 1925.

Sutherland245 conducted an epidemiologic study of respiratory cancer
at the Port Colborne nickel refinery in Canadaj; the study included 2355
workers with 5 or more years of service who were working in January, 1930
or later. Sutherland estimated that the nickel workers' risk of dying
from cancer of the nasal cavities was 37 times the expected risk, and the
risk of dying from pulmonary cancer was 2.2 times the expected risk
during the period 1930-1957. A study of residents in the area during
1950-~1957 did not show any increased risks of cancer of the nose or lungs.

Although the carcinogenic role of nickel has not conclusively been
established on epidemiological grounds since workers were also exposed

11
to other metals, authoritieslgl’ 8, 202

who have reviewed the problem
have inferred that nickel compounds were the principal carcinogens in
the epidemiologic studies.

Although nickel carbonyl may be present in some refineries, the
more probable agents of concern are the dust of the nickel ore and its
products.216 Changes in the technology of nickel smelting and refining
have probably diminished the risk of respiratory carcinogenesis.158

At the present time there are no ambient air quality standards
for nickel. The adopted TLV-TWA is 0.35 mg/m3 for nickel carbonyl,

1.0 mg/m3 for nickel metal, and 0.1 mg/m3 for soluble nickel compounds;

the tentative STEL for soluble nickel compounds is 0.3 mg/m3.2



4,8, POPULATION AT RISK

Table 17 provides a breakdown of the populations of Cook, Lake, and
St. Louis counties by age (1975 data). People living in these counties
are most likely to be impacted Dy a smelter operation in the Iron Range
or in Duluth.

The most susceptible populations are, of course, the chronically
111, the young, the old, and those people in hospitals.

Approximately 87 of the total population in these counties i1s less
than 5 years old, and aboul 12% is more than 65 years old. These
numbers would be expected to increase along with the general population
as a result of copper-nickel development.

Table 18 gummarizes the number of beds in hospitals, nursing homes
and convalescent centers In the three counties. A smelter sited in
Duluth potentially could have the largest health impacts, particularly

during breakdown conditions, because of the concentration of people.

Table 17. Population estimates for Cook, Lake, and St. Louis counties,
July 1, 1975,

County Total <5 5-17 18-29  30-44  45-64 >65
Cook 3700 230 880 560 680 890 470
Lake 13600 1010 3990 2100 2440 2920 1150

St. Louis 216600 15150 50940 41360 32720 49350 27070

Total 233900 18460 55810 44020 35840 53160 28690

Office of State Demographerl73
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Table 18. Number of beds in licensed and certified health cave facilities
in Cook, Lake, and St. Louils counties, 1976,

hospital nursing home and
County - Town beds bassinets convalescent centers
Cook Grand
Marais 16 6 50
Lake Two
Harbors 37 9 50
St. Louis Aurora 16 4 74
Buhl 31
Chisholm 54 6 42
Cook 14 8 ‘ 41
Duluth 1145 54 710
Ely 45 11 100
Eveleth 26 88
Hibbing 176 20 316
Noepming 211
Virginia 173 33 232

Minnesota Dept. of Health149
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CHAPTER 5. MODIFIED GAUSSIAN MODEL

5.1, INTRODUCTION

The modified gaussian model can predict ambient concentrations and
deposition rates for up to 23 pollutants including sulfur dioxide, sul-
fate, total particulates, and metals. The model can handle up to 25
sources, and requires source location, pollutant emission rate, stack
height, and heat emission rate as input parameters.

Dry deposition rates, washout ratios, mixing height, and monthly
temperature and pressure are also required as inputs. The model uses
meteorological data from up to 5 stations to calculate the air quality
impact of the various sources on a specified network or grid of up to
50 receptor sites.

The model provides ambient air concentrations (micrograms per cubic

3 - 3
meterﬁfmg/m , for 802, SOA’ and nanograms per cubic meter, ng/m”, for
particulates and metals) and ground depositions (kilograms per hectare,
kg/ha, for 804 and grams per hectare, g/ha, for particulates and metals)
on a daily basis and various averaging time periods. The model has been
verified in the range of 5 to 250 km from the source.

The model utilizes specific meteorological input data in the form
of 24~hour inverse distance vector averages to compute the corresponding
24-hour air quality impacts of each source at each receptor. The effect
of each source is summed to determine the total effect of all the
regional sources at each receptor for each 24-hour period. The 24-hour
results may then be averaged (or totaled) over a season or year to

determine the average concentration (or -total deposition).
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Either geometric or arithmetic means can be calculated. Other
distributionsg of the individual 24-hour results during the year can
also be determined.

The major features of the model include:

1) Atmospheric dispersion: Horizontal plume spread is calculated
using a gaussian equation. Vertical plume spread is calculated using a
box model in which concentration is assumed to be uniform over the
plume thickness limited by the surface and a specified mixing height.

2) Chemical conversion: The model provides for depletion of SO2
by conversion to sulfate at a specified rate as the plume is transported
downwind.

3) Dry deposition: Pollutants are removed from the air by inter-
action with the surface (vegetation, water, buildings, and so forth).
This removal process is termed dry deposition, and is a function of the
ambient concentration and a specified deposition velocity.

4) Prepipitation scavenging: In addition to dry deposition
pollutants are depleted as a result of scavenging during precipitation
events. The frequency and duration of precipitation are among the
input data required by the model. The effectiveness of precipitation
scavenging for the removal of a particular pollutant is specified in
the form of a scavenging rate coefficient.

A copy of the program for the modified gaussian model is presented
in Appendix 1. This chapter describes the flow of the model and

discusses the theory underlying the major program segments.

~98~



5.2, MODITIED GAUSSTAN MODEL FLOWCHART

A flowchart for the model is given in Figure 15, and it should be
referred to in the following discussion (the appropriate sections of the
flowcharit are tagged in the text by letters in parentheses).

Input data. (A) Index data include the number of sources (25,
maximum), number of rveceptors (50, maximum), number of weather stations
(5, maximum), and number of metals (20, maxim;m)g

(B) All species require inputs for dry deposition velocity
(cm/sec), washout ratio, and ambient air background concentration
ng/m3). There are two sets of dry deposition velocities for sulfur
dioxide and sulfate: one for the summer season (rain) and one for the
winter season (snow). The dry deposition velocity and the washout
ratios are used to calculate the dfy and wet losses.

(C) Source data include the source number and name, the source
coordinates in degrees longitude and latitude, the stack height (m), the
source width (km), the source heat emission rate (cal/sec) which is
used to calculate plume rise, and finally, the source pollutant emission
rate (gm/sec).

(D) Receptor data include the number and name, coordinates in
degrees longitude and latitude, and start/stop times for computing
results. All receptors may be set to the same start/stop time or
individual start/stop times may be used for each receptor. The weather
data must span all periods.

(E) This section calculates the required positional geometry given
the locétion of the sources, the receptors, and the weather stations.
Since all positions are set, the various disfances and weights are
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calculated once and stored, The source to receptor distance (XSR) and
the wind angle from east (AHW) are computed for each pair. The weather
is calculated at one-half the distance between the source and receptor
and weighted by the inverse distance between the receptor and the
weather stations. Other weightings were considered and inverse
distance was selected as the best.

(F) At this point the program progresses through a nested series
of loops to calculate the desired deposition and air concentration. A
loop is a section of the program that is repeated a given number of
times. The outermost loop (900) is over the days of the weather period,
gstarting with the first day of weather and progressing to the last.

Then for each day of weather, the program loops (2000) over the recep-
tors. Finally, the program loops (4000) over the sources.

(G) The weather at the five stations is read in for the day. Since
there is so much weather data, it is not practical to read it in all at
once, rather it is done on a day by day basis.

(B) Thé loop (2000) over the receptors begins. Within this ioop
days not in the measured time period are eliminated, an inverse distance
average of the weather (I) at the receptor is calculated (total inches
of rain are summed, data for the 16 point wind rose are collected,
monthly mixing heights are calculated), scavenging coefficients (J) are

computed for SO 804, and the metals. The washout coefficients for

2,

802 and SO4

program.

are first approximations and are recalculated later in the

(K) VNext, the inmermost loop (4000) over the sources is made.
The actual ambient alr concentration and deposition calculations are

made within this loop. =101~



() The weather half-way between the source and the receptor is
determined.

(M) The angle (AUX) between the source-receptor line and the wind
divection is found. If AUX is greater than 900, the source is by-passed

(Figure 16).

FIGURE 16. WIND ANGLE
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(0) Wind speed, which increase with height, is calculated by the
power law equation modified for stability. The wind speed at'stack
height is also used to approximate the average wind speed which is used
to calculate both plume rise and dilution.

(P) The wind speed calculated in (0) determines the time required
to reach the receptor. The source is by-passed if the time is greater

than 24 hours.
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(Q) DNext, the program calculates the plume rise, the effective
stack height, and the vertical dispérsi@n angle. The effective stack
height and the vertical dispersion angle are then used to calculate the
vertical spread of the box.

The height of the box is less than the mixing height within a few
kilometers of the source, and is bounded by the mixing height at farther
distances.

At this point, a brief explanation of the "box" is in order. The
stack plume is emitted continuously at an average rate and is transported
downwind. The plume diffuses in the vertical direction to the mixing
height a few kilometers from the source, aﬁd‘mixing (therefore,
pollutant concentration) is considered to be uniform from the ground to
the mixing height.

While traveling downwind, the plume also disperses horizontally,
normal to the line of travel. The horizontal angular spread is
primarily controlled by the wandering of the wind direction which is
measured by the standard deviation of the wind angle.

In its simplest form the box model is a pie-shaped wedge spreading
downwind with uniform concentration throughout the box.

In the modified gaussian model horizontal diffusion is approximated
by the gaussian distribution which has the feature of being completely
described by its standard deviation. Thus, instead of uniform concen-
tration across the entire box, the standard deviation of the angu%ar
spread in the wind direction now becomes the standard deviation of the
normal distribution. So, as the plume is transported downwind it

diffuses horizontally so that the crosswind crosswind concentration
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assumes a gaussian profile with the maximum concentration along the
wind axis, falling off to either side. As the plume travels downwind,
the bell-shaped profile lowers and broadens (R,S).

Ag the plume travels along, SO, is oxidized to sulfate (T), and an

2
oxidation rate is computed as a function of plume travel time.

Losses which are due to dry deposition and wet scavenging are
calculated using exponential funcitions. Clearly, oxidation and losses
are taking place concurrently, and the equations describing the concen-—
tration and deposition at the receptors are coupled, simultaneous
differential equations incorporating the modified box; oxidation, wet
and dry losses. The equations for concentration and deposition as
applied to the modified gaussian model have been solved by 'Bowman21
after Wendell, Powell and Drake.z92

Losses for SO2 and SO4 are calculated in a boot strap manner. (U)
The programrinitially deterﬁines loss coefficients (wet and dry) for
SO2 and SO4 using the best guess input parameters. (V) The 802 wet and

dry loss coefficients are then used to calculate an initial SO, concen-

2
tration which in turn is used in a subroutine to recalculate the 802
washout coefficient, providing a refined wet loss term for 802. W)
The recalculated wet loss term is then used along with the dry loss
term from (U) to determine the concentration of 802 and SO4 at the
receptor after losses.

Losses at the réceptor are approximated by the fraction of time it
is raining pér day, and it is assumed that dry deposition does not
continue throughout the whole day. Losses are calculated along with

concentration on a source by source basis rather than in a more

integrated way. <104~
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(X) Next, the program ztores intermediate terms for use in

I

calculating wet deposition5

() Metal loss coefficients, metal concentrations, and metal
depositions are determined at the receptor in loop 52. These calcula-
tions are straightforwardy and do not present the complications that

SO2 does.

(z) Total SO2 concentration at the receptor, which is the sum of

the concentration from (W) and the background concentration, is used to

calculate a new washout coefficient. At this point the SO2 washout

coefficient and 802 concentration at the receptor have been refined.,

(AA) Next; the final wet 802 and SO4

with the final SO2 washout coefficient in a loop (4002) over the sources.

depositions are calculated

(BB) The deposition of hydrogen ion is calculated.

(cc) The background concentration is added to the predicted
concentrations and depositions; units are changed; and the depositions
and concentrations are summed over the-recepﬁor sampiing period.

(DD) Maximum average daily sulfur deposition and average daily
802 concentration are calculated. (EE) If‘the end of period for the
receptor has been reached, the program then computes the period average
concentration, total SO4 deposition, pH and the wind rose.

(FF) Final results are printed.

The results are printed for each day, summed, or averaged as
needed for the . respective period of the receptor, and the complete
period results are also printed. This is done for all periods until

the end of the last receptor period or the end of the input weather

is encountered at which point the program ends.
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5.3. THEORY

5.3.1. Wind speed at stack height.

Plume transport and diffusion are determined by the motion of the
atmospheric boundary layer. Air motion at a given polnt is described in
terms of a turbulent cowmpenent and a time mean value, the wind velocity.
Wind velocity increases with elevation whileé turbulence is usually more
intense at lower elevations. The scale of turbulence, however, increases
With.elevation.242

Due to the complexity of atmospheric interactions, it is impossible
to accurately represent velocity profiles with a single analytical
expression. Several simple empirical expressions have, however, been
developed and successfully used to represent plume velocity profiles in
diffusion studies. The most frequently used are the logarithmic, log-
linear, and power law expressions.

The logarithmic velocity profile expression is based on the assump-
tion of constant wind shear stress with elevation. Although this
assumption 1s true for only distances of tens of meters above the sur-
face, the equation has been used to cover larger distances. This
equation applies to neutral stability conditionsb.242

The log-linear equation is a modification of the logarithmic
equation that handles non-neutral stability conditions with the addition
of a linear term for elevation. Both of these equations are limited
in use because of the difficulty in evaluating some of the parameters.

The power law velocity profile equation is given by:

u=u, (z/z,)F (1)
1 1
where u, and z., are the reference velocity and elevation, respectively,

1 1
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p 1s an expounent dependent on surface configuration and stability, and
7z is the height at which u is determined.

s L 242, . .

This equation is used in many plume studies and has been shown
to be effective in covering a wide range of conditions when the para-
meters are properly evaluated.

The reference values uy and z, are gselected frow available meteoro-~
logical and stack data. The exponent p may vary at a given site because
of variation in stability or surface configuration. Values of p in
gmooth open country range from 0.1l in unstable conditions to 0.33 in -
very stable conditions. Under neutral conditions values of 0.16, 0.28,
and 0.40 have been reported for flat open country, forest, and urban

. 242
areas, respectively.
The power law velocity equation modified to include five stability

categories and the percentage of time each existed was used in the

modified gaussian model as follows:

5

w=u, [0.003 (2/8)" + 0,034 (2/8)° 7 + 0,091 (2/8)%% +

0.597 (2/8)0*% + 0.275 (2/8)%*3] )

The reference height was taken as 8 meteré and velocity u was
calculated at stack height z. The frequency distribution of the
stability classes were based on meteorological data from International
Falls,60 and. stability class. exponents were taken from DéMarrais.49
when the model was applied to Minnesota.

Turner250 states that although the power law increase is
reasonably correct over a long period of record, individual hours may

be in error.
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5.3.2. Plume vige.

Plume rise is defined as the elevation of the plume centerline
above the stack outlet as a function of the downwind distance from the
Stack°242 Plume rigse is determined by characteristics of the exit gas
and the ambient atwosphere. Two broad categories of forces affecting
plume rise are those of mémentum and buoyancy.

The turbulence of gases as they leave the stack causes mixing or
entrainment with the atmosphere which dilutes both the upward momentum
of the plume and its buoyancy. Rise induced by momentum is initially
high and rapidly decreases with distance. A plume that is less dense
than air, either because it is hot or has a lower mean molecular weight,
experiences upward force or buoyancy. Rise due to buoyancy is not high
initially, but continues with distance.

Plumes may be classified as buoyant or nonbuoyant. In buoyant
plumes rise is dominated by buoyancy; equations for buoyant plumes either
neglect momentum forces or include them indirectly through parameter
selection. In nonbuoyant plumes or jets rise is dominated by initial
momentum. An example of a jet plume occurs in the venting of air close
to ambient temperature.

Total buoyant force in a given segment of the plume remains constant
if heat is not lost and the atmosphere is well mixed. In this instance
the plume's vertical momentum will increase at a constant rate although
its vertical velocity may decrease because of dilution through entrain-
ment, Somewhere downwind of the stack, atmospheric turbulence and
vertical temperature begin to affect plume rise.

In stable air as the plume rises it entrains air from below, and

-108-



carries it upward into veglons of warmer ambient air resulting in decay
of plume buoyancy. Atmospheric turbulence is suppressed and has little
effect on plume vrige.

In neutral atwmospheres the buoyancy of the plume remains constant
in a given segment of the plume, provided that the plume does not
radiate ov absorb heat significantly or lose heavy particles. Since
neutral stabilities are turbulent, the rate of entrainment is increased
and plume buoyancy and vertical ﬁomentum are diluted.

If the atmosphere is unstable, the buoyancy of the plume grows as
it rises.

Plume rise equationg are both empirical and theoretical, and many
equations exist in the literature. The rises predicted by the variocus
formulas may differ by more than a factor of 10 largely because of the

type of analysis and selection and weighting of data.23

. . . . . , 2 242
Reviews of plume rise equations are given in Briggs, 3,24 Strom, 4
6
and Moses and Strom.15
Recent buoyant plume rise equations are simple one-term power law

L 242 . .
expressions & with exponential variables of the form:

a, b .c

AME) = Ky Q XU (3)

where Ah is the plume rise above the top of the stack, X is the
downwind distance, U is the wind velocity, Qh is the heat emission rate,
Kl is a constant dependent on other variables, and a,b, and ¢ are
exponents evaluated from theoretical or experimental considerations.

The evaluation of the heat emission rate, Qh, depends on available

stack effluent data. Qh for a heated effluent is the equivalent heat
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emission relative to ambient alr which would produce the same buoyancy.
When the effluent gas has the same molecular weight and specific heat as
air, Qh‘ia given by:

n S Crs - T) (4)

where Cp is the specific heat of afr at constant pressure, T is the
absolute tempervature of the ambient air, TS is the absolute temperatufe
of the exit gas at the stack outlet, and Qm is the effluent mass
emission rate. Qh may also be expressed in terms of the mass density
differences between the ambient air and the stack gases.

The effluent mass emission rate, Qm, is given by:

Qm-—-pAV (5)

s s s

where Pe is the mass density of effluent at the stack outlet, AS is the
stack outlet area, and VS is the effluent emission veloccity at the

stack outlet.

Briggs,23 Bringfelt,26 Fay gEmgi.,64 and others have shown that
good values of a, b, and ¢ are 1/3, 2/3, and -1, respectively. Other
values have been found for a and b, but -1 is generally agreed to be the
value of c.

The buoyant plume rise formula of Brigg823 for neutral or unstable
conditions was used in the modified gaussian model; stable conditions
occurred only 24% of the time at Hibbing, therefore, formulas for rise in
stable conditions were not used. Briggs found that buoyant plumes
follow the "2/3 law" for transitional rise for considerable distances
downwind when there is a wind, regardless of stratification. The
"2/3 law" states that plume rise is proportional to the 2/3 power of

distance downwind:
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M= 1.6 73t 8, (6)

This equation provides a conservative approximation for plume rise
under neutral or unstable conditions up to a distance of 3.5X%. At this
\

distance atwospheric turbulence begius to dominate plume growth and the

following equation applies:

M= 1.6 ¥ uTh (353023 7
, . .

The buoyancy flux parameter, F, in m /sec” is given by:
F=g Qh/ 'ITCP p T, » (8)

where g is the acceleration due to gravity, Qh is the heat emission rate,
p is the mass density of ambient air, cP is the specific heat of air at
constant pressure, and T is the absolute temperature of ambient air.
If the effluent has the same molecular weight and specific heat as
air the following form is used:
regv o’ (1 -D/T, (9)
where T is the stack radius.
Equation 9 was evaluated for use in the model giving:
F=3.75x 107 Q- | (10)
The distance X* at which atmospheric turbulence begins to dominate

plume growth in unstable or neutral conditions is evaluated by:

F0.625

X% = 14 for F <55, and (11)

. 23,24
0.4 Briggs

X = 34 F for F >55. (12)

it

The distance of final plume rise is 3.5X%*.
Briggs23 concludes that X* may vary by = 20% due to normal varia-
tion, and overall calculated plume rise may vary from measured values

by +10% for flat and uniform terrain, and *40% for substantial
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topographic variations and large water body influences.

. - . 23 . I .
For gtable cownditions Briggs™ ™ provides the following equations:

A /3

i

2.4 (F/U 8) (buoyant windy) (13)

0.25

5 pUe29) g3079

Ah (buoyant calm) (14)

i

where $ is a stability factor.
5.3.3. Diffusion.

The first diffusion model was developed by Adolf Fick in 1855,
This model was based on the idea that the time change in contaminant
concentration at a point results from the existence of a gradient concen-
tration at that point, and that the diffusive behaviour' of the medium

may be characterized by its diffusivity, K The basic equationz39 is

4
given by:

ax/dt = X, V? X, , (15)

d
where X is the concentration of pollutant, and t is the time. For
steady state conditions, mean wind along the x—-axis, no change of
wind with height, and limited anistropy, an approximate solution is
given by:

1/2

X(){,y,z) = {Q/4 T r(Ky,Kz) } eXP{('-U/lu() [(yz/Ky) +

/R )1V, (16)

where r = (xz + yz 4 22)1/2

, U is the wind speed, Q is the emission

rate, y is the crosswind direction, and z is the vertical direction.
Fick's model was developed for predicting molecular diffusion

processes. A major problem is that the model says that the downwind

decay of concentration along the plume centerline is independent of

wind speed, U, and is linearly inverse to distance, x. Observation,
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however, has shown that ¥ is loversely proportional to the wind speed
and a power of x (de)°239

The mosgt used approach to modeling a continuqus point source is
the gaussian plume method. It iz assumed that each particle of contam-
inant moves in a vandom fashion through continuous time and space,
independently of the presence of any other particle. 7The result is that
when a particle from a source of strength Q has been carried downwind
for travel time, t = x/U, its probable departure from the x-axis must
be accounted for alomng with all other particles. The general form of
the relationship is given by:

X(x,y;Z) = Q/U Fy Gz ’ , 7
where U is the mean wind speed, and F and G are the horizontal and
vertical diffusion functions, respective1y¢239

When the plume is not constrained horizontally and vertically, the
diffusive functions are usually adaptations of the double normal

probability (gaussian) surface described by:

PGey) = (2o, o) ewp (-1/2) {1 G /0,0 +
L5770, %13 (18)

If it is assumed that surface absorption does not occur and
pollutants are reflected from the surface, the model assumes final form
by mirror imaging a second source and plume at distance h below the
surface. The two resulting equations are added to give the gaussian
plume model:
=0/ 2m0. 0 U) exp (~y2/2 0 %)

y z y

X
(X3Yaz)

expl- (z-0)%/2 0 21+ expl-(=)?/2 6 %1, (19)
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where H is the effective source height, and O’y and o, are the horizontal
and vertical diffusion coeffiuients,vrespectivelye

Applications and modifications of the paussian plume model are
discussed in Tuzner,ZSO Slade,232 and Pasqui11°178
The modified gaussian model assumes a gaussian distribution

horizontally, and a vertical distribution that is uniform and limited

by the mixing height:

u

Xy g2y = QYU O L) exp [-1/2 7/ 0)°] (20)

where L is the height of the mixing layer, and Oy is the horizontal
diffusion coefficient.

The standard deviations (Ox, Oy, OZ) of the gaussian equation
describe the rate of dispersion. It is assumed that diffusion in the x
dirvection is negligible in comparison to transport by the wind. The
horizontal and vertical diffusion coefficients are calculated theoreti-
cally or determined empirically from experimental data.

Sutton246 developed a diffusion equation in terms of diffusion
coefficlents, Cy and Cz’ and a turbulence index, n, which depends on a
wind velocity profile in the power law form. Sutton's parameters were

redefined to abandon dependence on the velocity profile data:

Uy‘ = 2"1/2 Cy x(2—ny)/2 (21)
o =272 y@m)l2 (22)
4 2

242

where ny and n, are two values of n associated with Cy and Cz'

 Extensive field programs on plume diffusion have resulted in
many expressions for Gy and OZ; a summary of these field studies is

given in Strom.242 These data cover a range of stabilities and surface
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configurations for which ihe assumpiion of uniformity in atmospheric
conditions is generally wvalid. The values of Oy and 0, vary with
turbulence, height above the surface, surface rouphness, wind speed,
gampling time over which the concentration is to be estimated, and
distance from the source. The parameters increase with distance,
turbulence, and thermal fnstability; surface roughness also results in
increases due to its effect on turbulence.

Curves of Oy and a, vith distance have been developed by

. :
rzqz’ 250 based on the data of Pasquill.l77 Values of Uy and o,

Turne
are estimated from the stability of the atmosphere which is in turn
estimated from the wind speed at a height of about 10 meters, and during
the day, incoming solar vadiation, or atlnight, cloud cover. These data
apply to sampling times of about 10 minutes and relatively open country.
TurnerZSO estimates that O& values are generally more accurate than
GZ, and that the more accurate Gz values are within a factor of 2
accuracy.

Plume dispersion for large coal-fired power plants has been investi-
gated at Tennessee Valley Authority power plants for many years.

Carpenter_gguil.gl identify the standard deviations dy and o,
for six stability categories by potential temperature gradients.
Montgomery g£_§1.155 developed simplified equations for neutral condi-
tions and stable conditions prior to breakup. Urban diffusion experi-
ments in St. Louis are reported by McElroy.ll}3 Hindslo5 reported on
diffusion in the complex terrain in southern California.

Smith and Singer236 present the results of diffusion experiments

at Brookhaven National Laboratory. 'Gustiness categories (BZ, Bl’ c,

=115~



and D with C being clogsest to neuktral)

“wrher than stability categories

were related to atmospheric turbulence based on wind divection data.

. . 231 o m e . . . .
Singex et al. present a simplified method of estimating diffusion

parameters based on various configurations of wind instruments that

might be available at a site.

Table 19 gives the Smith-Singer diffusion parameters.

Table 19. Smith~Singer diffusion parameters——-Brookhaven data.

Gustiness Category meters meters z =9 m z = 108 m
B, 0.40 x271 041 x0+%t 2.5 3.8
B, 0.36 x0-88 0,33 x0-86 3.4 7.0
c 0.32 278 0,22 5078 4.7 10.4
D 0.31 =071 0,06 0071 1.9 6.4
242

Strom

Vertical diffusion in the modified gaussian model is gaussian out

to the distance where reflection from the ground and from the mixing

layer begin to produce vertical uniformity.

Beyond that distance,

concentrations are proportional to 1/L, where L is the height of the

mixing layer.

Vertical dispersion is based on the Singer-~Smith236

o
14

= 0,33 xo'

86

>

and is described in Figure 17.

‘Horizontal dispersion is based on Sutton246

relationship:

(23)

who relates the

dispersion angle to wind turbulence and the wind velocity profile.

DX

= Oy = 0.3 (SDWH) x0+85 _ ,=1/2 cy x(z‘“y)/z
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where C dig the horvizontal diffusion coefficient taken as 0.42, SDWH
b
is the average standavrd deviation of the wind heading over a 24-hour

period, and ng = 0.86 (Figure 18).

FIGURE 17. VERTICAL DIFFUSION
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It is important to know .the distance ét whiclhh the plume touches
down or intercepts the ground in ovder to determine when the assumption
of uniform vertical mixing becomes valid. Plume touchdown distances
were deleriiined for several stack heights, heat eimssion rates, and
wind speed configurations. The sources that were used include Copper
Cliff, Falconbridge, and the hypothetical copper-nickel smelter main
and fugitive stacks.

Table 20 summarizes the touchdown distance variation for each of the
cases at varying wind speeds. The plume touchdown distance is largest
for the Copper CLliff superstack; at wind speeds of greater than about
27 km/hr the plﬁme touchdown distance becomes less than 5 km. The
touchdown distances of the two smelter stacks are less than 0.5 km with
the exception of the main stack at 10 km/hr when a touchdown distance
of 1.4 km is computed.

5.3.4. Oxidation rate,

thchlelg reviewed the literature relating to sulfur dioxide to
sulfate conversion; a summary of the laboratory and field studies
follow.

5.3.4.1. Laboratory studies: Four mechanisms have been identified

for the oxidation of 802 to sulfate. These mechanisms, summarized in
Table 21, are direct photo-oxidation, indirect photo-oxidation, uncata-
lyzed and catalyzed liquid phase oxidation, and catalyzed oxidation on

dry surfaces. Reported oxidation rates are summarized in Table 22,

" Direct photo-oxidation--Direct photo—oxidation is the oxidation of

802 by atmospheric oxygen in the presence of sunlight; this mechanism

is not considered significant. The maximum theoretical rates correspond
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Table 20. Plume touchdown digtances.

emisaions stack wind touchdowmn

Source ma/sec height, m speed, km/hr distance, m
Copper Cliff 6142 380 10 5860
20 5860
30 4710
40 3670
50 2830
Falconbridge 1350 91 10 4240
20 1980
30 810
40 550
50 450
Smelter, 236.8 60 10 1360
main stack 20 440
' 30 280
40 230
50 210
smelter, 3.1 50 - 10 160
fugitive 20 140
stack 30 130
40 120
50 120

to lesg than 0.02%/Br.30

Laboratory studies have reported rates up

to 24%/hr, but these rates are not applicable to direct photo-oxidation

observed in the atmosphere because of experimental difficulties.

Indirect photo-oxidation--Indirect photo~oxidation of 802 involves

the chemical reaction of SO

in a mixture of ailr containing oxides of

nitrogen (NOX), hydrocarbons (HC), hydroxyl radical (HO), hydroperoxyl

radical (H02), and other species.

Rates calculated in laboratory studies are affected by many experi-

mental factors including concentration of 802 and reacting species,

irrddiation sources, reaction vessels, water vapor, and gaseous impuri-

ties.
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Table 21.

MECHANISM

Mechanisms that convert sulfur dioxide to sulfate.

OVERALL REACTION

FACTORS ON WHICH SULFATE
FORMATTON PRIMARILY DEFPENDS

1. Direct photo-oxidation

light, oxygen

0, 3 H,.SO S0, concentration
50, Water 7 2% g ooTELEIERE
sufilight intensity
2. Indirect photo-oxidation S0 smog, water, NOA%, TS0 SO, concentration, sunlight
2 organic oxidants 2774 infensity, concentration of
HO NOy, HO, and organics
3. Liquid phase oxidation
‘water -
. . SO _ > H,SO NH,, concentration, pH
a. uncatalyzed oxidation by 2 2773 iE
0, with and without NH . .oxygen + - temperature
2 3 NH, + H,SO ETR o wH, + SO
3 2773 4 4
b. catalyzed oxidation water, oxygen = . .
7 SO 7 NN e concentration of mztal ions,
by O 2 metal ions ¢
2 temperature, pH
c. oxidation by ozone and
s 9 s water
strong oxidizing agents S0 % H, SO s
2 ozone, oxidizing¢ 2 4 concentration of ozone or
agents oxidizing agent, PE
4, Catalyzed oxidation on oxygen, particulate . .
T 7 SO xygen, pes » H,50 carben particle concentration
dry surfaces 2 water, carbon 2774

surface area




Table 22. Reported 802 oxidation rates.

LABORATORY STUDLES
RATE (%/hr)

1) direct photo-oxidation l 0.02
2) dndirect photo-oxidation average: 0-2.7
range: 0-100
3) 1liquid phase oxidation 6-150
4) catalyzed oxidation on
dry surfaces none reported
FIELD STUDIES 0--200

most values in the
range: 0-10

Indirect oxidation of 502 by singlet oxygen, ozone, NOX, and CH,O

2
30, 46, 48, 129 p o

is not significant in the ambient environment.
phase oxidation of 802 by HO may be the most important homogeneous
sulfate formation mechanism. Reaction rates of 0.4%/hr in clean atmos-
9 : 30

pheres to 2.7%/hr in polluted atmospheres have been calculated. More
information is needed, however, to quantify HO concentrations in the

R : .o . 275 ‘
ambient atmosphere and in industrial plumes. H02 and CH3O2 are

thought to be important in the gas phase oxidation of SO,; however,

2§
experimental studies are limited. Reaction rates of up to 2%/hr have
been postulated for polluted atmospheres.BO Oxidation rates of up to
3%/hr in polluted atmospheres have been calculated for the ozone-olefin
system.4

Experimental results of 802 oxidation in smog are conflicting and
encompass a variety of reactants and concentrations, irradiation sources,
and reaction vessels. Reaction rates of 0-100%/hr have been reported
41, 43, 147, 191, 198, 237, 299, 300

for 802~smog systems,
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Uncatalyzed and catalyzed liquid phase oxidation~-The liquid phase

oxidation of 802 involves the diffusion of molecular SO2 and other gases

into a water droplet where the gases may encounter nucleating aerosol
particles. Oxidation then proceeds through the process of hydration,
and subsequent dissociation of the dissolved gases and oxidation of
sulfite or bisulfite ion.

The results reported in the literature for the oxidation of SO2 in

the liquid phase vary. Many studies were conducted using higher concen-

trations of'catalyst than normally found in the ambient atmosphere,37’ 183

requiring extrapolation to ambient levels.
Oxidation in the aqueous phase has been found to be sensitive to

pH, temperature, relative humidity, catalyst type, catalyst concentration,

Q
NH3 concentration, and SO2 concentration,lz’ 25, 79, 117, 184, 219

Oxidation rates ranging from 0 to 15%/hr have been reported for the
uncatalyzed oxidation of 802 by O2 (with and without ammonia).l7’ 148, 219
Ammonia, although not a true catalyst, is‘important in the oxidation
reaction because it maintains a high pH, and forms sulfate salts which
lower solution vapor pressure.75

Metal catalyzed oxidation rates for SO, ranging from 0-90%/hr have

12, 25, 36

2

been reported. Dissolved manganese and iron are the most

efficient catalysts; vanadium has been shown to be an inefficient

32, 72, 117, 140

catalyst. A synergistic effect has been observed

between iron and manganese, suggesting that plume oxidation rates may

. ' 12
be accelerated in the presence of several catalysts, - Oxidation has

- been observed to stop at a pH of 2.2.12’ 117
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\ . . 5 ro 183
Oxidation of bOQ by czone at a rate of 12.6%/r has been reported.”
Plume oxidation by thig mechanism is potentially dmportant, particularly
at distanceg farther from the source, where ozone concentrations have

2 )/'
not been depleted by veaction with NO.lG’ 184

Overall, aqueous phase oxidation rates ranging from 0 to 150%/hr
] 72
have been reported.

Catalyzed oxidation on dry surfaces——The heterogeneous solid cata-

lyzed gas phase oxidation studies reported in the literature lack reac-
tion rate and/or mechanism studies relating dry heterogeneously cata-

. . . 172 .
lyzed SO, oxidation systems to atmospheric processes. These reactions

2
do not appear significant when compared to aqueous phase oxidation
systems.47 Managanese, iron, lead, and other suspended particulates in
urban air have been reported as efficient catalysts; vanadium; however,
29, 260

appears to be a poor catalyst.

5.3.4.2, Fileld studies: Levy et al.lz9 reviewed the field studies of

SO2 oxidation in plumes. Oxidation has been widely investigated for
power plant plumes, urban plumes, and smelter plumes. These studies
encompass a variety of sampling, analytical, and modeling techniques.
Some rate controlling factors believed to be important for both labora-
tory and field studies include: temperature, humidity, solar radiation,
catalytic particles, hydrocarbons, and free radicals such as HO. N§
single factor is dominant under all conditions.

Most investigators believe that either indirect photo-oxidation or

liquid phase oxidation of SO, in plumes and the atmosphere are the most

2

46, 133, 169, 170, 295

important mechanisms. The nature of the plume

- . e . 52
and existing meteorological conditions are also important.
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Yor example, gas phase oxidation By~HO radical{may be important
during the summer months when UV fluxes, temperature, and relative
humidity are greater because these conditions favor 10 production.
Conversely, liquid phase oxidation likely predominates in the winter
when conditions do not favor indirect gas phase oxidation.

The relative importance of catalyzed and uncatalyzed liquid phase
processes depends on the presence of active transition metal species.
Catalytic processes may predominate in power plant plumes where particu~
late metals are abundant. A pollution control-equipped smelter plume
contains fewer catalytic surfaces, and consequently catalytic reactions
may be Insignificant.

The type of mechanism which predominates in a single plume over the
course of a year may experience both seasonal and diurnal variations.

On a diurnal basis, high UV fluxes occur during daylight hours, which
favor indirect gas phase oxidation; conversely, these mechanisms become
slower or less Important at night. The relative importance of thebindi—
vidual mechanisms in a plume may also vary with distance from the source.
Oxidation by HO or ozone may predominate farther downwind while cata-
lyzed-uncatalyzed liquid phase oxidation may be more important close to
the source.

In summary, investigators have not elucidated the complex chemical
reactions of SO2 oxidation. Field investigations have shown that

humidity, sunlight, temperature, catalyst concentration, and catalyst

type are important factors in the oxidation process.ss’ 169, 170, 281

Neither the importance of the individual mechanisms nor the variation

of the oxidation rate with distance have been determined. Some studies

show that the oxidation rate remains constant throughout plume travel,
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while others show increasing or decreasing trends in oxidation

134, 295

rates, Problems din plume field study methodology (instrumenta-—

tion, sample collection, rate calculation, and lsboratory analysis)

114 . 1° » 298
have not been resolvedﬁll" 134, 169, 170, 295, 298

SOZ oxidation rates in the range 0 to 300%/hr have been measured

for power plant, urban, and smelter plumes; most values are in the range
of 0 to 10%Z/hr, and average values in this group are about two percent

per hour,*?s 22 70, 71, 85, 133, 169, 170

5.3.4.3. Plume chemistry modeling: Because of the lack of a well~

defined experimental data base which describes the complex 802 chemical
system, a single inclusive chemical reaction dispersion model has not
been developed and verified. However, until more sophisticated mechan-
isms are elucidated, the incorporation of a first or second order
expression into diffusion models appears to be a reasonable approxima-—
tion for most purposes.

The sulfur didxide to sulfate conversion rate is built into the
model as an expcnentlal expression based on the data of Lusis EE”§£'135
Reaction rates vary from about 5%/hr close to the source to about
0.6%/hr after 2 hours of plume travel. After 2 hours plume travel the
reaction rate becomes negligible at 0.006%/hr. The rate after 2 hours
is probably too low, and should be adjusted to about 0.6%/hr.

0.025 x 10"4 IF (T less than 2), then

0.625 x 107% + 1.25 x 10 exp (-1.45 - 0.45 T)

OXR
CXR

I

1

where OXR is the oxidation rate in parts/hr, and T is the plume travel

time in hours.
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Eatough\gg_g&agoz reported that inorgaﬁic gulfite species are
present as complexes with Fe(III), Cu(II), Zn(I1), and possibly PbH(II).
The authors also reported that 10Z to 307 of the sulfate concentration
in primary aerosols produced by smelters is composed of these inorganic
sulfite species, and that the sulfite species were found to be evenly
distributed over various particle size ranges. The importance of stable
sulfite from smelters and the formation mechanism have not been clearly

elucidated; therefore, these species were not considered in the oxidation

analysis.
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5.3.5. Rewoval processes.

Trace constituents in the atmosphere may be removed by three main
processess: 1) chemical transformation into new substances, 2) dry
removal processes such as gravitational depostion and sorption at the
atmosphere-earth interface, and 3) wet rewmoval or precipitation scaveng-

294
ing.
This section focuses on the wet and dry removal mechanisms.

5.3.5.1. Dry deposition: Particles transported through the atmosphere

may be deposited directly onto vegetation, soll, water or other surfaces,
and gases may be adsorbed onto these surfaces.

The mechanism of particle deposition is a complex functicn of all
possible forces acting on a particle including Brownian motion, diffusio-
phoresis, eddy diffusion, gravity, impaction, interception, and electri-
cal charge effects.221

Investigators differ on the mechanism of particle transport in the

region close to the surface.76’ 220, 234

Three basic theories have been
proposed to describe the deposition of particles from turbulent air
flow. Friedlander and Johnstone76 proposed that the deposition process
could be described by eddy diffusion up %o a point near the surface
followed by free flight due to particle momentum to reach the surface.
Sehmel220 proposed that the turbulent deposition process could be
described solely by effective eddy diffusion. Slinn234 presents a
theory for dry deposition in which the collection of particles by a
surface depends on a collection efficiency similar to the collection

efficiency for particles in a viscous jet impactor.

The dry deposition flux is commonly calculated from an expression
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4
developed hy Chamherlain: o2 3

N (mass deposited/arca/time) =
Vd (length/time) « X (mass/volume) (26)
where Vd is the deposition velocity, and X is the atmospheric concentra-
tion of pollutant above the surface.

In field experiments the concentration, X, has been measured at
different heights above the deposition surface. The deposition velocity
is usually reported in cm/sec. Deposition velocities from field data
are based on a wide particle size distribution, but deposition velocities
have also been evaluated for single-sized particles in laboratory
studies,zzl The deposition velocity depends strongly on particle size,
wind speed, and deposition surface. Chamberlain35 found that Vd
increased by 50 to 1007 when ground level wind speed increased from
2 to 4 m/sec.

For particles with a large diameter (1 to 100 microns), deposition
occurs primarily by sedimentation; for submicron particles, molecular
diffusion dominates. Neither of these processes is efficient for
particles in the size range of 0.1 to 1.0 microns (sulfate aerosol and
fly ash). Complicated diffusion processes are apparently involved in
order to explain their transport to the surface.234 These processes
are slow but dominate the deposition process more than the chemical
nature of the particles or the nature of the deposition surface.
Therefore, the dry deposition velocity can be estimated for any parti-
cle using the particle size distribution.234

| A major exception is the deposition of particles in a forest where

the canopy enhances the collection of aerosols. Slinn234 estimates
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that a deep dense forest canopy will remove all sizes of particulates
at the same rate,.

In practice the particle size distribution may not be known, as
in the case of metal bearing particulates emitted from a hypothetical
smelter equipped with the latest pollution control devices.

In order to circumvent the problem of particle size distributions,
available field measurement data of dry deposition velocities were used
in the modeling simulations. Table 8 provides a summary of mass median
particle dismeters and deposition velocities for selected particulates.
The primary source of field data was an excellent study of deposition
at remote sites in Great Britain by Cawse.3

Cawse32 determined the deposition velocity of individual elements
at seven sites in Great Britain for two years. The deposition surface
was a Whatman 541 filter which may not behave exactly as a natural
surface such as water, soil, grass, or other vegetation. The data from
only two of the sites, Chilton and Trebanos, are presents because these
sites most ciosely approximate conditons in northeastern Minnesota.‘ The
deposition velocities at these sites are considered to be typical of
industrially generated and transported particulates.

Deposition velocities were also estimated using the data of
Sehmel‘,221 Sehmel et al.,224 and Sehmel and Sutter.223 Deposition
velocities in these studies were measured as a function of particle
size over various surfaces in wind tunnel experiments using monodisperse
particles. A minimum deposition velocity of about 0.0l cm/sec has been
shown for particles of about 0.1 to 0.3 microns in diameter. For total

. . . : . 238
particulates a mass median diameter was taken from Statnick's data
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Table 23. Mass median size and dry deposition velocity data.
mass median dry deposition
speciles diameter, microns velocity, cm/sec
SOA 0.65 Cawse(1974) 0.1 grass Sehmel & Sutter (1974)
' 0.7 Dovland & 0.02 water Sehmel & Sutter(1974)
Eliassen(1976) 0.1 snow Dovland & Eliassen(1976)
1 to 1.2 Kramer(1976) 0.025 to 0.1 Garland(1977)
0.3 to 3.0 S1linn(1977)
Cu 1.5 Cawse(1974) <0.4 to 2.0 Cawse(1974)
1 to 3 Kramer(1976) 0.02 to 0.40 water Sehmel &
Sutter (1974)
0.1 to 0.25 grass Sehmel &
Sutter(1974)
Ni. 1.8 to 5.9 Kramer(1976) 0.03 to 7.0 water Sehmel &
0.18 to 0.5 grass Sutter (1974)
1.0 to 3.0 Pierson et al.(1974)
1.0 to 4.8 Cawse(1974)
Pb 0.6 Chamberlain(1976) 0.2 Chamberlain(1976)
0.56 Cawse(1974) 0.17 to 1.4 Cawse(1974)
0,16 snow Dovliand & Eliassen
' (1976)
Te 2.5 Cawse(1974) " 0.36 to 4.1 Cawse(1974)
4.0 Chamberlain(1976) 1.2 Chamberlain(1976)
1 to 3 Pierson et al.(1974)
0.04 to 7.0 water Sehmel &
0.2 to 0.45 grass Sutter (1974)
TSP 2.8 Statnick(1974) 0.15 to 0.9 grass Sehmel &
’ Sutter (1974)
As 0.55 to 0.68 Cawse(1974) 0.05 to 0.44 Cawse(1974)
0.02 to 0.065 grass Sehmel &
Sutter (1974)
cd 0.9 by analogy to Zn 0.18 Cawse(1974)
Cawse (1974) 0.02 to 0.065 grass Sehmel &
Sutter (1974)
Hg 0.1 National Research

Council(1978)
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on trace metals from a copper smelter and reverberatory gas streams.

. 81 . o .
Garland — reviewed the literature and suggested a mean S0, deposi-

2
tion velocity of about 0.8 cw/sec for large areas of Rurope. Experi-
mental measurements ranged from as high as 2.2 cm/sec over Lake

. 294 . . 83 - ,
Ontario ? to 0.1 cm/sec over pine forest. Limited data are availlable

4
for the snow season; Whelpdale and Shaw29} report a deposition velocity
of 0.05 to 1.6 cm/sec, and Dovland and Eliassen56 report a mean value

.of 0.1 em/sec.

The dry deposition of gases from the atmosphere to soil, vegetation,
or water is governed both by transfer in the gas phase and by sorption

] . 234 . ; e
at the surface. Slion shows that for most gases the dry deposition
rate is limited by dinteraction with the surface. TFor simplicity,
sorption at the surface is usually assumed to be irreversible. Table 24

presents a summary of some SO, dry deposition velocities reported in

2
the literature.

The modified gaussian model is a source depletion model; that is,
the deposition of pollutant is accounted for by reducing the sourcé
strength through the vertical extent of the plume. In reality, deposi-
tion is a surface phenomenon, and should be modeled by a surface deple-
tion model in which the plume is selectively depleted in the vicinity
of the surface. This type of model had been used in the numerical
diffusion model of Ragland,193 but it was not used in the modified
gaugsian model because of the additional complexity and cost.

The source depletion model has been shown to consistently over-

predict the surface air concentration and the deposition at downwind

locationg close to the source, and underpredict at locations farther
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Table 24. 802 dry deposition velocity data.

dry deposition

velocity, cm/sec B ] reference
0.5 to 2.6 grass Whelpdale & Shaw(1974)
0.5 to 1.6 8now
0.16 to 4.0 water
0.36 wheat Fowler & Unsworth(l974)
0.3 autumn grass Shepherd (1977)
0.8 sunmer
0.8 Owens & Powell (1974)
0.55 short grass Garland et al. (1974)
0.85 grass Garland et al.(1973)
0.8 CGarland (1977)
0.1 snow Dovland & Eliassen(1976)

from the source,107 At all distances (up to 100 km) modeled by Horst107

the source depletion model overestimated total deposition between source
and receptor and underestimated ambient air concentrations. Draxler

and Elliot57 adapted a finite difference model to simulate the effect of
diurnal stability variation and dry deposition on plume depletiomn.

They found that differences between source and surface depletion
models were directly proportional to deposition velocity and travel
time, and indirectly proportional to vertical mixing. Atmospheric
residence times of the surface depletion model were about a factor of
two greater than the source depletion model. The differences between
the two models were greatest for large deposition velocities and low
mixing rates. The stability at time of release was one of the major
factors that determined airborne concentrations even after several days
travel time. At low level releases the effect of a diurnal stability
cycle changed the residence time from 1/5 (at night) to 3 times (day)

-132-~



that obtained for constant neutval stability.
5.3.5.2. Wet removal: In many cases pollutants may be deposited in
nearly equal amounts by wet and dry deposition processes. Estimates of
the total mass of a&mospheric particles removed by dry deposition range
from 50%63 to 33%18 to 20%.2Ol However, the wet deposition process is
usually the most efficient,. and more likely to result in acute levels
of pollutants which can cause ecological damage in surface waters.

Predicting the amount of wet deposition is not at all clear=-cut or
simple. The scavenging process within a storm is the subject of much
debate, and research efforts continue to produce new models. The lack
of detailed meteorological information is also a problem. Since an
intense storm can deposit a large proportion of i1ts soluble pollutants
within minutes, it dis important to accurately predict the time and place
of the storm's onset,

Most models of pollutant scavenging are logarithmic:21

dx/dt = -AX + S, (27)
where dX/dt is the removal rate, A is the washout coefficient, X is
the mass concentration of pollutant, and S denotes all other pollutant
|

sources and sinks.

Considering only wet removal and neglecting S,

X=X e M| (28)

where Xo is the pollutant concentration before scavenging, and X is
the concentration at time t.

The value of the washout coefficient ( A), which results from
integrating over all sizes of pollutant containing hydrometers, is

difficult to evaluate. The removal expression 1s generally applied to
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a surface layer of alr. This provides a crude approximation unless the
surface layer encompasses the entiré vertical extent of the region
being scavenged.

Scott and Dana218 provide an alternate method for computing wet
removal which relies on a direct calculation of an avevage wet removal
rate for the layer being scavenged. Their work provides the basis of
predicting the precipitation scavenging of sulfate, sulfur dioxide, and
particulate metals in the modifiéd gaussian model.

Basically, the removal of pollutant is accomplished by large
collector particles such as snowflakes or raindrops which sweep down-
ward through the cloud, and capture cloud droplets containing high
concentrations of the pollutant.

Three basic precipitation systems; the Bergeron cloud, the warm
cloud, and the convective cloud; are considered by Scott and Dana?218

In the Bergeron or cold cloud ice growth is responsible for
precipitation development. Ice crystals in the upper part of the cloud
nucleate, aggregate, and grow rapidly to precipitation sized particles.
Pollutant is advected through the base of the cloud, and is picked up
by the cloud water in the lower parts of the cloud. Surface precipita-
tion from this cloud may be in the form of rain or snow.

In the warm or maritime cloud the ice growth process is assumed to
be ineffective in initiating precipitation. Rain develops through warm
phase mechanisms with gentle uplift and long times available for conden-
.sation and coalescence to precipitation sized drops. Pollutant trans=-
port is assumed to take place through the sides of the storm.

In the convective cloud strong updrafts produce large supersatura-
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tious and liquid water concentrations which cnable combined condensation
and coalescence to produce precipitation sized drops faster than can be
removed by hydrometeors falling from above, Pollutant transport is
assumed to be through the base of the cloud,

The Bergeron or cold cloud is felt to be responsible for most of
- - .. . 138 .
the precipitation from layer type clouds over the continents. This
cloud type ig thought to produce most of the continuous rain or snow
storms over northeastern Minnesota, and was used as the model for pollu-

217 . , . .
tant removal. The warm cloud mechanism is rare in northeastern
Minnesota, but the convective storm is responsible for showers during
the summer.
218 , .
Scott and Dana derive an expression for wet removal based on

the conservation of mass:

dfii/dt = (jC)Z - (jC)ZO/(z—zO) , (29)

where j is the precipitation flux (mass of HZO/area/time), Ci is the
pollutant concentration 6f the precipitation water (pollutant mass/
mass of HZO)’ ii is the average pollutant concentration in a volume of
air, and 2=z is a column of air extending from height Z to z.

Because detailed vertical profiles of precipitation and pollutant
concentrations are not available, the use of wet removal expressioné
is restricted to a layer of air that extends from the surface to a
height where the wet, downward flux of pollutant is near zero.218

The concentration of pollutant in precipitation, Ci’ is also

related to the concentration in the air by the washout ratio:

Wy = Cp Paip/%i om0y (30)

where Wi is the mass concentration of pollutant in precipitation/mass
’ ~135-



concentration of pollutant in air, Cj 1s the mass of pollutant In water ,
Xi is the mass of pollutant in air, and p i is the density of air
alr
3
(gm/m™) .

Substituting,

dX, /dt = ~ j z- o
1/ jw Xi(z:O)/(pair (z Zo)° 1)

The problem at this point is to relate the average pollutant concen-—

tration, Xi’ in a volume of air to the ground level concentratiomn,

Xi(z=0)' Assuming that ii = (XXi(z=O)’ then:
B (2=0)/9E = = 3 Wy () Pty & (272), (32)
and = A 5 Xi(z=0)
where 4 Xif 3 Wi/ou Aﬁir (Z“Zo»~

The loss of pollutant in the air is now expressed as a first order

rate equation with an exponential solution:

X, = X, Axtfto) (33)

i 1(t=0) ¢
In modeling the scavenging losses, the rainfall flux, j, is

determined from meteorological data and the relationship:

37007 (34)
2
where the rainfall flux, j, has the units gm/mzlhr; the density of

water, py g» has the units 10_3 gm/mB; and the rainfall rate, J, has
2

the units mm/hr.
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Substituting, the basic expression for the washout coefficient,

Ai’ now becomes:

TN Wyl (o Py, G (35)

‘ , 218
The parameters o and 2=z are determined from Scott and Dana.

The washout ratio, Wj, of particulates depends on aerosol diameter, but
since particle size distributions were not available washout ratios

. ) 32, . . s
determined by Cawse™  in field studies were used for particulate metals.
For sulfate, theoretical values of the washout ratio which depend on

. i - _ 217 ,
the rainfall rate and type of storm were used. The washout ratio of
P . . 94, 95
SO2 was based on equilibrium concentrations of 802 in water.

The expressions for the washout coefficient which were used

in the model are developed in the following sections.

Wet removal of sulfate--The concentration of sulfate in precipita-

tion is the result of several processes (Brownilan motion, phoretic
attachment, inertial impaction, and nucleation) occurring within and
beneath the cloud.

The solubility of sulfate particles and their small size (<1 micron)
indicates they should be effective as cloud condensation nuclei. 1In
addition to being drawvn into the cloud from below, sulfate may be
generated within the cloud and precipitation water through the oxidation
of 802. However, observations by Scott217 suggest that in-cloud
conversion is negligible, and that sulfate deposited on the ground

. results mainly from the scavenging of sulfate in the air flowing into

the storm system.
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Scott's model fovr wet removal of sulfate neglects below cloud and
in~cloud capture of "dry" sulfate. The model which is based on the
Bergeron cloud assumes that in the portion of Figure 19 above the
cloud base, the rimming zone, cloud droplets are nucleated on sulfafe
condensation nuclei. Large collector particles then enter the box
from above. As they descend they grow larger by accretion of cloud
droplets and may melt to form raindrops.

The scavenging height distance, 2-2 is obtained by Scott and
DanaZlS as follows. The rimming zone (Figure 19) is the region of the
cloud where precipitation growth occurs primarily by accretion of
cloud droplets. The wet downward flux of pollutant at the top of the
rimming zone is zero because the collector particles are assumed to
be pollutant free when they enter the box. The thickness of the
rimming zone, Az, is estimated from the fall speed of a typical
collector particle and from the time required for the particles to
grow to raindrop size:

Az = 744 39103

(meters) , | (36)
where J is the rainfall rate (mm/hr).

The rimming zone is generally 750 meters, and weakly depends on
precipitation. The distance from the ground, Z s to the cloud hase,
zb, in a precipitating cloud is comparable to the rimming zone thickness
and is near 300 meters. The distance from the ground to the top of the
cloud layer should then include the rimming zone thickness and the
distance to the cloud base. Thus, the scavenging height distance is
estimated by:

0.105

2~z = 300 + 744 J - (meters). 37
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FIGURE 19. SULFATE REMOVAL MODEL
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Using this definiﬁion,bthe upper level wet pollutant flux would be
zero, and the flug divergence over the entiré column of air extending
from the ground to the top of the'rimming zone could then be evaluated
by computing just the pollutant flux at the surface. Different layer
thicknesses can be selected providing that\the top of the rimming zone

is below the upper boundary of the selected layer for all expected

precipitation rates,

The convective storm, mentioned previously, could result in pollu-
tant being carried to heights greater than 10 km within the cloud,
creating the potential for scavenging height values dramatically differ-
ent from the Bergeron cloud. The removal potential of the convective
cloud exceeds that of either the warm or cold clouds and very high

concentrationg of gulfate can result. Although the convective cloud
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does contribute to summertime precipitation in Minnesota, it's complexi-
ties are not well understood, and it is not considered further.

Scott and DanaZlS further simplify the expression for wet removal
by parameterizing the sulfate concentration in the precipitation water
reaching the surface in terms of the sulfate concentration being drawn
into the base of the cloud. The final concentration of pollutant in
a collector particle passing through the rimming zone is given by:

C=2C (L - exp (-2m)) , (38)
where C is the vertical average of the sulfate water concentration in
the rimming zone, and m is the vertical average of the cloud liquid
water concentration. As the liquid cloud water concentration approaches
zero, the wet vemoval of sulfate becomes negligible.

The liquid cloud water concentration is parameterized in terms of
the precipitation rate:

m = 1.56 + 0.44 1n J (39)

Using theoretical values of the washout ratio derived by Scott217
for J less than 2.5 mm/hr and greater than 0.13 mm/hr, a surface water
concentration of sulfate, C, in gms of sulfate per gm of water is
determined:

.27 (40)

’ -0
= Q. X
C = 0.46 X (S0,)J
vhere Xg(SOA) is the ambient air concentration of sulfate (gm 804/m3 air)
being drawn into the cloud and cloud base. Assuming uniform mixing

from the ground, which is the basic assumption of the modified gaussian

model, Xg = gurface air concentration of sulfate and o = 1.
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The wet rewmoval rate for sulfate is then given by:

dX,. /dt = ~ 460 X (50,) 33 (e y (41)
50, o (50, )
%sole = 460 3973/ (300 + 744 30:105y, , .

The above result (equation 42) for the washout coefficient
applies to both ground level rain and snow conditions in the modeling
simulations.

Wet vemoval of particulates-—Scavenging of particulates is usually

treated as an irreversible process which is a function of the rate of
encounter of particles by precipitation. If particles are wettable and
small (< 1 micron) they can act as nuclei for the condensation of cloud
watér. Particulate drop evaporation is not considered in the modeling,
and unwettable particulates could still be removed by impaction below
the cloud.

Particles may be removed from.the atmosphere by precipitation as
nuclei being carried to the earth, or as particles collected by drops
and crystals during collisions. The probability of scavenging is
greater for particulates collected by droplets than for dry particulates
because of drop size.

The washout coefficient used in the madeling for metals is obtained
from the washout ratios of Cawse32 (Table 25) and equation 35:

3 0.105

A; = 2.86 x 10°JT W,/ (P (300 + 744 J ) (43)

where T is the temperature in OK, and P is the atmospheric pressures in
atmospheres.

Because of a paucity of information on removal efficiencies in
rain and snow, the scavenging of particulates during the two seasons

d to be th .
is assume o be e same —141-



Table 25. Washout ratios for particulates used in the modified
- gaussian model.

species washout ratio
particulate 265 (by'aualogy to Fe)a
Cu 1150°

Ni 625%

As 4107

Cd 325 (by analogy to Zn)a
Pb 315%

H ' 50000°

a 34
Cawse

National Research,Councill62

Wet removal of SO, gas—-Gas scavenging is more complex than particu-
&~

late scavenging because capture of a gas molecule by a raindrop is to
some extent reversible, a diffusional rather than a collisional phenome-
non. Gas scavenging is g function of the concentration gradient of gas
across the gas—liquid interface rather than the rate of encounter as in
particulate scavenging. Because scavenging depends on a concentration
gradient, the capture may be reversed either by increasing the pollutant
concentration within the drop as a result of chemical transformation

to another species or by drops falling into clean air.235 Because of
the reversibility of the gradient the scavenging of gaseous pollutants
is more strongly dependent upon the spatial distribution of the pollu-
tant itself and of related species than is particulate scavenging.

S1linn, 233 Garland,81 and Hale.s94 agree that SO, gas dissolved in

2

a raindrop will come to equilibrium with.802 in the air after falling

as little as one meter through a plume. The rate of removal of 802 is

dependent on the rainfall rate and the equilibrium concentration of
~142-



SO? in the rain water.

After 50, dissolves In water it forms sulfurous acid which

2

partially dissociates:

HZO
802(gas> é:mwf 802(3q> + HZO-«MévﬁzSO

.Jr. e
4,,\ i X
gz B 1:1803 (44)

+
If H are contributed by other sources such as dissolved sulfate

in rain, the SO, solubility is reduced.

2

Removal of SO, by snow--In the case of S0, scavenging by snow it is

2

assumed that frozen collector particles pick up the bulk of 802 as the

particles capture cloud droplets in the rimming zone. The dissolved

SO2 in the cloud droplets is assumed to be in equilibrium with the

environment, As the cloud droplets are collected, they freeze rapidly
and have no opportunity to adjust to new equilibrium values as they
are transported to lower levels in the cloud. Since the wet, downward

flux of 802 through the upper boundary of the rimming zone is negligible,

the SO2 removal rate by snow is determined by evaluating the pollutant

flux at the ground. The S0, removal rate may be expressed by:

2
3 = - 3 45
dX(so >/dt j C(SO )/Az s (45)
2 2 2
where X(SOZ) is the average atmospheric 802 concentration, C(SOZ) is
the mass concentration of SO, in snow, j is the precipitation flux,

2
and Az is the fall distance for snowflakes.

218

From Scott and Dana, Az = 300 + 744 J0.105

whére J dis the
rainfall rate.

As in the case of sulfate, the final concentration of pollutant in
a collector particle passing through the rimming zone is given by:

C=C (1~ exp (vZﬁ)), (46)
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where C is the vertical average of the SO, water concentration in the

2
rimning zone, and m is the vertical average of the cloud water concen-
tration.

Letting C equal the arithmetic average of the equilibrium concen-

tration at the ground, 0(220)5 and at the top of the vimming zone, then:
= - e -2m - (4
C= 0.5 ICSoz(sz)] [1 - exp (-2m)] , (47)
From the previcus discussion:
Ci = Wi Xi/pair . (48)

Substituting and collecting terms,

dXSO‘/dt}snow T pH 0] J WSO XSO (1 - exp (~2m))/
2 2 2 "2
(2 Pir (ZWZO)), (49)
and
_ -3 0.44
}\SO,lenow = 1.42 x 10 Wsoz J T (l-exp(-2(1.56 + J "))/
® (300 + 744 10193y (50

Equation 50 was used in the model for the 802 snow washout

coefficient.

Removal of SO, by rain--The model for SO, removal by rain assumes
Z

2

that snowflakes, as before, accrete cloud droplets containing dissolved
802 which melt to raindrops after falling through the freezing level.
The model considers the vertical fluxes in and out of the boxes shown

in Figure 20. The scavenging height is again represented by the

distance, ZZ s while the freezing height is given by Zg = Z
The only change in SO2 concentration in the upper box results from

a dovnward flux through the freezing level.
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FIGURE 20, SO RAIN REMOVAL MODEL
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The amount removed Is given by:
dXSOZ/dtlice = - J(zf) C(Zf)/(z—zf). (51)

Both the precipitation rate and the 802 concentration in snow are

evaluated at the freezing level.

Removal due to rain below the freezing level is given by:

dXSOZ/dtlliq = [ j(zf) C<Zf) - j(zo) C(ZO)]/(Z—ZO) ’ (52)

where j<zo) and C(Zo) are ground level values. Below the freezing level
it is assumed that the SO2 concentration in the dropsbis determined by
estahlishing an equilibrium concentration between the dissolved and
airborne 802.

The removal rate by rain is determined as a welghted average

over both boxes:
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/ X dX
ax. . /de] . ={(z-z.) " 50, + (z-z_ ) S0, /(z-z )
QQZ‘A rain £ gt 2 o £ at 2 1iq ) 0
(53)

Simplifyding,

Bgo 19t i = = P o I Vo, Xgo /[Paqp (221 5 (54)

2 2 2 2

and

p s -3 . 0.105

o=l 'Y l‘
Moo |oagn = 2:86 % 107 3wy 7/1(300 + 74437 %) P (55)

2 2

Equation 55 was used in the model to calculate the 802 washout
coefficient for rain removal.

Comparison of the expressions for wet removal by rain and snow
shows that the rain removal can exceed snow removal by a factor of two
or more at equivalent precipitation rates.

The washout ratio, wi’ in both the rain and snow expressions is

calculated in a subroutine from the solubility of 802 in rainwater:44’ 94

~ et o -1/2
Caq = Cpag/H *+ 051 ~Ii'1__+ (AH'1 + 4 X5 /1)

(56)
+ ‘
where [H ]ex is the hydrogen ion concentration from background sources,

Caq and Cgas are the aqueocus and gaseous concentrations, respectively,

of SOZ’ and Kl is the first dissociation constant of SO2 and H is Henry's

constant.

5.3.6. Acidity of precipitation.

The acid-forming species responsible for acidic precipitation are

generally considered to be sulfur dioxide and nitrogen dioxide which

in the presence of rainwater form sulfuric and nitric acids.80’90’130’243

Hydrochloric and weak acids may also contribute to the acidity of

précipitation.go’ 124
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3 ¥ 3 P - 4 - |
The deposition of H idis calculated in the model hased on a back-
o . . - . .
ground H  concentration in precipitation measured in the field,

digsolved sulfate as calculated in the model, and the dissociation of

. . .45, 95
dissolved S(L2 in rain. ~° 9

- BN oo I -
(4 Jtotal = [0 ]bkg + 1/2 [.302} + [H.503] (57)

dissolved
Background hydrogen ion concentration is approximated by equating
it to the total free hydrogen ion concentration; that is,
+ ~pH
H = 10 .
B, = 1 (58)
The background mean pH in northeastern Minnesota was reported
. . . 59
to be 4.7 by Eisenreich et al.
Wet deposition of sulfate calculated by the model can be expressed

as a concenbtration by:

504) ’ (59)

is the sulfate deposition infug/cmz, RT is the rainfall

[80,] = 1(4.1 x 1079 (50, 40 1/ Ry,

where SO4dep

amount in inches, MWS is the gram molecular weight of sulfate, [SOZ]

O

is the sulfate concentration in moles/liter, and 4.1 x 10“6 is a
concentration conversion factor.
Assuming all of the sulfate contributes to acidity:
[5'] = 1/2 [50;1. (60)

The solubility of 802 in water varies as a function of concentra-

. - . . o 94 , Y
tion, temperature, and precipitation acidity. The dissociation

reactions are:

o}
H 3 K +

80, ¢pas) 50, (aq) T Ho0 ooly B - HSO5 (61)

w 1

1o) :
and H = [SOZJg/ISOZJaq

o= et
Kl = IHSOSJ [H ]total/[SOZJaq ’
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where H™ and Kl are the Henry's law and dissociation constants, respecs
tively\(ﬂenry‘g constant is calculated in the subroutine). The sccond
dissociation congtant is assumed to be negligible.

The total acidity from the dissolution of aqueous 802 and outside

sources may be derived ag follows:
I, e e S -
K, = Ta Jtotailﬂsoﬁ]/[sozjaq H [H ] [HSOS]/[Soz]g, (62)

let X = [HSO,], (63)

then,

mh = [uh] + 1/2[802] + X, (64)

total bkg

Substituting equations 62 and 63 into 64, solving, and simplifying:

=1/2

- 2 .0
D] gar = /2 CL+ QU+ (6 Ry 80,1 )/ (67 1075,

. — _}— =
where b = [H ]bkgu% 1/2L804].

+oo . , f
Total [H ] in moles/liter is then converted to deposition by:

+ -3 ..+
' yep = 2054 % 1077 [H'] Ry (66)

The hydrogen ion deposition, g/cmz, is then converted to pH by:

pH = - log [H+]. . (67)

5.3.7. Dynamics of dispersion.

All of the elements discussed previously (dispersion, chemical
conversion, wet scavenging, and dry deposition) can be combined in a
single dynamic model which was derived by Wendell, Powell, and Drake.292

The model is derived in the Lagrangian coordinate system in which
wind velocity is defined to follow a single parcel of pollutant in its
trajectory downwind from the source. The pollutant from a fixed source

is emitted continuously at a rate Qi’ mass of i emitted per unit time.

2 o
In this coordinate system a series of wind vectors |u|(r,t) are defined
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so that the x-axis is pavallel to the w,jnd.vectors the y-axls is cross-
wind to the vector, and the z-axis Is vertical to the vector (' -ve 21).
The parcel's length, dx, is determined by the wind speed:
= L3
dx = ]u]C?st)dt = u dt, (68)

The mass of pollutant i remaining in the parcel at time t in its
travel is known as the effective source term, Qi(t), and is related to
the pollutant's concentration, Xi(ryt), by a vertical and crosswind
integration:

Qi(t) = (J/ Xi dz dy) dx , (69)

and .
Q. (t)/udt = [ dz [ody X, (r,t). (70)
1 0 =0 1

The effective source term, Qi(t), can be applied to all the conver-
sion and deposition relationships which were determined for pollutant
concentrations.

For nonreactive pollutants, such as total particulates and metals,
the changes in Qi(t) are due to dry deposgition and wet scavenging, and
these losses can be approximated by first-order rate expressions. The
timé dependence of the effective source term for non-reactive pollutants
is given by:

in/dt = —CVi/Az + {ADH Qs (71)

where Vi is the dry deposition velocity of pollutant i, Az is the plume

thickness, and {A} is the washout coefficient of pollutant i which

equals Ki during prgcipitation and 0 when there is no precipitation.
The solution to equation 71 is:

Qu(t) = Q (£)) exp (V,/hz + () (e-t))). (72)
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FIGURE 21, LAGRANGIAN COORDINATE

SYSTEM
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It is assumed that dry deposition continues at the same rate whether

or not it is raining. This assumption requires verification; opinions
- . 193

have ranged from no dry deposition during rain to the same rate as

. 2 '
under dry conditions. In reality, it is likely that dry deposition

continues during precipitation events at an altered rate.

For reactive speciles, like sulfur dioxide, chemical conversion must

be considered along with wet scavenging and dry deposition.

-150~
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model with rate constant k ig assumed for the oxidation reaction.
The coupled differentisl equations for sulfur dioxide and sulfate

resulting from these processes are as follows:

i

dQ,/dt = - (VZ/AZ +'{xso b k) Q, (73)

2
and

dq,/dt =k Q, ~ (V,/Az +‘{x804 b, (74)

where the subscripts 2 and 4 refer to SO, and 804, respectively.

2

Solutions to these equations are:

Q2<t> = Q2(t0) exp [ - (VZ/AZ + {AZ} + k) (t"to)] (75)

Q) = Qe ) exp [~ (V,/Az + {A,} (t=t )1+ Q,(t ) K
[exp [~ (V4/Az +'{K4} (tmto)] - exp[m(Vz/Az + {Kz} + k)
(e 21, 08
where K = 3/2 k/((CV2~V4)/Az)~+ {xz} - {A4} + k). 77

In order to determine the atmospheric concentrations, Xi’ as a
function of distance relative to the source, the occurrence of precipi-
tation must also be modeled.
5.3.7.1. Storm model: The losses due to precipitation scavenging en
route to the receptor is the segment of thermodel which required the
broadest assumptions., Data on the geographical distribution of precipita-
tion was limited. Hourly observations of precipitation events at four
meteorological stations (Internatiomal Talls, Thunder Bay, Duluth, and
Hibbing) were available for northeastern Minnesota. It was assumed that
one hour of precipitation occurred for each observation. These data were
used to estimate the total daily time of precipitation, Tp(w), for each

weather station, W, for each day in the sampling period.
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The daily duration of precipitation, TP(SmR), for each day's
trajectory between the source and receptor is the average of Tp(w) from
the four weather stations using the inverse distance weights assumed for
the wind.

The geometry of the storm is then assumed to be a band which follows
the average wind for that trajectory as shown in Figure 22. This
localized moving storm is one of three geometries which were visualized
for the storm.21 The remaining models include a generalized storm
which assume the storm occurs at all points from the source to the
receptor, and the localized fixed storm which assumes the storm occurs
over the receptor only. Compared to the other two models the localized
moving storm maximizes the:losses due to precilpitation scavenging, and
therefore minimizes the wet deposition at any given receptor.

The effective source term, Qi(t)’ can then be separated into wet

and dry terms: Q (t) for time TP(SER) during precipitation and

iwet

(t) for the rest of the day. Q (t) is calculated by setting

Qidry iwet

‘{Ai} = A for the entire time of travel from the moment of emission until
the parcel reaches the distance r = ut from the source. Likewise,

Q (t) is calculated by setting‘{hi} = 0 for the entire trajectory.

idry
Table 26 gives the resulting expressions for the effective source

terms for SOZ’ 804, and metals.

5.3.7.2. Losses: Losses en route are calculated as the average of the

losses for each day's wet and dry periods using the length of each wet

and dry period as the weighting factor. The daily average for the

modified source term is expressed by:

Qz(t) = 1/24(2 (S-R) Qu (£) + (24-T (S-R)) Qg ().  (78)
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Table 26. Effective source terms resulting from the localized moving storm model.

Species Formula for Qij(t) i = dry i = wet
Q,(0) exp (=K, ) K, qpy = Vo/bz + & K) et = VZ/Az + kA,
80, Q4(O) exp {-KAjt) + thdry = VZ}/Az K&,wet = VA\/AZ + >\4
(3/2 Qz(O) k/AKj) x AKJ_ = sz - Klsj
(exp (—Kéjt) - exp (—szt))
metals Qi(O) exp (—Kijt) 1,dry = Vi/Az Ki,wet = Vi/Az + Ki

Bowman21
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5.3.7.3. Receptor concentration: The total atomspheric concentration

at a given receptor can be approximated by the sum of the partial
concentrations contributed by each point source (weighted by one-half
the inverse source to receptor distance) and the background concentration:
n .
W) =Ly Xg®) + X (79)
where XiS(R) = Q(x/r) ¢(x,y)/ulz.

As discussed previously, the background concentration which should
not be influenced by point sources is difficult to pinpoint. The back-
ground concentration, Xigkg’ can be ignored when evaluating the impact of
point sources alone, but must be included when total concentrations are
required or for model verification.

5.3.7.4. Receptor deposition: The deposition expressions can be derived

from the wet and dry fluxes as follows:

deposition =(flux) (AT) = (Vi +‘{ki} Az) X, AT, (80)
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Table 29. Dry depositlon velocity and embient air background
concentrations used as input parameters for the
Sudbury Region wodified gaussian model validation,

Dry Deposzition V@l@éity

Ambient Air Baclkgrouad
Qamaentﬂaﬁiomrfyﬁ/mj)

(em/sec)
50, rain 0.8 Garland (1977)
SNOW 0.2 Whelpdale & Shaw (1974)
S0), 0.1 Garland (1977)

Cu - run 1 2,0 Cawse (1974)

Cu - run 2 1.0%

Ni 1.4 Cawse (1974)
Pb 0,3 Cawse (1974)
Fe 11 Cauwse (1974)

3677x10”6 Huhn (1978)

2,00x107% Hunn (1978)
6.23x10"7 Huhn (1978)
3,00%1077

2.,13x10"7 Huhn (1978)
2600x10”8 Huhn (1978)

2.60x10° 1 (1978)

aRerun of copper using one»half the original dry deposition
velocity and ambient air background concentrations,

Table 3¢, Sudbury region meteoroclogical stations and

coordinates.

station Loordinates

Longitude Latitude
SS Marie 84,3333 46,5333
Sudbury Airport 80,8000 46.6162
Timmons 81.3333 48,5000
North Bay Airport 79.4333 46,3333
Gore Bay 82.4667 45,9000
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FIGURE 23, SUDBURY RECEPTORS
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6.2.2.3, Receptors: Durdng 1973-74 Kramer operated a bulk deposition
gampler network of 33 statlons. Bleven of the stations (Figure 23) were
selected for the model validation based on completeness,

representativeness, and location In relation to the sources. Receptor

coordinates are given in Table 28.

Table 28. Sudbury Receptor Coordinates

Longitude Latitude
Skead 80,7520 46.5830
Killarney 81. 4470 : 45,9990
Windy Lake 81,4660 ' 46,6150
Gore Bay 82,5700 45,8810
Gogama 81.7270 47,6750
SS Marie 84,2500 46,5050
Egpanola 81.7680 46,2550
Chapleau 83.4000 47,8333
Timmins 81.3640 48,4770
Sparrow Lake 79.3838 HQ“7980

Table 29 presents the dry deposition velocity and ambient air
<background concentrations which were selected as inputs to the model.

A meteorological data tape provided by F. Huhn at McMaster University
was used to drive the model. Wind speed, wind direction agd precipitation
were obtained from five first order weather stations covering
approximately 150,000 km2 around Subury. Table 30 lists the five stations
and their coordinates. The location of the meteorological stations in

relation to the receptors is shown in Figure 23.
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supergtack (380 meters) at the Copper CLIFf smeliter; prior to October
1972, a shorter stack was in use. IQ addition to the two major sources at
Copper CLiff and Falconbridge, a third smelter was operating at Espanola.
This source was not included in the analysis because 50, and S0) emissions
from this smelter were low when compared to the other two sources and
metals emissions data were not available. Emissions data and other input
parameters for the Copper CLLiff and Falconbridge smelters are given in

Table 27.

Table 27. Sudbury Point Source Emissions Data, 1973-TU.

Parameter Copper CLiff Falconhridge
longitude 81.0667 80.8333
latitude 16,4667 46,5667
. stack height (m) 380 91
heat rate (cal/sec) 1.66 x 10? 3.65 x 107
exit gas flow rate

(m3/sec) 2832 167,14
exit gas tenp (OC) 149 ‘ 154
802 (g/sec) 36460 7280
SOM (g/sec) 333.2 e
TSP (g/sec) 278.8 2221
Cu (g/sec) 12.04 10465
Ni (g/sec) 10,10 14.35
Pb (g/sec) 5.90 1.62
Fe (g/sec) 2,2 9.37
Stevenseuo
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the Trans-Canada Highway.

The establishment of mines and smelters in the Sudbury Basin which
contains one of the world's major deposits of nickel and copper dates back
to the iate 1880 s,

During the 1940's the Sudbury mining and smelting complex contributed

. o . 22
about 92% of the f{ree world's nickel.

S

Although Canada's production has
declined to 43%, nickel mining and smelting operations still contribute
o) 5773 7 5 22
$2.5 billion annually to the Canadian economy.
Decades of smelter emissiong from the Sudbury complex, Canada's

largest single source of sulfur dioxide, have resulted in a landscape so

. 22
barren that U,S. astronauts trained there for moon walks.

During the period 1973-75, the Sudbury smelter emitted about 3.4 x 106

-

metric tons of sulfur dioxidegauo This figure is about 3% of the total

266
guflur dioxide emissions in the United States during the same period‘?

Emissions from the smelter complex impact the vegetation, soils, and
surface waters of the area through precipitation scavenging and dry
deposition of stack emissions, surface leaching of ore outcrops and -acid

runoffs. Some of the environmental effects which have been reported in

8, 144
the Sudbury area include: 1) sulfur dioxide vegetation damage,5 ’ ; TH5

91 3) elevated concentrations of

4o,

2) elevated sulfate levels in soils,

; . . 10 .
metals, particularly copper and nickel, in soils, ? 4) increased

acidity of lakes, o

13, 296

5) decreased fish and algal populations in sensitive

levated nickel blood levels have also been observed in

)i
Sudbury residentswzu‘

lakes.

6.2.2.2. Sgurces: The major point sources in the Sudbury area during

1973-T4 were the two large copper smelters at Copper Cliff and

Faloonbridgew2uo This time period includes the operation of the
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good resulls may be due tp compensating errorg in various sectlons of the

model. JTdeally, each of the model units would be veriiiled independently;

however, this is usually omitted because of time ewpensc, and loglstics,
This seclbion digcusses the verificalion of the modified gaussian

model , compares the modified gaussian model to two other models, and

presents the results of a sengitivity za,l‘léxl,yrsiS~o

6.2. MODIFIED GAUSSIAN MODEL VERIFICATION

6.2.1. Introduction,

Ideally, the modified gaussian model should be verified using field
data collected in the copper-nickel study region making it a site specific
model for the region. However, the ambient air quality and deposition
data collected in the study region were degigned to characterize the
region, and were not suitable for model verification. For this reason the
modified gaugsian model wag verified using deposition data for the period

1973-TU collected by Kramer 121,122,123

in the area surrounding the
Sudbury smelter complex., The data collected by Kramer were part of a
coordinated air-water study initiated in order to establish the
cause-effect relations of increased acldity, emissions and transport of
pollutants in Ontario.

A major advantage of the Sudbury data is that materials deposited in
the Sudbury region originate mainly from local emissions sources, and are
not the result of long-range atmospheric transport from distant

121
sources.

6.2.2. Comparison to Sudbury Data,

6.2.2.1. Description of Sudbury Area: The town of Sudbury is located in
nerthern Ontario about 50 miles north of the Georgian Bay, at the apex of

a triangle approximately half-way between Toronto and Sault Saint Marie on
' ~159~



flows due to staclks, buildings, highway vehicles and terraln obstacles, 2)
Plows over surfaces different from those in the basic experlments
including water, forests, clties end rough terrain, 3) dispersion in
ertremely stable and uastable conditions, 4) dispersion at great downwind
distances, and 5) buoyant fluid flows including power plant plumes and
accidental releases of heavy, toxic gases., The use of models in these
situations can result in order of magnitude inaccuracies.

The accuracy of a dispersion model is difficult to determine, and
depends on both the ability of the model to simulate the physics of the
atmosphere and the accuracy of the input information. Turner252 provides
a critical review of atmospheric dispersion modeling and discusses model
evaluations and comparisons.

Some specific sources of error and problems in modeling include: the
use of a single stability condition to characterize dispersion, treatment
of'plumes/near the mixing height, diurnal variation, wet scavenging, dry
deposition, chemical reactions, and the use of ground level meteorological
data which are designed primarily for aviation needs, Two significant
sources of error in meteorological data are wind speed and direction.
These data are taken at ground leQel and do not simulate conditions at
stack ﬁeight‘ Wind speed increases with height and wind direction changes
with height. .

Errofs in input data include coding errors, emissions estimates
errors, source coordinate errors, and errors in estimating key modeling
inputs such as conversion or chemical reaction rates, background
concentrations, and other parameters.

Model accuracy is difficult to assess because although a comparison

between model predictions and actual measurements may verify a model, the
-158-



CHAPTER 6, MODEL VERIFLCATION AND SENSITIVITY ANALYSTS

6.1, ACCURACY OF DISPERSIOW MODELS

Mathematical models are widely used to predict ambienﬁ air pollutant
concentrations and deposition to the ground. These models which have
levels of uncertainties attached to them are also used to determine
whether orknot air quality regulations will be achieved.

During the 1950%s and 1960°%s experiments were conducted to calculate
the dispersion of pollutants at distances less than 1 km from the soruce
for short averaging times of minutes to hours under idealized conditions

of uniform terrain and meteorology‘11’ 98, 178

The precision of
dispersion models which use experimental data bases such as the
Pasquill-Gifford dispersion curves in ideal circumstances (uniform
terrain, steady meteorology, carefully measured source and ambient
parameters) can be quite good. For example, the observed maximum downwind
ground level concentration value should be expected to be within 10-20% of
the calculated value for a surface-level source and within 20-40% for an
elevated source, such as a tall staoka178

When dispersion models are applied to "real world" problems an
accuracy within a factor of two is frequently estimated for routine
modeling applicationsaj12 The American Meteorological Society's Committee
on Atmospheric Turbulence and Diffusion3 concluded that this estimate is
probably realistic when good field data are available, and meteorological
conditions and terrain features are reasonably uniform and homogeneous.

The factor of two estimate may not apply when field conditions are

markedly different from the experimental conditions on which the model was

based. Some of these exceptional situations include: 1) aerodynamic wake
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The numnerical model of Raglandlgj requires 28K for a single non-
reacting pollutant and 40K for the SOZ/SOQ reacting specles: compulting
time was about 9.7 gec for the single species and 20.1 sec for the SOZ/SO4
species. The computer wag a UNIVAC 1110. These data are taken from the
simulation of a single source, a single meteorological station using about
6.57 of one year's data, and a box that was 13 x 17 x 6 with AX,AY = 9655
meters, AZ = 50 meters for the lower 3 boxes, and AZ= (ZM-150)/3 for the
upper 3 boxes where ZM is the height of the inversion layer. The time
step input is 10 minutes. Concentrations and depositions were calculated.

Data were also provided by the Minnesota Pollution Control Agencyl4
on an annual model (CDM) and an hourly model (RAM). CDM required
11,850 sec and 135K on the Cyber 74 in a simulation of one pollutant,

200 point sources, 700 area sources, and 1500 receptors. RAM required

- 9100 sec and about 50K core on the Cyber 74 in a simulation of 42 point

sources, 25 area sources, and 143 receptors. Both models used meteoro-

logical data from one station, and both models calculated concentrations.
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The deposition for a given period of time, AT, depends on the atmos-
pheric concentration, the dvy deposition velocity, the precipitation
scavenging rate (if it is precipitating), and the thickness of the plume.
The deposition at a given receptor can also be separated into the wet
and dry contiibutionsg from the source:

n

Diaa = .21[0) (R) + D,

g=] iSwet iSdry<R>) +D

I. (81)

ibkg
Wet deposition at the receptor is calculated by reaveraging the

daily time of precipitation, Tps using the source to receptor distance.
Since the scavenging rate constant (washout coefficient) of SO

2

depends on the total SO, concentration, the deposition calculation is

2
made after the 802 concentration has been summed over all the sources.
If deposition or concentration periods larger than 24 hr ave

desired, the program sums the daily results for total deposition and

average air concentrations.

5.3.8. Cost.

Direct cost comparisons among various models are difficult because
of system variations and internal differences in the models themselves.
Because of these limitations several models are compared in terms of the
computing time and core requirements.

The modified gaussian model required 365 sec CPU time and 60K core
on the Cyber 74 for a regional run (annual and maximum concentrations;
annual deposition) which handled 33 receptors, 3 pollutants, 4 meteoro-
logical stations, and 25 sources.

The results of the annual regiohal runs or individual smelter runs
(9 pollutants) can be converted to monthly summaries using an average of

100 sec and 155K core.
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The first order stations record wind dircction (degrees) and wind
speed (mph) on an hourly basis, while precipitation 13 recorded every six
hourg. Precipitation is also categorized by type as rain, thunderstorn
raln, fog/mist, or snow. Rainfall less than 0.01 inches in a 6 hour
period 1s reported as trace,

The hourly weather data were processed in terms of daily averages for
the weather tape. Wind direction at due east rather than due north was
taken as zero degrees, and wind direction increases counter-clockwise from
due east. The vector average wind direction in degrees to the nearest
11‘250 and wind velocity in meterg per sccond were calculated, Standard
deviations of the wind velocity and wind direction were also computed.
Trace rainfall was set to 0.005 inches of rain per day if measureable
precipitation did not fall during the remaining 18 hour period., Rainfall
duration was reported in hours and did not include trace periods.
Rainfall rate in millimeters per hour was computed by dividing daily

precipitation in millimeters by rainfall duration in hours.

6.2.2.4, Inputs to the Model: 1In addition to the sources and receptors
the modified gaussian model requires the following input parameters: dry
deposition veloéity, ambient air background concentrations, meteorological
data,; and mixing height.

The choice of dry deposition velocity and ambient air background
conentrations can be disconcerting. In the case of Sudbury an ample
deposition data base existed but ambient air data on a regional basis were
scanty. Dry deposition velocities for the Sudbury area were not
available, Kpamer123 collected a limited amount of median particle size

data for iron, nickel, and copper using a 4-stage cascade impactor, Three

locations, two in Sudbury and one in Lively, were sampled on three
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occasions during January and February, 1975. Kramer estimated particle
size ranges of 3.2-5.3 um for Fe, 1;8»5u9i4m Tor Ni, 13 ﬁmlfbr Cu, and
T=1.2 pm for SOM‘ Kramer's ranges of particle slzes and the data of

o] o ’
81, 29h, 223 were used to estimate dry

Cawse32 and other investigators
deposition velocities,

Defining the ambient air background concentrations is difficult,
particularly sinece this parameter dominates in those cases where stack
emigsions are low, or at long distances from the soruce. For the Sudbury
case, the background values are regional background concentrations
provided by I, Huhn108 and D. Balsillie,1o Although the Ontario Ministry
of the Environment does maintain a high volume network around Sudbury,
Timmons, and Sault Saint Marie, these samplers are source oriented and are
not suitable for the verification.

The meteoroclogical parameters which drive the model are total daily
rainfall and duration, rainfall rate, average daily wind velocity and
direction, and standard deviation of the wind speed and direction.

The equation for mixing height for the Sudbury Region was derived from

187 4t Sault Saint Marie.

the seasonal data of Portelli
HMIX = 1.000 + 0.510 sin ((IM-3) ¥ 0.524) (82)

where HMIX is the mixing height and IM is the month,

lthough the superstack at Coppercliff is tall, 380 meters, it is
assumed that stack height plus plume rise does not penetrate the monthly
mixing heights; that is, the effective stack height (ESH) equals HMIX if
ESH>HMIX. The lowest mixing height used in the Sudbury simulations is 490
meters (in December); the highest is 1510 meters (in June). Actual
reported afternoon mixing heights are U423 meters in December and 1088

meters in Junea187
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0.2.2.5. Measured deposition: Kramer 121 measured the deposition rates
of sulfate, copper, nickel, lead, iron and other gpecies in central
Ontario for the period 1970 to 1976. Kramer determined that the
depogition of sulfates, total iron, total nickel, and total copper were
highest in the lmmediate Sudbury area and decreased with distance from the
source. A material balance of emitted versus deposited material showed
removals of 100% for ircon and emitted sulfate, 0.63% for total sulfur, 69%
for nickel, and 42% for copper within 3900 km2 of Sudbury. The difference
in accountability for the emitted materials was thought to reflect
deposition rates from the plume in the order Fe>Ni>Cu>>SOua Deposition
rate contours generally followed an elliptical pattern along the
prevailing wind direction (southwest to northeagt) during precipitation
events.

Deposition data from 5/73 through 12/74 were used to verify the model.
Kramer121 collected deposition data at monthly intervals using bulk
deposition samplers. The samplers were simply 1.2 x 0.3 meter tubes
covered with a polyethylene bag for sample collection which had previously
been washed with 2N HC1 and distilled waterujao The samples were analyzed
using an atomic absorption technique for Cu, Ni, Pb and Fe and photometric
titration for SOu‘ The analytical reproducibllity and detection limits

for these species are given in Table 31.
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Table 31. Analytlcal reproducibility and detection limits for

'SOM’ Cu, Ni; Pb and Fe

Elenent Reproducibility Detectlon limit
Total SOH +.5 ppnm 0.5 ppm
Total Cu + 5% 1.0 ppb
Total Ni + 5% 1.0 ppb
Total Pb + 5% 1.0 ppb
Total Fe + 5% 1.0 ppb
Kramer1

Kramer12o found that HNO3 blanks for copper (15 pg/l) and lead (7
pg/l) were high, but iron (3 pg/l) and nickel (0.6 Fg/l) blanks were
almost equal to the detection limit. Because of the high blank values for
copper and lead, an error of about 100% must be expected when total
concentrations of metals fall within thg range of the blanks,120 High
blanks pose a problem only for copper.

Other possible problems with the measured data include sample
evaporation, algal growth in rain samples which depletes metals and
nuﬂrients, and adsorption of metals to container surfaces., Samples were
screened for algal growth and gross contamination before allowing further
analysis.

6.2.2.6. Predicted deposition: The modified gaussian model was used to

predict the deposition of sulfate, copper, nickel, lead, and iron for the
same sampling periocds as the reported measured data (5/73 through 12/74).
Summary statistics were computed for the individual sites and for all
the sites together for each of the metals and sulfate.
The data were then tested for differences between the measured and
caloulated values. Differences between the pairs of data (HO: UD = 0; HA!

UD £ 0) were tested using the "student's t-test" at the Q.05 level,



Table 32 gummarizes the measured and predicted stalistics for each
element over all the sites. Rain was included in the analysis Lo

determine how good the model estimates the meteorology at the receptors,

Table 32Z. Summary Statistics, Sudbury Verification.,

mean std dev
No ) mean std T P

Species obs., meas pred meas pred airf, error value value
SOM 161 3.15 2.89 2,66 1,08 . 204 251 1.05 « 296
Cu 165 6.68 16.5  7.59 8,44  -9,80 .782 -12.5 0
Ni 150 5,13 W86 3,34 3.07 - U338 236 -1.84 068
Pb 178 18.7 12,9 15. 4 T.14 5.80 1419 4,87 0
Fe T 172 180 et 6.07  =7.95 140 =57 572
rain 180 5421 5.99  2.35 2.13 =.T7T79 .156 =5.,00 0

Rerun of copper adjusting dry deposition velceity and background

Cu 165 6;68 6;67 7659 3485 : n011 4590 MOZO 0985

The overall summary shows that at the 0.05 level the null hypothesis is
rejected for lead, (P=0), rain (P=z0), and copper (Pz0) and accepted for
sulfate, (P=.,296), nickel (P=,068), and iron (P=.572).

The disappointing results for copper are probably due to the high
variablililty in the measured data which can be explained by the high blank
values in thé analysis; about 75% of the measured values were at the level
of the blank. Copper was rerun to get a better fit by adjusting the input
values as follows: Dry deposition velocity was reduced from 2cm/sec to 1
em/sec, and the background was reduced from 6u23x10“9 to 3.00x10™7 pe/m .

These corrections resulted in -a near perfect correlation, P=,985,

showing that the model can be made to fit the data; however, sgince the
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variabliity in the measured data is high, it is not meaningful Lo
substitute the revised input parameters for the original "best pguess®
values.

Although lead blank values were also somewhat high, 7 ;ug/lﬁ the
measured values were considerably higher so that high blank values are
probably not responsible for all the error. A more likely reason for
differences in the measured and calculated values 1s that lead is emitted
by other sources in the area, primarily transportation related sources.

Although the null hypotheses is rejected for rain, the measured vs
calculated values look good. About 16% of the pairs had rain volumes that
differed by more thanm £50%., It is likely that if these values were removed
from the data set the mean difference would be minimal. However, these
pairs were not removed from the analysis'becéuse it is not known if the
differences were due to spillage, evaporation, or poor collection of the
measured data, or to problems in the model.

The model on the whole is underpredicting sulfate and lead and
overpredicting ironm copper, nickel, lead and rain. The sensitivity
analysis shows that the adjustments in background or dry deposition
velocity can provide a near perfect fit.

Next, each of the sites were evaluated using the "t-test" to determine
if the overall mean differences were largely influenced by one or two
sites, or if‘differences existed between near and far locations. Table 33
summarizes the student "t-test" for each of the receptor locations.

Scme of the sampling site differences can be explained. For example,
it was discovered that the site at Espanola is located about a block from
the pulp and paper plant, and received the impact of local truck traffic

which was not inecluded in the emissions inventory. This, of course, could
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TABLE 33. Student's T-test for receptor locations, Sudbury validation.

SO4 Cu-1(original input data) Cu-2(revised iunput dara}
mean std T P mean std T P mean std T P o
Location diff error value value aiff error value value diff error value v lue
35 Marie 0.0856 0.405 0.21 0.836 -14.80 2.77 -5.34 0 -3.49 1.12 -3.10 0.008
Windy L. -2.49 0.677 ~3.68 0.003 ~-15.7 2.55 -6.17 0 - -3.¢%8 1.71 -2.732 0.034
Gogama -1.72 0.433 -2.59 0.025 -12.3 2.89 ~4.25 ©0.001 -1.11 1.37 -0.800 Q.31
Chapleau -0.515 0.540 -0.96 0.358 -8.06 3.70 -2.18 0.048 3.70 3.11 1.13 0.3355
Killarney -0.559 0.392 ~1.43 0.174 -9.78 1.90 -5.14 0 -0.631 0.991 -0.550 0.524
Gore Pay 0.125 0.3380  0.330 0.748 -6.77 2.28 -2.97 0.013 0.054 1.10 0.050 0.982
Sparrow L. 3.55 04594 2.61 0.018 ~-9.38 1.58 -5.93 0 ~1.36 0.717 -1.20 0.078
Temagami 0.0088 0.473 0.020 0.985 ~6.85 3.69 -1.85 - 0.083 3.95 3.93 1.00 0.322
Mattawa 0.947 0.910 1.04 0.315 ~-10.5 1.1¢ -8.84 o -1.22 0.A20 ~1.96 0.0%64
Lspanola ) 4.54 1.60 2.85 0.013 -6.67 . 1.65 -4.04 0.001 1.61 0.891 1.80 G.091

Timmons -0.727 0.430 -1.69 0.125 ~5.90 2.7¢9 -2.11 0.054 3.31 1.93 1.72 G.110

all sites 0.264 0.251 1.05 0.296 -9.80 0.782 -12.5 0 0.011 0.590 0.985  ©.93%



TABLE 33, (continued).
- — Fe -

mean std r P mean
Location dIFE error value value IR
SS Marie -28.2 28.1 -1.00 0.330 ~0.822
Windy L. -89.9 17.1 ~5.26 0 *0.9;5
Gogama -18.1 + 19.7 -0.920 0.373 ~1.01
Chapleau 30.9  40.0 0.770  0.454 -1.00
Killarney -67.6 19.8 ~3.42 0.004 ~0.682
Gore Bay -55.3 21.8 -2.54 0.023 -1.39
Spurrow L. -54.2 18.4 -2.95 0.009 ~-0.0128
Temapami -37.4  32.6 -1.15 0.270 -3.51
Mt tawa ~-113 14.7 -7.65 0 -1.01
Frpanola 186 48.5 3.83 0.002 0.943
Tlmmons 212 1m 1.91 0.007 0.863
all sites -7.95 14.0 -0.57 0.572 . -0.779
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0.434
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be a large source of 002 and particulates, The weasured values are larger

than the calculated values for each element except the first run for copper
and the variation can probably be explained by the local Qmurce impact on
the sampler.

The sampler at Windy L. may be subject to a canopy efTect in which the
vegetation effectively filters pollutants from the air. All measured
metals except Pb were less than the calculated values gupporting the ideas
of canopy filtration., Differences between close and distant sources were
investigated, but no clear pattern of model performance with regpect to
distance could be identified.

After the mean differences were calculated by parameter and site, a
quantile test was applied to the data to determine confidence bounds (Table
34), At the 95% confidence interval 90% of the calculated velues of
sulfate, nickel, lead and rain are within 200%, or a factor of two, of the
measuréd values. Jron is slightly higher at 300%., The results for copper,
721% for run 1 with the best guess input parameters compared to 2069 for
the run with revised input values, shows that the model can be made to fit
the data. Because of the high variability in the measured data, copper
would not be a good choice, however, for establishing accuracy. The model
does seem to handle rainfall with good precision. At the 80th percentile
almost all the calculated values are within a factor of two of the measured
values at the 95% confidence interval.

The results are not analyzed to separate random and systematic errors
because, from the standpoint of model usage, the overall comparison to real
data and resulting total error is important.

In summary, at the 95% confidence interval the modified gaussian model

has predicted sulfate, nickel, lead, iron and rainfall to within a factor
‘ ’ =173-



of two at the 90th percentile. The results for copper stress the need for

accurabte measurenent data for model verification.

Table 34, Summary of precision bounds, Quantile Test.

Statement X% of the Calculated values will be within Y% of the
meagured values.

Confidernce The figures given represent the 95% confidence
Interval: interval on X%.

X: 90th percentile 80th percentile TQth percentile

LB Ave uB LB Ave UB LB Ave UB
S0, 112 156 233 79 93 122 69 73 89
cu’ 580 721 1100 393 N7 46l 252 343 4u8
c® 153 206 387 88 115 155 66 82 104
Ni 124 168 320 5 99 146 56 68 91
Pb 87 118 201 76 81 89 66 72 77
Fe 22} 303 421 127 178 237 88 110 151
Rain 7 - 93 126 L9 61 79 35 Ly 52

P
Original input parameters, "best guess"

2Revised input parameters

6.2.2.7. Measured ambient air qqalitv: After verifying the model with
deposition data, the next step was to use ambient air data, This task was
difficult because of the lack of a suitable sampling network. Although
the Ontario Ministry of the Environment does maintain high-volume and 802
sampling networks in the major cities, the samplers are source-oriented
which makes them unsuitable for the analysis outside the Sudbury area.
For this reason the ambient air quality validation is limited to SO2

data for five sampling stations in the Sudbury airshed. Data for Rayside,

Burwash, Penage, Morgan and St. Charles were obtained from the Ontario
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Ministry of the Bnvironment for the perlod January-Deccmber 1974, J

Figure 24 shows the receptors in relation to the sources, and Table 35
gives the source to receptor distances and angular directions of the
receptors from east,
The measured data were collected uglng Davis conductivity idnstruments.
The monltors were located to avoid interferences in the measuring cell
. C s . 188 \ )
which responds to any species that ionizes in water. The lower
detectable limits of SO, conductivity instruments (Scientific Industries
e
3 .
Model 67) has been reported at 0,01 ppm (26.2 pg/m ) with an overall
g [¢; 226 9 1 - ‘e 1 T3 - 3
accuracy of +5%. One--half the lower detectable limit, 13.1 pg/m , wWas

substituted for reported zero values.

6.2.2,8. Predicted ambient air qualityv: The modified gaussian model was

used to predict ambient S0, concentrationsg at the five receptorsg for

2

January-December, 1974,

Table 35. 802 receptor=source distances and angular direction of
receptors from east

Distance from Degrees Distance from Degrees
Copper CLiff, km from east Falconoridge, km from east

St. Charles 50.4 - 12 38.1 - 34
Rayside . R 97 19.9 171
Penage 30.2 ~-136 50.9 141
Morgan 22.2 127 31.8 168
Burwash 30.8 - 56 36.7 - 9N
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FIGURE 24, SUDBURY AREA SO, MONITORS AND SMELTERS

@D SMELTER \} Tem= 5.0 km
@ SO MONITOR po g |

Wangpitei ! ‘.

MORGAN

€%_ RAYSIDE

\Sur e \
\ _J {
3 St. CHARLES Foii~rt '
%\Bimsu

@ing

L. PENAGE




Measured and predicted monthiy wean and maximun 24 hour SUZ concentrations
along with measured to predicted concentrabtion ratios are given in Table
36. Ratios for the monthly averages range from 0.28 to 3.4 at Penage,
0.30 to 1.1 at St. Charles, 0.31 to 3.1 at Burwash, 0.3% to 2.7 at Morgan,
and 0.09 to 1.1 at Rayside. When the monthly concentrations are averaged
for the year the ratios are 0.49 at Penage, 0.70 at St. Charles, 0.84 at
Burwash, 0.6Y4 at Morgan, and 0.27 at Rayside. The maximum 24 hour
concentrations show greater variiability with ratios of 0,12 to 5.9 at
Penage, 0.06 to 0.64 at St. Charles, 0.12 to 2.6 at Burwash, 0.028 to 0.90
at Morgamn, and 0.03 to 0.85 at'Rayside, Eighty percent of the highest
predicted Z&Qhour averages are within a factor of 10 of the measured
values and about 65% are within a factor of 5 of the measured values.
About 95% of the predicted monthly means ﬁere within a factor of five of
the measured values; about 80% are within a factor of 3, and about 60% are
within a factor of 2%.

The greater variability of the 24 hour values is probably due to
problems with wind accuracy on individual days. Wind direction data were
read only once during each hour at the weaﬁher stations rather than being
recorded continuously. When these data were transferred to the weathér tape
the data were recorded as one of 32 compass points (increments of 11,250)
rather than to the nearest degree, The wind direction data were alsc
measured at ground level rather than at stack height; direction changes
with height and could be an important source of error for the Copper CLiff
super'stack,252 Another important source of error could be the input
backgrond concentrations. The overail error in the 2lU-hour values would
be reduced when background concentrations are not included as in the case

of evaluating the impact of the sources themselves. Other problems
-177-



Table b, Measured and predicted monthly mean and maximuam 28 hr
80, concentrations in Sudbury Alrshed, pg/m‘
[«

Penage

menthly mean gcopoontration maximin 28 br concentration
measured predicted ratio meagured predicted ratio
Moenth (M/P) (4sP)
Jdan 23.6 83.9 0.28 183 636 0.22
Feb 34,1 100 0.3% 210 1685 0.12
Mar 13.1§ 9.0 1.5 78.6 132 0.60
Apr 28.8 61.8 0.47 262 521 0.50
May 13.1° 16.5 0,79 131 322 0,41
Jun 13,1 4,27 3.1 78.6 13.2 5.9
Jul 131" 3.98 5.3 52,4 10,1 5,2
Aug 13.1& 5452 2.4 157 277 0.57
Sept 13.1i 3.85 3.4 13,41 6413 241
oot 13,1! 5403 2.6 262 37.C 0.71
Nov 21.2 72.3 0.29 ‘ 314 835 0.38
Dec 26,2 954 0.27 157 673 0.23
Annual 18,8 38,4 0,49 139 o nug 0.31

8
for montnly mean measured concentration and wmaximum 24 kr concentration

less than LDL; one-half of LDL for SO? conductivity instruments substituted

for zero values,

St Charles
—enihly mearp concentration paximin_ 24 hr_conceptration

measJured predicted ratio measured predicted ratio
Menth (M/P) (MBS
Jan 13.1F% 2745 0,48 78.6 326 Q.24
Febd 26.2 3549 0.73 78.6 L20 3.19
Mar 13,17 15.6 0.84 52.4 203 0.26
Apr 13‘1* 43,5 0,30 52.4 871 G.06
May 1311§ 17 .4 0.75 52.4 101 c.52
Jun 13‘3* T.22 1.8 26.2 95 0.28
Jul 133" 18.3 0.72 524 176 .20
Aug 13.1" 1.4 1.1 78.6 123 0.54
Sept 13‘1' 17.5 0.75 78.6 270 0.29
Oct 13,01 20.8 0.63 52,4 126 0.u2
Nov 26.2 . 29.9 0.88 131 452 0.29
Dec 26,2 34,2 0.77 52.4 397 0.13
Annual 16.4 23.3 0,780 65.5 297 0.22

. .
for monthly mean concentration and maximum 24 hr concentration less than

LDL; one-half LDL for 802 conductivity instruments substituted for zero

values,
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Table 3€. (continued)

Puarvashn
. wenthly pean concentraticn mraikdn 28 hr o concentrption
measured predicted ratio meas.red precicted ratio
Mznth (FLED . - (¥7P)
Jan
Feb 13 130 1.0 gu3 1737 0.54
tar 26.2 35.9 0.73 157 230 0,68
hpr 2€.2 3344 0.78 78.6 409 0,19
May 26.2 42,8 0.61 78.6 ’ 661 c.t2
* Jun 12,1° 7,61 1.7 26,2 .6 0.59
Jul 26.2 8.51 3.1 157 60.2 246
Aug 26,2 2541 1.0 786 232 0,34
Sept 26.2 8u.l 031 105 535 0.20
Oct 26,2 26.9 0.97 105 158 0.66
Nov 26.2 1567 1.7 105 178 0.59
Dec 26.2 §1,.8 0,63 7846 493 0.19
159 388 0.41

hnnual 31.7 3747 0.84

. .
fcr monthly mean concentration and maxiwmum 24 hp concentration less than

LDL; one-~half for LDL for 502 conductivity instruments substituted for zsrc

values,
Hergan

—BRnthly mean ceoucentration. ... maxipux 24 br eonceniretion

measuJred predicted ratio peasured precdicted ratic

xoaik ULR). (M/P)
Jen 26.2 40,1 0.65 105 625 0.17
Feb 13,1, 23.3 0.56 52,4 253 0.15
Mar 26.2 12.3 2.1 157 175 0,990
Apr 13,17 4,86 2.7 26.2 : 34,2 0.77
May 131" 19.1 0469 210 233 0,50
Jun 13,1° 231 0.57 13.1°, 298 0.0kl
Jul 131" 7.31 1.8 52, 115 0.46
hug 131" 15.5 0.85 131 277 0.47
Sept 13.1° 21.9 0.60 26.2 us7 0.057
oct 13,1 25,0 0.52 13.1° 163 0.028
Nov 26.2 60.1 0.43 78.6 940 0.084
Dec 26.2 73.0 0.34 78.6 1706 0.046
Annual 17.5 2742 0.64

78.7 468 0.17

[}
for wmontnly mean concentration and maximum 24 hr concentration less than

LDL; one-half of LDL for SO

values,
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Table 35. (continued)

Rayside . '
monthly mean goncentration paxigum_ 24 hr_ concentration

measured predicted ratio measured predicted ratio
Month (M72) LM/P)
Jan 3647 35.5 1,0 262 310 0.85%
Feb 18.3 5h,1 0.34 105 509 0.21
Mar 21,0 3745 0.56 157 528 0.30
Apr 13.1ﬂ 12.2 et 52.4 113 ) 0.48%
May 13,1 50.5 0,26 52,1 754 0,069
Jun 13.1 32.4 0.40 105 263 0.40
Jul 1317 26.8 0,49 52,4 318 0.15
Augz ) 1341 56.1 0.23 78.6 613 0.13
Sept 1341 54,5 0.24 52.4 616 0,085
Oct 131 141 0,093 78.6 1087 0.072
Nov 1341 132 0.10 78.6 2363 0.033
Dec ?3.15 83.7 0,16 52.4 1041 0.050
Annual 16.2 59.7 0.27 93.9 712 ‘ 0.13

#
for monthly mean concentration and maximum 2% hr concentration less than

LDL; one-half of LDL for 302 conductivity instruments substituted for zero

values,
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inelude the instrumentation used to collect the data and the practice of
recording zero values for measured dats instead of a less than value.
Although the ambient air validation 1s not conclusive béoause of the
limited data base, it does appear that accuracy bounds on single 2l-hour
events are larger than for monthly or annual averages. Accuracy for
2U-hour events may range from a factor of two to a factor of ten, The
model 18 over-predicting the monthly mean and maximum 24 hour ambient 502
concentrations at distances less than 50 km from the sources.

6.2.3. Comparison to other models.

6.2.3.1. Comparison between the Standard Gausgisn Model and the

Modified Gausslan Model: The model verification was extended to include a

comparison to the standard gaussian model which is generally accepted to
have accuracies of a factor of two in rou£ine applicationsw3 The
éomparison was made using the hypothetical smelter stack emissions and
input parameters for the copper-nickel study region., Ambient air
background concentrations were not included in the analysis.

Predicted 502 concentrations were obtained on 5 selected days at 5 and
10 km downwind from the smelter source using both the standard gadssian
mode}_61 and the modified gaussian model. The ratios of the predicted
concentrations (standard gaussian results/modified gaussian results) are
shown in Table 37 along with meteorology and the predicted concentrations.

Although the comparison is limited to five days, the results are
encouraging. Predicted concentrations from the two models are within

about 50% of each other,

6.2.3.2. Comparison between the numerical model and the modified gaussian

medel:; The modified gaussian model was also compared to a model which

numerically integrates the species continuity equation (referred to in the
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Table 37. Comparison between the standard gauaslan model and the
modified gauassian model using stack emiaslons to
predict 50, concentrationz for selected single day
runs, pg/mgd

Distance
from Predicted Concentrations
source . Standard Modified
Date Jom Ganssan Gaussan Batlo®
10/728/76 5 g 35 142
10 22 19 fa2
12720776 5 s 56 0.8
10 33 30 1.1
11/6/76 5 36 61 0.59
10 22 34 0.65
1715777 5 ig 57 0.86
10 32 32 1.0
2728777 5 U3 38 A 1.1
10 3 21 1.6
Meteorclogy
wind wind - mixing height,
Date direction  speed, Stability meters
km/ hr
10/28/76  SSW 22,2 neutral 1100
12/20/76 NW 23.4 neutral 650
1176776 WNW 24,6 neutral 1100
1715777 WNW 19.6 neutral 650
2/28/77 NW 16.9 neutral 1150
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remaining Lext ag the numerical model). This complex model dncludes
chemical reaction between two species, horizontal advection, vertical
diffusion, and wet and dry removal processes. The pumerical model differs
from the standard pgaussian model in that wind and‘eddy diffusivity
profiles are varied with height, surface roughness, and net heat

fluxang’ 194

The model also assumes that dry depositlon does not occur
during precipitation events. The model requlres the following input
parameters: surface wind speed, surface wind direction, net heat flux,
surface air temperature, inversion height, precipitation type and amount,
chemical reaction rate, dry deposition surface resistance, wet deposition
coefficient, and surface roughness. In addition cloud over and cloud
ceiling height are required to calculate the net heat f{lux.

The numerical model was used to calculate the atmospheric impacts of
emissions from the proposed 800 MW power plant (now reduced to 400 MW) at
" Atikokan, Ontario on the Boundary Waters Canoce Area and the Quetico
Provincial Park‘193 A grid size of 6 mi2 and a time increment of 10
minutes were used in the model. Sulfur dioxide to sulfate conversion
rates of 2%/hour during the day and 0.5%/hour at night were used as input.
Table 38 shows the emissions data used in both the modified gaussian model
and the numerical model simulations., Meteoroclogical data from
International Falls during 1964 was used to drive the numerical model.
Only those periods when the wind persisted from the NW to NE (90O sector)
for at least six hours were included. These criteria were met 10.3% of
the time in 1964 for a total of 49 different periods covering 901 hours.
The modified gaussian model used meteorological data for the period

1976-77 from four stations and was run continuously for a one year period.
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Although the nuwerilcal model was not verlfied directly in the fleld, a
simplified version of the model whio} does not include deposition or
chemical transformation was used In a sgeven county reglon in southeastern
Wisconsin., A correlation coefficient of 0.87 was obtained when computer
annual average particulate concentrations were compared with data from 25
high-volume samplers. A correlation coefficient of 0.78 was obtained when

computed annual SO, concentrations were compared with data from 6

2
monitoring stations. A sensitivity analysis of the numerical model for
Atikokan on a single day showed ﬁhat doubling the eddy diffusivity
decreased the 802 concentration by 10-15%; doubling the chemical reaction
rate, the surface resistance, and the gurface roughness resulted in less
than a 10% change in concentrations.

Modeling data from the numerical model were available for comparison
to the modified gaussian model at 35 km and 80 km due south of the
Atikokan plant and are summarized in Table 39,

The comparison between the two models is good and lends support to the

modified gaussian model.
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Table 38. Atikokan 800 MW power plant emigsiong used for both
the modilified gaussian model and numerleal model
gilmulations.

Heating value (BTU/1b) 7500
Sulfur content (% welght) 0.8

Ash content (% welght) 12.0
Mercury content (% weight) > x 107
Sulfur dioxide emissions (g/sec) 2230
Sulfate emissions (g/sec) 67
Particulate emissions (g/sec) 75
Mercury emissions (g/sec) 0.029
stack height (meters) 198
Heat emissions (cal/sec) 6.04 x 107
Ragland193

6.2. 4, Summary.

The verification of ths modified gaussian model against the Sudbury
data shows that the model underestimates the deposition of sulfate and
lead and overestimates the deposition of copper, nickel, iron, rainfall
amount, and ambient air concentrations, Accuracies of a factor of two
were calculated for the deposition of sulfate, nickel, lead and irca. The
results for copper are not conclusive because of high blank values in the
measured data. The verification against ambient S0, concentrations
indicates the model is not as accurate for single 24 hour events as for
monthly or annual averages. When background concentrations were included
in the simulation accuracies for ZH‘hour concentrations ranged from a

factor of two to a factor of 10; about 80% of the predicted maximu: 24

hour concentrations were within a factor of 10 of the measured valies and
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Table 39. Comparison between the numerical model and

the medified gauvssian model for the proposed 800 MW
Ltikolan power plant.

S0, depeosition
kgaha/yr

fly ash deposition

g/ha/yr

Hgz deposition
mg/ha/yr

anmu§l SO2 cone
ug/m

annugl SO, conc
ug/m§ 4

annual flg ash
cone ug/m

annu§l Hg cone
ug/m

S0, deposition
kgﬂha/ya

fly ash deposition

g/ha/yr

Hg deposition
mg/ha/yr
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35 km _gsoubh of Atikolkan

numerical modified gauasian

model model ratic
3.4 2.2 145
88 89 “ 1.0
) 3 163

89 _Jm _south of Atikokan
0.25 0.30 0.83
0.025 0,01 2.5
0,01 | .009 141
4x107® 41070 1.0
0.90 0.86 160
i8 ' 31 0.58
1.6 1.0 1.6



about 65% were within a factor of rive. bAboubt 959 of the predicled
monthly means were within a factor of three and 604% were within a factor
of two.

Although the comparison te the standard gaussisn model and the
numerical model are based on limited data the comparisong are good

(generally, +50%) and the results support the modified gaussian model,

6.3. SENSITIVITY ANALYSIS

Sensitivity tesﬁing refers to determining the changes in predicted
model estimates as a result of changes in the values of inpubt parameters.
Sengitivity ﬁesting tells the model user which input parameters are the
most important in fterms of potential modeling errors (asuming the model
‘theory accurately describes the atmospheric processes) and what range of
uncertainty is acceptable in the input parameters.

A sensitivity analysis was performed on the primary input and
meteorological parameters., The meteorological parameters which were
tested are rainfall rate, rainfall duration,; wind speed; wind direction,
apd standard deviation of the wind direction. Other input parameters
which were tested are the oxidation rate, dry deposition velocity, washout
coefficient and ambient air background concentrations.

Rainfall rate and rainfall duration were varied by +15% based on.a
comparison of measured to predicted rainfall. Wind speed, wind direction,
and standard deviation of the wind direction were varied by +20% based on
meteorological equipment performanceu60 Washout coefficients were also
varied by 420%. Oxidation rate was'varied over two orders of magnitude

from 0.02%/hr to 2.0%/hr based on values found in the literature.

~187~



Dry depositlion velocity wag varled over the range reported in the
Iiterature. Awmbient alr backeground concentratlons were algo varied over
the range of values reported in the lilterature except in those cases where
literature values varled by more than one order of magnitude from the best
guess., In these cases the best guess value was varied by 450%.

The predicted values over the high and low ranges were compared to
concentrations and depositions calculated at the best guess values.

The sensitivity analysis was performed for a one year period, July,
1973 - July, 1974, at Chapleau, Mattawa, Gore Bay, Timmons, and Skead for
both concentrations and depositions.

The results are tabulated as percent variation (relative sensitivity)
for rainfall rate, rainfall duration, wind speed, wind direction, standard
deviation of the wind direction, and washout coefficient. The results for
deposition velocity, ambient air background concentration and oxidatioﬁ
- rate are expressed as ratios.

Relative sensitivities were calculated at each of the sites for each

of the pollutant species that were varied by +X% from the best guess

The relative sensitivity of a parameter is expressed by:

Sp = Chigh - G ow’C

where, SP is8 the relative sensitivity of the parameter, C

high’

Clow is the concentration or deposition calculated at the
parameter values plus and minus a given percent, and C is the

concentration at the'median value
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6.3.1. Rainfall rate.

Rainfall rates were varied by 215% based on a comparison of measurcd
to predicted rainfall in the Sudbury comparison. Relative gsensitivitles
were calculated both with and without the best guess awblent baclkground
concentrations and are summarized in Table 40,

The amblent air concentrations are relatively insensitive to changes
of +15% in the rainfall rate, and concentrations are less sensitive when
ambient ailvr background concentrations are included in the modeling
simulations. In general changes of 415% in the rainfall rate result in
ambient air concentration changes of less than +5%.

Not surpfisingly, depogition is more sensitive than ambient air
concentrations to changes in the rainfall rate. The deposition values are
also more sensitive when ambient air baokground concentrations are
included in the simulations.

A +£15% change in the rainfall rate results in an average change in the
best guess value of less than +2% in total sulfate, +4% in wet sulfate,
and +3% in Cu, Ni, Pb and Fe when the ambient air background
concentrations are not included in the simulations,

When the ambient air background concentrations are included in the
simulations the average change in the best guess deposition value is less
than +7% for total sulfate, +10% for wet sulfate, Ni, and Fe, and +13% for
Cu and Pb.

Dry sulfate 1s not affected by variations in the rainfall rate.

6.3.2. Raipfall duration.

Rainfall duration was also varied by +15% (Table 41). Both
concentration and deposition are more sensltive to changes in rainfall

duration than rainfall rate.
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Table 40. Sensitivity of ambilent alir concentrations and depositions te
#15% change in the rainfall rate,

" o 2
% chenge in ambient air concentration for +15% change in reinfall rate

SO2 SOM Cu M Pb Fe

no no no no no no

bkg bkg kg bkg bkg blkeg bkg bkg bkg bkg bkg bkg

Gore Bay 0 i 0 2.4 1.4 3.6 1.7 3.7 0 3.4 0 3.1
Mattawa <1 <1 0 2.8 1.3 3.2 1.8 3.1 0 2.0 0 1.7
Timmons <1 1.5 0 0 <1 1.4 < 1.8 0 2,3 0 2.2
Chapleau <1 2.1 0 7.1 0 1.6 <1 2.3 <1 5.6 0 6.3

ave < 1.1 0 3.1 <1 2.5 161 2.7 <t 363 6 3.3

$change in deposition for +15% change in rainfall ratez

Total1 Wet ‘ .
sulfate sulfate Cu Ni Pb Fe
. no no no no no . no

bkg bkg bkg Dbkg bkg bkg bkg bkg bkg bkg bkg bkg

Gore Bay 12 ‘443 17 10 21 645 13 560 24 <i 18 <1
Mattawa 13 1.8 i9 6.0 22 < 17 <1 25 2.0 19 0
Timmons 15 1.8 20 5,0 25 2.6 23 2.7 26 3.7 23 2.6

Chapleau 16 5.3 20 9.4 25 7.4 23 9.5 26 17 21 1

ave 1“ 3¢3 19 T:5 23 4‘3 19 &.4 25 548 20 366

1dr'y sulfate is not affected by variation in rainfall rate

percents are rounded
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Table 41, Sensitivity of amblent air concentrations and depositions Lo
415% change in the ralufall duration,

% change
rainfall

in ambiept alr concentration to +£15% change in

\ i
duration

SD? 30, Cu Ni Pb Fe
HO ne ne 0o ‘ no ne
bkeg bkeg bkg bke bkg Dbkg bkeg bhg blkg  bke bkg bkg
Gore Bay 0 <1 <1 12 5.0 12 5.3 12 <1 7.0 0 6.0
Mattawa <1 < 0 8.3 3.3 Ts9 3.4 6.7 <1 4,0 0 3.6
Timmons <1 1.5 0 12 2.2 10 2.3 9.3 <1 7.6 0 7.3
Chapleau <1 2.1 <1 21 3.8 30 k.4 29 < 20 0 20
ave <1 1.2 <113 3.6 15 3.9 14 <1 9.7 0 9.3
% change in deposition to +£15% change in bainfall duration1
Total web dry Cu Ni Pb Fe
sulfate sulfate sulfate
no no no no no no no
bkg bkg bkg bkg bkg bkg bikg bkg bkg bkg bkg bkg bke bkg
Gore Bay 17 14 33 60 15 20 2u Te5 15 5.6 27 35 15
Mattawa 21 567 LH 60 17 19 32 948 23 646 3’4 21; 21 709
Timmons 18 9.5 30 60 18 15 24 1 20 1 26 24 18 T.7
Chapleau 33 25 34 60 25 25 27 18 22 14 hg 34 19 15
ave 22 14 35 60 19 20 27 9.1 24 6.8 34 29 18 12
1percents are rounded
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Gaseous SOZ 18 not sensitive to changes in ralnfall duration with or
without amblent air background conentrationsg in the simulations. SOQ and
metals concentrations change in on the average by less than +2% from the
best guess when the background is included in the simulations and less
than +(5-10)% when the background is not Included in the simulations.

The average variation in deposition about the best guess value is less
than +7% for total sulfate, £30% for wet sulfate, x10% for dry sulfate,
+5% for Cu, +4% for Ni, +15% for Pb and +6% for Fe when the background is
not included. VWhen the background is included the average change in
deposition is less than +12% for total SOu, +18% for wet sulfate, £10% for
dry sulfate, Ni, and Fe, +14% for Cu, and +17% for Pb.

6.3.3. Average wind velocitv, wind direction and standard deviation of

the wind heading.

Average wind velocity, wind direction and standard deviation of the
wind heading were each varied by +20% based on reported performange of
meteorological equipment6o (Tables 42, 43 and 44). Resulting changes in
ambient air concentrations and depositions were generally less than +10%.
Although the effect of a 1£20% uncertainty in a signel input parameter is
not large, the additive effect for all the meteorological parameters could
range to +50%.

802 concentration is the most sensitive species, and sensitivity to
wind direction decreases with distance.

Deposition is slightly more sensitive than ambient air concentration,
reflecting the effect of ambient air background concentration. Mattawa
whlch 1s the only receptor located to the east of the sources appears to

be the most sensitive receptor.
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Table 42, Sensitivity of ambient air concenbrations and
depositions to +20% changes in the average wind
direction.

% change in ambient oir concentration te +20% change in wind
direction

SQ., 30 Gu b3 Pb Fe
Gore Bay 31 2.0 19 23 2.4 1o
Mattawa W,2 0 1.9 161 0 0
Timmons 6.5 <1 2.2 2.2 0 0
Chapleau 13 <1 545 5.6 g 0
ave i <1 Tet 841 <1 4

% change in deposition to +20%9 change in wind directi@n1

Total Het Dry

sulfate sulfate _suifate Cu N3 Ph Fe
Gore Bay 2.7 5.9 21 6.1 1.8 13 7.9
Mattawa 13 i1 14 h,9 M2 6.0 b2
Timmons 5.4 5.l 7.0 1.6 2.0 1.4 1.1
Chapleau <1 6.1 3.1 1.8 1.6 1.6 1.2
ave 5.l 7.2 11 3.6 2.4 5.4 3.6

1percents are rounded
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Table 43,

Senaltlvity of ambient alr concentrations and
depazitions to +20% change in average wind veloclity,

% change in ambienti alr concentratlion to £70% change in wind

velocity

S0 S50, cu ML fb Fe
Gore Bay 19 0 6.3 6.0 <1 0
Mattawa 18 1.5 8.2 8.5 i <
Timmons 3.7 0 0 1.8 0 0
Chapleau 1.8 0 < <1 0 0
ave 11 <1 3.7 4.2 <1 <1
% change in deposition to +20% change in wind velocity1

Total Het Pry :

sulfate sulfate  sulfate  Cu N, Pb Fe
Gore Bay 2.4 u,7 1.6 17 0 <1 0
Mattawa 5.0 bu 6.0 hg 3.2 1.5 1.0
Timmons 1.7 27 3.9 <i 1.2 <1 <1
Chapleau i <1 4,3 6.2 U2 ¢ <1
ave 2.5 9.2 4,0 18 12 <1 <1
1percents are rounded
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Table 44. Sensitivity of ambilent aly gualiby concentrabtions and
depositiona to 3$20% changes in the standard deviatlon
of the wind direction.

% change in ambiaqt alr concentration to 2200 change in standaprd
deviation of wind

SOZ SQa Y] Ki Ph ) Fe
Gore Bay <1 <4 12 < 8.1 0
Mattawa ug 0 <1 1ol 0 ]
Timmons 8.5 <1 3.8 L7 < 0
Chapleau 2.0 <1 1:5 <1 a 0
ave 15 <1 b5 1.8 240 0

% change in deposition to +20% change in standard deviation of
- the wind heading

Total Wet Dry :

sulfate sulfate sul fate Cu Hi Pb Fe
Gore Bay i <1 46 <1 < <1 0
Mattawa 3.4 3.2 3.0 | 0 <1 <1 0
Timmons 3.1 145 8.6 3.6 <1 0 0
Chapleau <1 <1 1.8 < <1 0 0
ave 1.9 1.0 3.8 <1 <1 <1 0

1percents are rounded
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Resulting concentration may also be less gensitive to wind speed since
1t 18 used to calculate both plume rise and dilution which tend to work
252 '

against each other.

6.3.4, Washout coefficient.

v

Washout coefficients which are calculated internally in the model were
varied by 420% (Table 45). Although 1t was not done, it would be
informative to also vary the washout ratio input parameters for metals
since they are used to calculate the washout coefficient and show
variation in the literature.

_Ambient air concentrations are relatively insensitive to 120% changes
in the washout ratio (Less than +1% when background is included and less
than +5% when background concentrations are not included), A 120% change
in the washout ratio results in an average change of about +15% change in

Ni, total SOLP and Fe, and +20% change in wet SOM’ Cu and Pb when the

“background is included in the simulations. When the background is not

included in the simulations a +20% change in the washout coefflcient
results in about a 43% change in total sulfate, Cu, Ni and Fe, and about a
+5% change in wet SOM and Pb. Dry sulfate is not affected by changes in
the washout ratio.

6.3.5. Deposition velocity.

The deposition velocity was varied over the range of values given in
the literature (the range may extend over 1-2 orders of magnitude). Table
46 presents values used in the sensitivity analysis and Table 47 shows

/
the ratio of the predicted values over the value resulting from the input

’

deposition velocity.
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Table 45,  Senaitivity of amblent alr concentrations and depositilons to
+20% change in the washoub ceoefficlient,

% change in amblent alr concentration to +20% change in washout
coafficient

SO? SQL5 Cu Hi Ph Fe

ST F s ¥i7T ¥ie3 it} TICH
blee  bie bk bl bkg ble  hlo bke blkg bke  bkg  blp

(el

Gore Bay 0 <1 c 7.1 2,0 5.1 2.4 5.3 <1 b, 0 b5
Mattava <1 <1 0 3.8 1.9L46 0 4,0 0 2.9 0 2.8
Timmons <% i.% 0 0 <t 2.2 <1 2.6 <1 3.1 0 3.4
Chapleau 1.2 3.0 0 7.1 <1 2.4 < 3.9 0 8,2 0 8.6

ave s is5 0 4,5 1.1 2.3 <t W0 <1 #,8 0O k.8

% change in deposition to +20% change in washout coefficient1

Total wet dry ‘
axlfate sulfate sulfate Cu Ni Pb Fe
no no no no no no no

bkg bkg bkg bkeg bkg bkg bkg bkg bkg bkg bkg bkg bkeg bkg

Gore Bay 24 6,1 35 {14 0 O 33 9.6 20 7.2 29 1.3 28 <1
Mattawa 30 2.6 46 8,5 0 0 42 <1 33 <1 47 1.9 36 0
Timmons 27 2.6 35 7.8 0 O 34 4,1 31 3.6 36 5.5 12 3.6
Chapleau 32 7.2 40 i3 0 0 39 12 34 14 ho 24 33 15
ave 28 4,6 39 11 0 0 37 6.5 30 6.4 38 8.2 27 4.9

1percents are rounded
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Large uncertainties in the deposgition wveloclty do not appreciably
affect ambient air concentrations; 802 ig the most sensitive speciles,
Increaging the deposition velocity from 0.3 em/sec to 2.6 om sec (a factor
of about 9) resulted in only a 6% decreage in the 502 concentration at
Skead and about a 30% decrease al each of the remaining sites. Skead was
included in the analysis to determine whether or not gensitivity
differences with distance could be demonstrated (Skead is about 45 km from
the sources).

Increaging the deposition velocity of Cu from 0.1 cm/sec to 2.0 cm/sec
(a factor of 20) resulted in a 4% change at Skead, about 30% at Gore Bay
and Mattawa‘and less than 15% at Timmons and Chapleau. Increasing the
deposition velocity of Ni from 0.18 cm/sec to 4.8 cm/sec (a factor of 27)
resulted in a 9% change at Skead, 62% at Gore Bay, 15% at Mattawa, 39% at
Timmons and 30% at Chapleau. Deposition velocity changes of a factor of
40 for SOM’ a factor of 8 for Pb, and a factor of 20 for Fe did not
appreciably change concentrations.

Deposition is more sensitive than ambient air concentration, and
sensitivity decreases with distance from the source. Dry SOu deposition
is the most sensitive species with change in deposition ranging from a
factor of 9 to a factor of 16, Total sulfate deposition changes ranged

from a factor of 1 to a factor of 7, wet sulfate, Ni and Fe up to a factor

of 3, and Cu and Pb up to a factor of 2.
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Table 46. Dry deposition velocity values (em/sec) for
sengitivity analysils

Low best guess high
S0, rain 0.3 0.8 2.6
snow 0.001 0.2 1.6
SO4 0.025 0.1 3.0
Cu 0.1 1.0 | 2.0
Ni 0.18 1.4 4,8
Pb 0. 17 © 0.3 !
Fe 0.2 1;1 b1

6.3.6. Ambient Air Backeground Concentration.

bumbient air background concentrations used in the sensitivity analysis
are given in Table 48 along with ranges of values from the literature.

The upper limits in the simulations were set to two times the best guess
value while the lower limits were set to the lower limit found in the
literature.

Defining the ambient air background concentration can be a problem as
seen by the broad ranges from the literature, Background concentrations
can be used to calibrate the model, but this means the’model is
technically valid enly for the particular site and data base, Calibration
as a method of obtaining good fit is not recommended,252

Table 49 summarizes the % changes in ambient air concentrations and
depositions when the background input concentrations are doubled. The

most sensitive species are SOZ’ Cu, Ni, total sulfate, wet sulfate, and

dry sulfate, If the ambient air background concentration is included in
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Table 47, Sensitivity of anbilent air concentration and

deposition to deposition velocity (V).
P i

Ratio of predicted concentration at low deposition veloclity to
“predicted concentration at high deposition veloocity.

SO? SO& Cu Ki Pb Fe
lowvd a
B ¢ A ) 0.0083 0.05 0.038 0.12 0.0k¢
high Vd
Skead 1.07 1404 1,04 1.09 0.93 .02
Gore Bay 133 100 1.30 .62 0.82 1.02
Mattawa 1.33 1.01 1.28 .15 1.01 1,01
Timmons 1.31% 1.00 111 1439 1.00 1.00
Chapleau '1531 1400 1@1& 1430 1,01 1,00
ave 1427 1401 16214 1631 0¢95 1601

Ratio of predicted deposition at low depesition velocity to
predicted concentration at high deposition velocity

Total wet dry Cu Ni Pb Fe

sulfate sulfate sulfate
Skead 6.96 3.19 9.58 1.85 3,39 1.54 2,69
Gore Bay 3.53 1439 16,6 1.37 1.92 1,48 2,74
Mattawa 3.06 1423 1301 1.32 1.9t 1.4 2,48
Timmons 1.87 1,06 8.39 1,15 1.42 1,21 1,78
Chapleau 2.10 1.10 13.3 1,16 1,15 1.27 1,99
ave 3.50 1.59 i2.2 1,37 2.03 1.38 2,34

a

0.12 rain; 6.3 x 10“”

SInow
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the modelinpg slmulatlons 1t 1s an dmportant varlable., Uncertalntieg of
+50% result in variations of 50-100% in awmblient air concentrations and
depositionz. Background concentration 1s not a facbor in assessing the
impact of copper-nickel smelting since it is not used in the simulations,
Concentrations and depositions at Skead are less sensitive to doubling
the background concentrationg than the remaiping sites which are further
from the sources. Doubling the background concentrations of SOE? SO“, Cu,
Ni, Pb, and Fe results in concentration changes of less than 10% for 5055
Cu and Ni at Skead. The average change for the remaining sites 1s 58% for
S0, 95% for SOM’ 68% for Cu and Ni, and about 100% for Pb and Fe.
Doubling the background concentrations results in changes of less than
15% for total 804, dry SOus and Ni at Skead. Average changes for the four
remaining sites about 79% for total SOH’ web SO,4 and Ni, 61% for dry 50y,

93% for Cu, and about 100% for Pb and Fe,

Table 48, Background concentrations used in the sensitivity
analysis oompare% to the range of values in the
literature (ug/m-)

low best guess high literature range
80, 7.5 x 107% 0.1 x 1078 3.77 x 1070 (0.,1=3.77) % 1070
S0y, 4,0 x 10‘6 1.0 x 1070 2.0 x 1070 (1.0-3.62) x 1070
Cu 6.0 x 1077 0.625 x 1077 3,0 x 1072 (6.25-4.4) x 1077
Ni 4,26 x 1077 0,413 x 1077 2,13 x 1077 (0.413-5.,0) x 107
Pb 4,0 x 1078 1.0 x 10'8 2.0 x 1078 (0.1-10) x 1078
Fe 5.2 x 1071 0.26 x 1077 2.6 x 1077 2.6x1070 - 1..33x10"’u
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Table 49, Sensitivity of ambient air concentrations and depoaitions to
doubling the ambient alr background concentration input .

% change in amblent air g@ncent?ati@n to +100% change in ambient air
background concentration

SOP 50y, Cu Ni b Fe
Skead 5.0 65 5.0 3.0 76 63
Gore Bay 37 a9 59 51 95 - 98
Mattawa 1 98 57 48 96 o8
Timmons 66 99 81 T7 98 99
Chapleau 89 g2 62 100 99 100

average of Gore Bay, Mattawa, Timmons and Chapleau:
58 95 68 69 97 99

% change in deposition to +100% change in ambient air background
concentration

Total Het ' Dry ,

sulfate sulfate sulfate Cu Ni P Fe
Skead " 29 5.0 36 6.0 77 83
Gore Bay 69 y2 60 85 45 a7 99
Mattawa 7% 89 56 90 78 99 100
Timmons 84 93 54 97 93 99 100
Chapleau 87 91 75 98 oY 110 100

average of Gore Bay, Mattawa, Timmons and Chapleau:
79 79 61 83 78 101 100

1per‘cents are rounded
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637 Oxidation rate.

The oxidatlion rate was varled from 0.02%/hr to 2.0%/hr based on values
reported ln the literature., The oxidation rate ezpression used in the
model 1s a functlon of plume travel time and results in rates of 2.6%/hr
at 0.5 hrg, 1.6%/hr at 1 hr, and 0.006%/hr after 2 hours plume travel
time, Table 50 presents the predicled concentratlons and depositions at
0.02%/hr, 2.0%/hr and the best guess rate.

Uncertainties in the oxldation rate can be a significant source of
error in the model and the sensitivity shows a strong dependence on
distance,

When the oxidation rate 1s varied frem 0.02%/hr to 2.0%/br the ambient
air 802 concentration decreases by factors of about 3 at Skead and Gore
Bay, 2 at Mattawa, and 1.5 at Timmong and Chapleau. BAMmbient sulfate
concentrations increase by factors of 14 at Skead, 3.5 at Gore Bay, 3.2
at Mattawa, 2.2 at Timmons, and 1.6 at Chapleau.

Sulfate deposition is less sensitive to oxidation rate than ambient
air concentration, but also shows significant variation at Skead and Gore
Bay which are U5 and 143 km, respectively, from the source.

Total SOu deposition rates increase by a factor of about 2 at Skead
and do not vary by more than +10% at the remaining sites. Wet SOM
increases by a factor of about 4 at Skead, 1.3 at Gore Bay, and by less
than +10% at the remaining sites. Dry SO& decreases by a factor of 2 at
Skead, about 1.5 at Gore Bay, Mattawa and Timmons, and 1.2 at Chapleau,
6.3.8. Sumary

The most sensitive inputs to the model are oxidation rate, background
concentration, and deposition velocity because of the large variation in

these values reported in the literature.
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Table 50,  Amblent alr concentrations and depositions at 2.0/hr and
0.028/hr oxidation rates compared to the beeal guess values,

3

Conc&nt@aiiangfig/m

SQ2 SO&é

2.0%/hr  begt guess 0.,02%/hr 2.0%/hy best guess 0,028/hr

Skead 27 73 82 65 345 b7
Gore Bay 3.8 11 11 11 2.0 3.0
Mattawa 346 9.5 8.8 9.8 2.0 3.1
Timmons 3.8 5.7 Sdo 6.2 2.0 2.8
Chapleau 3.8 6.1 ' 5.7 4,1 2.0 2.5

Deposition, g/ha

Total sulfate Wet sulfate

2.0%/hr  best guess 0.02%/hr 2.0%/hr best guess 0.02%/hr

Skead 490 210 320 320 78 81
Gore Bay 2 37 39 33 25 25
Mattawa 39 40 40 30 25 27
Timmons 52 52 58 43 39 L5
Chapleau 43 45 L6 35 36 37

dry sulfate

2.0%/hr best guess 0.02%/hr
Skead 66 130 130
Gore Bay 8.8 12 12
Mattawa 8.9 13 13
Timmons 8.8 13 13
Chapleau 7.6 9.3 8.9
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Uncertainties in the oxidatlon rate (2 orders of magnitude) can result
in sigunificant chabges in amblent air concentratlons of 802 and SOM
(factors of 2 to 4). Deposition is less sensitive but may vary up to a
factor of U for wet sulfate. Sensltivity decreasés with distance from the
SOUrCe.

Bunbient alr background concentration is diffilcult to define.
Concentrations and depositions were less sensitive close to the source (45
km), and sensitivity increased with distance from the source. A factor of
2 uncertainty results in linear uncertainty in concentration and
deposition @t about U45-150 km from the source.

Ambient air concentration is relatively insensitive to deposition
velocity. Deposition, however, is sensitive, and senstivity decreased
with distance from the sources. The factor of 2 to 3 uncertainty in the
background concentration literature values is within and  greater than the
“uncertainty of the model making ambient air background values important if
they are used.

In general uncertainties of +(15-20) % in the remaining parameters
(rainfall rate, rainfall duration, wind speed, wind direction, standard
deviation of the wind direction and the washout coefficient do not result

in significant uncertainties in ambient air concentrations or depositicns.

The variation is less than +20% as shown in Table 51.
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Table 51. Sengitivity of ambient air concentrations and deposltions to
uncertainties in rainfall rate, rainfall duration, wind
velocity, wind direction, standard deviation of the wind
direction, and the washout coefficient

+ 9 changﬁ in copcentration due to uncertainty (s x %) in the input
parameter

Sozwm* SQ}4 Cu N3 Pb Fe
rainfall
rate(+15)9% <2 2 <2 2 2 2
rainfall
duration(+15)% <2 <10 <10 <10 5 5
wind vel
(+20)% <10 <2 2 2 <2 <2
wind dir
(£20)% : <10 <2 <5 <5 <2 <2
SDWH
(+20)% <10 <2 <5 2 <2 0
washout
coeff (+20)% 2 <5 <2 2 <5 <5

4 % changﬁ in deposition due to uncertainty (+ x %) in the input
parameter

total wet dry Cu Ni Pb Fe
sulfate sulfate sulfate '
rainfall
rate (+15)% <10 10 0 <15 10 <15 10
rainfall
dur(+15)% 10 30 10 <15 10 15 10
wind vel
(+20)% <2 5 2 <10 <10 <2 <2
wind dir
(£20)% <5 <5 <10 2 <2 <5 2
SDWH
(£20)% <2 <2 <2 2 <2 <2 0
washout
coeff (+20)% <15 20 0 20 15 20 15

! percents are rounded
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CHAPTER 7. CHARACTERLZATTON QF THI: COPPFRleCKEL STUDY REGION
7.1, SULFUR OXIDLS

This section characterizes the sulfur dioxide and sulfate ambient
air quality of the study region in terms of local emissions sources,
pollutant concentrations, and pollutant deposition for the baseline
period, 1975~77, and for the projected year, 1985.

Measured ambient air concentrations and deposition data for the
baseline period are compared to modeling results to allow general
statements to be made about the contributions of local point.sources and
area sourceé to ambient air quality. Projections for 1985 are presented
to simulate the effects of growth in the region. The data are also
evaluated in terms of regulatory constraints to development.

7.1.1. Sources, present and 1985.

Present and future sources of SO2 emissions in the air quality

study region can be divided for simplicity into area and point sources.

It is demonstrated later in this section that the regional ambient 802

concentrations can be adequately explained in terms of point sources

emitting greater than 100 metric tons per year (mtpy) of SO Other

20
sources such as small point sources and mobile sources will not be

considered.

Table 52 lists the present and projected (1985) 802 emissions for

the various SO2 point sources included in the inventory. Figure 25 gives
a breakdown of emissions by source categories (power generation,
taconite processing, refineries, and commercial-industrial), and by

geographic area (Minnesota, Wisconsin, and Canada).

The prolected emissions for 1985 are based on proposed source
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TOTAL : 84820 MTPY TOTAL 198700 MTPY

SOUFRCE : RITCHIE (1878)
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Teble 57.
than 100 mtpy of SO

BASELINE
EMISSIONS

1977 BASELINE
(if different
from 1975-76

Regional 504 ewiseions inventory used for sources emiltting wore

2.

FPROJECTED
EHISS10NS

SOURCE FACILITY(3) 1975-76 (mtpy)  values)(mtpy) 1985 (wtpy)
Potlech Northwest 1522 5300
Conwed 104 50"(1,2) "oQ»
Continental 0il 1512 1512
Erie Mining (Teconite Harbor) 15310 15310
MP & L Clay Boswell 28400 65720
Butler Taconite 1 "1545"
National Steel 0 1364
Boise Cascade 838 "g18"
Reserve Mining (Silver Bay) 3226 "3182"
HP&L (Sy Laskin) 6095 6095
Reserve Hining (Babbitt) 111 111
Duluth Steam 418 R VA
MP & L Hibbard Steation 1555 -
Superwood Corp. 139 139
U.S,S.~Duluth Coke 3468 -
U.S5.S.=Shipping 326 0
Eveleth Taconite 0 "2273"(1,2) "3364"
MP&L (Floodwood or Brookston) - "28180"
Jones snd Laughlin - "1455"
Hibbing Public Utility 1009 1009
Hibbing Taconite 0 1382 (1,2) 2073
Hanna Mining 0 1000
Erie Mining (Hoyt Lskes) 707 Y5000"
Minntac 238 2036 (2) "7364"
Virginia PUD 1896 "1818"(1) "1818"
Inland Steel 0 636 (2) "1272%
Pickands Mather - “1727"
Lake Superior Power District 1440 4364
Roffler's Construction 2 2
Murphy 0il Corp. 1824 1824
Superior WL & P 413 413
Univ. of Wisconsin 105 105
CLM Corp. 284 918
Ontario Hydro (Atikokan) - 53060
Caland Ore Co. 254 -
Steep Rock Mines 13360 -
Minnesota Pulp & Paper 257 257

NOTE: A missing entry indicates the facility does not exist or will be

phased out by the date shown.

Tonnages shown in quotsation marks indicate

estimates by the sgtaff of the Copper—Nickel Study besed on availsble data.

(1) Used in 1977 regional beaseline in place of value shown for 1975-76.
(2) Used in 1977 PSD baseline in place of value ghown for 1975-76.
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changes in the weglon including expansions in the power generation and
taconite industries, additions to pollution control systams, fuel
conversions such as the change from gas to coal in the taconite industry,
and the closing of some sources.

The definition of baseline emissions changes with application. TFor
example, a baseline of emissions that reflects the actual pollutants
enitted in the region asg of July 1977 (termed the regional 1977 base-
line) is different from the baseline of emissions prescribed by the
legal framework of the prevention of significant deterioration amend*
ments to the Clean Air Act of 1970 (refer to section 3.5). Values
different from'the 1975-76 baseline emissions which have been used for
either the regional 1977 or PSD 1977 baseline are also indicated in
Table 52,

Point source sulfur dioxide emissions are expected to increase by
130% over the mnext ten years from 84,820 mtpy in 1975-76 to 196,700
mipy by 1985. This dramatic rise can be traced directly to proposed
growth in the power generation and taconite industries.(Figure 25).

The taconite companies are planning on a steady expansion which could
result in an additional taconite pellet annual processing capacity of
36.3 million metric tons over the 1976-77 capacity of 56.6 million mtpy,
requiring 1,300 megawatts of additional electrical power availability

in northeastern Minnesota. In addition, taconite companies are convert-
ing their operations from natural gas to coal or synthetic gas made

from coal. Coal can contain as much as 2,000 times more sulfur than
hatural'gas to supply an equivalent amount of energy, creating increased
802 emission possibilities.
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Lf the plamed taconite expansions and (uel conversions are imple-~
mented in Minnesota, sulflur dioxide emissions from these sources could
increase by 25,170 mtpy by 1985 (from 19,600 mtpy to 44,770 mtpy, nearly
a 1307 increase). 'This increase is partially offeet, however, by the
planued closing of two taconite mines near Atikokan, Ontario which
will reslult din a sulfur dioxide emissions decrease of about 13,620 mtpy.
On a vegional basis sulfur dioxide emigsions from the taconite industry
are projected to increase 35% by 1985.

The 99,760 mtpy increase (about 240%) in SO2 emigsions from the
electric power generation industry will be due primarily to 53,060 mtpy
(53%) from the proposed Atikokan generating station.(BOO MW assumed),
28,180 mtpy (18%) from the proposed generating station at Floodwood,
Minnesota, and an increase of 17,320 mtpy (17%) projected for the
MP & L Clay Boswell plant at Cohasset, Minnesota. Development plans for
the proposed Atikokan plant (800 MW) which will contribute about 277% of

the total projected regional SO, emissions are being closely monitored

2
because the plant will be located on the edge of the Quetico Provincial
Park, a Canadian wilderness area adjacent to the Boundary Waters Canoe
Area. If the size of the plant is reduced to 400 MW the emissions
would be reduced accordingly.

Refineries and commercial-industrial sources have substantially
smaller impacts on regional 802 emissions. These categories contribute
less than 137 of the total baseline emissions and less than 67 of the
total projected emissions (Figure 25). |

The 802 point source emissions inventory does not include area

sources such as residential space heating requirements or line sources
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such as automobile tvaffic which could increase regional emissions. The
significance of area souvce contributions to 802 concentrations is
discussed ip section 7.1.2.

802 emigsions in the region can be put into perspective by compari-
son to global, national, and local emissions. On a global scale natural
sulfur emissions, expressed as SO

mtpy¢297 Sulfate aerosols produced by sea spray and hydrogen sulfide

9 have been estimated to be 258 million
CHZS) from volecanic activity and organic decomposition are the primary
sources (66%) of matural sulfur compounds. Anthropogenic sources which
.may predominate on a local basis, have been estimated at 133 million
mtpy, expressed as 802, and result primarily from the combustiog of
fossil fuels.297 About 707 of anthropogenic sulfur emissions are the
result of coal ccmbustion.zo

On a national scale sulfur diqxide emissions decreased slightly
from 1972 to 1975. Anthropogenic emissions in 1972 were estimated to
be 33.4 million mtpy compared to 29.9 million mtpy in 1975, a 12%
decrease.266 The National Air Quality and Emission Trend report for

1975 states that ambient SO, levels in urban areas declined markedly

2
probably due to a combination of more stringent pollution control
efforts, and a significant shift in the use of high sulfur fuels from
urban to rural sources.266

In Minnesota available data indicate that sulfur dioxide point
source emissions decreased slightly from 1970-71 to 1973-74. The 57
decrease (from 316,900 mtpy compared to 302,700 mtpy) is likely to be

reversed in the future due to statewide growth in coal consumption.

In 1976 coal consumption by 71 facilities was reported to be
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12,0 million mipy. By 1985, it ds projecfed that 75 facilities will
consume 25.8 million wipy, over a two-fold iﬂcrease.iSD Most of this
increase will occur in the power genevation industry.

Tn 1976 the three largest coal consumption development areas in
Minnesota were the seven-county metropolitan area (36% of State total),
northeastern Minnesota (30.3% of State total), and central Minnesota
(19% of Stare total). By 1985, these three areas will still be the
largest users but their ranking will be shifted: central Minnesota
(36% of total), northeastern Minnesota (35% of total), and the metro-
politan area (177% of total)blSO The shift in coal usage from the
metropolitan area 1s due primarily to the growth in the taconite and
power industries anticipated in central and northeastern Minnesota.

A comparison between the seven-county metropolitan area and north-
eastern Minnecota's copper—nickel study region is given in Table 53 for
point sources gmitting more than 100 mtpy 802.

" Table 53. 1976 pdint source S50; emiasionsyiﬂveﬁto;y summafy by source
category for the Air Quality Study Region and the seven-county
Metropolitan area.

POWER COMMERCIALC

REGION GENERATION TACONITE REFINERY INDUSTRIAL TOTALD
Seven-2 mtpy 136800 0 22620 23597 183000
county
Metro Percent

of Total 74.8 0 12.4 12.9 100
Air mtpy 41230 33210 3336 7045 84820
Quality
Study Percent
Region of Total 48,6 39.2 3.9 8.3 100

: R \ ’ 153
8Minnesota Pollution Control Agency
Total is rounded off,
CIncludes grain.
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7,1.2. Ambhient S0, conceatrvabtions.

A reglonal annual average 802 background concentration of less
than 5.2 }Jg/m3 (lower detectable limit of the analyzar) was measuraed at
the Fernberg Road site during 1976-77. Since concentrations less than
5.2 /ug/m3 could not be detected by the continuous recording monitor,
the true value lies somewhere between 0 and 5,2’@g/m3¢ Although the
recorder trace of this monitor remained on zero during the 1976-77
sampling period, a "less than' value is reported for data handling
purposes rather than recording zero values. TFigure 26 shows the measured
ambient concentration at the Fernberg Road site in relation to other
parts of Minnesota and the nation.

When the 802 concentrations predicted from the regional sources
listed in the emissions inventory are calculated using the modified
gaussian model and averaged, a regional annual mean of 1.1 ,ug/m3
(based on 33 receptors) is obtained. Although this number is consistent
with a value of less than or equal to 5.2 Pg/ms, the real annual average
concentration may be underestimated because the modified gaussian model
considers only major point sources (those with more than 100 mtpy
pollutant emissions). Therefore, it is necessary to consider whether
or not a significant part of the region's total emissions may be due
to area sources. Area sources are defined as a collection of small
unidentifiable stationary points of pollutant emissions, all emitting
less than the minimum level of 100 mtpy prescribed for point sources.9

The major area sources of S0, emissions in the study region would

2

‘result from heating requirements during the colder months. An estimate

of the contribution of area sources to 802 emissions was obtained from
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total reported fuel usage. Area fuel usage, as reported by the

. ., 151 . ,
Minnesota FEnergy Agency, was separated by type of use (industrial,
regidential, commercial, institutional, and other uses) and Lype of
fuel (umatural gas, coal, fuel oil, and liquid propane gas) for the
base year 1976. Total emissions by source category and fuel type were

s . s - 268 . i

then calculated using EPA emission factors. Table 54 shows the
2

resulting estimated SO, area soutce emissions based on fuel usage.

Table 54. Estimated S0, area source emissions for 1976, based on fuel
usage (metric tons).

SECTOR - NATURAL GAS COAL FUEL OIL L.PG TOTAL
Industry 12.7 4,03x104  86.1 -~-  4.04x104
Residential 0.778 63.3 0.165 84.2
Commercial/

Institutional/

Other 0.603 23.9 24,5
TOTAL 14.1 4.03x10% 173 0.165  4.05x10%

2
SOURCE: USEPA 68 and Minnesota Energy Agency151

Tﬁe fﬁ;iAusaéé egﬁima£e$ iﬁdiﬁétéVfﬁatréeéidential, and commercial/
institutional/other sectors contribute less than 0.3% of the total 802
emissions. The bulk of the emissions come from the industrial sector,
and, in fact, from those industries including public and private
utilities, which utilize coal as a fuel., About 99.5% of the SO2
emissions estimated from fuel usage are attributed to industrial use
of coal. This use occurs at facilities which are included in the point
source emissions inventory. From this discussion it is concluded that
area source contributions to regfonal SO, emissions are minimal amd

2

that emissfons can Be adequately characterized, for purposes of
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evaluating ambient SO, concentrations, in terms of the sources listed

2

in the ifnventory. Avea sources, thevefore, are not considered further.

7.1.2.1. Regulateory analyesis-—annual average S0, concentrations: In-

&

the regulatory analysis discussions, it should be remembered that the
conclusions are baged on predicted values at a finite set of rveceptors.
These sections are intended to indicate the general pollutant levels
expected, and in this context, to ddentify which of the legal standards
~may be in jeopardy.

The modified gaussian model predicts that the federal primary
annual standard of SO/mg/mB will not be exceeded at any of the 33
regional receptors for either the baseline year, 1977, or 1985 within
the stated bounds on model accuracy of a factor of two. Figures 27
and 28 show the predicted 1977 baseline and 1985 annual average ambient
SO2 concentrations.

In 1977 a regional mean (defined as the arithmetic mean of the

annual average concentrations at the 33 receptors in the region) of

3 .
1.l,ug/m was calculated. The highest predicted annual SO2 concentration

of 3.3 }J.g/m3 (4% of the primary standard) occurred at Hoyt Lakes Golf

Course (Figure 27). This value primarily reflects SO2 emissions from

the Aurora power plant which is 4 km to the west-southwest.

In general, by 1985, annual S0, concentrations are expected to

2

double over the region. Spatial differences are expected to occur,

directly following the increases in SO, point source emisions.

2

The modified gaussian model predicts a 1985 regional SO2 annual
average coucentration of Z.B/Jg/mB, an increase of about 110%Z over the
1977 regional average. The highest annual average in the region,
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Table 56, Summary of measured sulfur content of atmospheric particulates
at elght study arvea sltes, expressed as sulfaie,

$0; CONCENTRATION (ug/m3)

MONITORING SITE . Average Standard Deviation
Babbitt 2.1 1.8
Whiteface 2.3 1.7

Hoyt Lakes 1.9 1.7

Erie 1.0 1.4

Dunka Road 2.0 1.6
Fernberg 2.1 1.7
Isabella 2.0 1.8

Toimi 1.4 1.4
AVERAGED 1.9

SOURCE: Eisenreich, Hollod and Langevin o8

&pata represents sampling from Dec. 1977 through Oct. 1978.
Values have been rounded.
baArithmetic average of above eight values.

southwest) in the midwest and south, and is not due to local sources.

It is generally agreed that the average vesidence time of atmospheric

sulfur is about 5 days and transport distances may average 1,000 km;78

The measured values in Table 56 compare favorably to sulfate values
. . . . 5 o
which have been reported in remote midcontinental areas. ? It is inter-
esting to compare these concentrations to the values derived from the

modified gaussian model using the SO, point sources from the regional

2
emissions inventory. Data from studies of the Sudbury plume were used

to estimate the rate of conversion of SO2 to sulfate in the modei.134
The rate varied from nearly 0%/hr to about 5%/hr depending on the
distances from the sources. The resulting regional arithmetic average

modeled for 1977 was 5.4 ng/m3. This result, when compared to the
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yeax (with the numher of days shown at the top of ecach bar) cach concen-—
tration level wag predicted. Tor cxowple, in 1977, a 24-hour S0,
2
. . 3. . I . A

concentration of less thau SAQg/m is predicted 93% of the time (338
days) at Isabella compared to only 84% of the time (305 days) at Hoyt
Lakes Golf Course. The frequency plots also demonstrate the predicted
shift to higher concentration levels in 1985. Minimum, maxdimum,

arithmetic mean, and standard deviation are also included in the plots.

7.1.3. Ambient sulfate concentrations.

Ambient sulfate concentrations in the study region were determined
from membrane samples which were subsequently analyzed by x-ray fluores-
cence at EPA laboratories, Research Triangle Park, North Ca’rolina‘59
Samples were analyzed for total sulfur and concentrations were expressed
as sulfate. Since SO2 concentrations were low in the study region it
geems likely that most of the sulfur present was actually in the sulfate
form. The mean sulfur content of air particulates, expressed as sulfate,
rat eight sites (both urban and non-urban) was not significantly differ-
ent (Table 56). This uniformity in urban and non-urban areas is
attributed to regilonal transport and dispersion of sub-micron sized
particles into the study region, possibly from distant sources.

Weiss gE_gi.ng investigated the geographical extent of sulfate
aerosol in the midwestern and southern United States and concluded
that haze-producing aerosol in the forested Ozark location was not
predominately organic, but was dominated by sulfate particles

I (NH 804] which were similar in nature to those observed in the

W2
midwest. The authors also determined that sulfate aerosol is distri--

buted over a large geographical region (1000 km from northeast to

2229~
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FIGURE 37, BOX PLOTS OF PREDICTED 24-HOUR AMBIENT SOz CONCENTRATIONS
FCR 1977 AND 1985 FROM LOCAL SOURCES (MODIFIED GAUSSIAN MODELL.
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the time. Conceutrations in the Class II region would change very
little because Qﬁ the distance, and the low percentage of the time the
wind is blowing from the N-NE.

In summary, neither the ambient alyr quality standards (anuval and
24-houyr) nor the annual PSD Class T and Class 1T increments are expected
to be exceeded by reéional growth in 1985. MHowever, the 24-hour PSD
Class I increment is expected to be exceeded in 1985, and there is
a small chance that the Clasg II increment would also be exceeded.
Removing the proposed Atikokan power plant (assumed to be 800 MW) from
the 1985 simulations results in an annual ambient air concentration
decrease of about 4% at Class II area receptors and 15% at the Class
I receptovs; larger decreases are predicted at individual Class I
receptors., Maximum 24-~hour concentrations remain the same except at
two Class I receptors on the Canadian-Minnesota border.

The box plots in Figure 32 permit easy comparison of all the
modeled receptors for 802 concentrations in 1977 and 1985. The box
plot illustrates the median, quartile, minimum, maximum, and 2nd high
values for one year of 24-hour concentrations.

Three sites were selected to show the spatial and temporal varia-
tion in concentration levels expected in the study region. The emphasis
is on contrasting concentration frequency distributions among a remote
site in the eastern corner of the region (Isabella Watershed, site No.
14), an urban site in the center of the region (Hoyt Lakes Golf Course,
site No. 27), and an urban site in the western corner of the region
(Parkville, site No. 20).

The frequency plots (Figure 33) show the percent of days in the
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Table 55. Differcoce batween the baseline concentration and the highest end
2nd highest 24-hour 504 coucentration in a Clasa I avea (ug/mj)a

SITE  COMPUTER . 1985 Difference: 1985-boseline
HO. CODE  BASELINE  Wighest  2nd Higheat _ liighest J0d Highest
14 101 12 20 14 8 2

6 102 7.8 17 16 9.2 8.2

4 103 12 19 16 7 4

3 104 11 15 12 4 1

5 105 7.4 23 17 15.6 9.6

2 106 5.9 15 11 9.1 5.1

13 107 8.7 19 15 10.3 6.3

1 301 7.3 13 11 5.7 3.7

on the frequency andvﬁagnitude of the values greater than the increment.
In the Class II area the largest 24-hour 802 difference was 55 Fg/m3 at
Parkville (607 of the 9llpg/m3 increment). The second largest difference
was about 50% of the increment. Therefore, considering a modeling
accuracy of a factor of two it is possible that the Class I1 increment
could be exceeded.

When the proposed Atikokan power plant (800 MW) is removed from
the 1985 modeling simulations the maximum 24-hour SO2 concentration at
each receptor is virtually the same throughout the region except at
two sites. Predicted concentrations are 207 lower at the Birch Lake
Dam éite (13 /ug/m3 compared to 15 pg/mB) and 327 lower at Saganaga
Lake (l?;lug/m3 compared to 19 Pg/mg). In this case, the 24-hour PSD
increment would be exceeded at 3 of 8 Class I receptors, using the
second highest value at each receptor, compared to 4 of 8 receptors if
Atikokan is included in the inventory. The wind can be eipected to

blow from Atikokan to the study area (from N-NE to S-SW) only 7.5% of
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3, . \ i
to 0.6 pg/m for 1985 withoul the power plant.

modified gaussian model predicts that the federal primary 24-hour
standard of 365 /u‘g/m3 will not be exceeded at any of the 33 regional
receptors for either the baseline year, 1977, or 1985. Figures 30 and
31 show the predicted 1977 baseline and 1985 maximum 24-hour concentra-
tions at each receptor in the region.

In 1977 the predicted maximum 24-hour SO, concentration is 52;ug/m3

2
(14% of the standard) at the Hoyﬁ Lakes Golf Course; the second highest
24~hour concentration is 31fug/m3 (8.5% of the standard) at the Erie
Mining Office.‘ Both sites are impacted primarily by emissions from
Hoyt Lakes and Aurora. By 1985, the maximum 24-hour 802 concentration
is predicted to increase to 78 }Jg/m3 (21% of the standard) at the Hoyt
Lakes Golf Course, followed by a second high of 77l(ug/m3 at the Erie
Mining Office.

The maximum 24~hour 802 increment is expected to be exceeded at
some Class I (5/ug/m3) receptors, and perhaps at one Class II (91/ﬁg/m3)
receptor. Table 55 shows the differences between the baseline and the

highest and 2nd highest SO, concentrations predicted at Class I receptors.

2
When the highest value at each site is used for the evaluation,
the PSD dincrement is exceeded at 7 of 8 receptors; when the 2nd highest
value is used, this number drops to 4 of 8 receptors.
Although from a regulatory standpoint the increment is exceeded in
a Class I or Class IT area when the 2nd highest value is larger than

the allowed increment at any'receptor,27l the results of using both the

high and the second high values are included to provide a perspective
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7]

5.6 pg/m35 which is 77 of the primary standard, is predicted at
Parkville. This veceptor lg impactéd primarily by the Duluth sources
to the south, Mt. Ivon, Fveleth, and the complex of towns to the
southwest (Figure 28).
. . . 3 3

Neither the Class I (qug/m Y nor the Class II (20 pg/m ) annual
PSD increments ave expecited to be exceeded in 1985 with the regional
growth estimated in the ewissions inventory. The largest annual 802
difference in a Class I area was>0,8ljug/m3 (41% of the increment) at
Vermillion Lake. Tun the Clase II area the largest difference was
3.4}ug/m3 {16% of the increment) at Parkville. The proposed Atikokan
power plant is expected to contribute about 27% of the region's 1985
SO2 emissions (assuming 800 MW capacity)a This facility could be
legally excluded from PSD review under a variance pertaining to sources
located ouside of the United States [USEPA;271 40 CFR 52.21 (£)Y(1)(Hv)].
Therefore, an ascessment of the effect of the proposed facility on the
regional receptors, particularly the BWCA sites, is important.

Figure 29 shows the results of annual 802 concentration simulations
excluding Atikokan from the 1985 emissions inventory. Removing the
proposed Atikokan power plant from the modeling simulations results in

about a 9% decrease in the 1985 mean regional mean annual SO2 concentra-

tion, but larger reductions occur in the Class I area (about a 15%

" decrease). The decrease in the Class II area is only about 4%,

The largest predicted effect of the proposed power plant occurred
at Saganaga Lake on the Mimnnesota-Canadian border. An increase in the
énnual ambient 802 concentration of about 2.5 times is expected from
an 800 MW facility, l.A/ug/m3 for 1985 with the power plant compared

~220-
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average of the messured values shown in Table 56 (1.9 Fg/mg) clearly
suggests that major point sources in the region ave not primary contri-
butors to ambient sulfate levels in the study region. This is in conbrast
to the sitwation with ambient SOZQ Tt appears that nearly all of the
measured ambient sulfate levels (estimatedvat more than 99%) are Cthe
result of transport from outside the study rvegion.

The modified gaussian model predicts that by 1985 the ambient sulfate
concentration due to point sourcés in the region will increase to 84
ﬁg/mB, an increase of voughly a factor of 15 over the modeled 1977 wvalue.
Maximum 24 hr concentrations of l,Zlmg/m3 are predicted at the Hoyt Lakes
Golf Course for both 1977 and 1985. The question of possible increases
in sulfate transport into the region from remote sources is discussed in
the next section.

At the present time there is no ambient air quality standard for
sulfates. It is possible that standards based on total water-soluble
‘sulfates may be established by 1985. A potential 24 hr standard of
10-~25/ug/m3 and a potential annual standard of 5-15 pg/m3 have been
developed by the Brookhaven National ILaboratory Office of Envirommental
Policy.205

Sulfate concentrations for all the modeled receptors are given in
the box plots in Figure 34 for 1977 and 1985. Annual frequency distri-
butions for sulfate concentrations are shown for Isabella Watershed,

Hoyt Lakes Golf Course, and Parkville in Figure 35.

7,1.4, Sulfate deposition.

The surface deposition rates for sulfate are of special interest,

particularly in the context of water quality impacts. In order to
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properly understand the total deposition ofnsulfate? it is necessary to
consider both wet and dry deposition, This in turn will facilitate an
understanding of the imporitance of the roles played by local and long
distance sources.

Sulfate depogsition in the study area was measured using bulk samplers,

rain event samplerg, canopy through—-fall samplers, and membrane samplers.

The results of the through-fall samples and the rain-event samples are
comparable to the bulk collected samples, and they are not included in
this section to simplify data presentation. A complete discussion of
the measured data can be found in Eisenreich, Hollod, and Langevin.59
Bulk deposition measurements veflect the combined effects of wet
and dry deposition; the collectors are open to the atmosphere for a
30-day sampling period. Bulk deposition samplers were located at four
sites: Hoyt Lakes Golf Course, Fernberg Road, Spruce Road/Kawishiwi

Laboratory, and Dunka Road.” The samples were each collected for 30 days,

and then analyzed for a variety of parameters, including sulfate, for the

period February, 1977 throught January, 1978. Table 57 shows the annual
sulfate deposition data from the bulk samplers expressed as both geometric
and arithmetic means. The concentration of sulfate in the region seems
to be uniformly distributed, once again suggesting that locally generated
sulfate depoéition is mindimal.

Figure 36 shows the monthly deposition values for each gite on a

line graph along with monthly precipitation. The highest sulfate

loadings occurred around September and the second highest loadings
occurred around June. These months were also months of highest precipi-

tation which supports the idea that wet scavenging of sulfate is
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FIGURE 35,  MONTHLY BULK SULFATE DEPOSITION
AND PRECIPITATION AT SAMPLING SITES
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Table 57. Annual sulfate deposiiion hased on bulk deposition data,
kg/ha/yrn

Geometric Arithmetic

Location ° o . mean mean
TFernberg Road 14.6 18.3
Spruce Road/Kawishiwi 12.4 15.7
Dunka Road haboratory g 4 19.3
Hoyt Lakes Golf Course 15.4 21.6
Average 14.4 18.7

Source: Thingvold g;mgi~248

: . L. 24
is probably more important than dry deposition. 48

An estimate of dry deposition of sulfate for the region was also
calculated using measured atmospheric concentration from membrane
samplers aund deposition velocity data from Chilton, England.,32 It is
assumed that the dry deposition value represents total sulfur, not .
sulfate.

On an annual basis, the measured regional dry sulfate deposition
was calculated to be 1.78 kg/ha/yr (with a standard deviation of 1.78

4
kg/ha/yr).,zg8

The average wet-dry rate from the bulk samplers is 14.4
kg/ha/yr. On this basis, from 0 to 247 of the total deposition is
estimated to be dry (within 1 standard deviation). 3Because the dry
deposition value is low and because very little ambient SO2 was measured
in the region, it is believed that most of the sulfate originates out-
side of the region, perhaps from St. Louis, the Ohio Valley and the

136, 137 Long-range transport of sulfate is quite

east coast area.
feasible when large high-pressure systems are centered to the east and

south of Minnesota. The large, clockwise vortex of winds can then move
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sulfur compounds and other pollutants from the industrialized arveas of
the east to Minnesota. Under certain conditlons, Canadian cold fyonts

can collide with this sulfur-laden, warm air mass over northeastern

v

M

fd

nnesota causing high levels of sulfate in the precipitation. In this
situation rain scavenging is an impoviant mechanism for sulfate deposi-
tion.

Deposition values due to local sources were predicted using the
modified gaussian model during each 30 day sampling period at selected
receptors. This allows a direct comparison of measured sulfate deposi~
tion to predicted deposition expected from local sources. Table 58
summarizes the results of both the measured bulk data and the predicted
data. The ratios of the measured to calculated data range from 0.63
(the only ratio less than 1) to 21. The typically large value of the
ratio again supports the thesis that the bulk of the sulfate deposition
in the region is due to sources outside the region.

In order to understand the role of local 802 sources in regional
sulfate deposition, it is useful to consider the data on dry deposition.
A comparison of the mean annual deposition rates (based on dry deposi-~
tion velocity from Chilton, England and Minnesota measured ambient
sulfate concentrations) and predicted total sulfate deposition rates
from local sources alone is given in Table 59. It is important to
emphasize that the predicted average sulfate deposition rates for the
8 sites shown in the table dnclude both the wet and dry deposition
values. The annual arithmetic rate of 2.85 kg/ha/yr (or 2.2 kg/ha/yr
using all 33 receptor sites to calculate a regional average) includes
both wet and dry deposition. This is in contrast to the values calculated
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Table 58 . Measured eond predicted local sulfate deposition® (kg/ta/yr).

SPRUCE RD/ HOYT LAKE
DUHKA RD. KAWISHIVI FERNBERG RD. COLF COURSE

March M 1.1 1.4 1.3

pb 0.073 0.076 W11

April M 1.5 1.2 2.2 2.6

P 0.27 0,27 0.39 0.33

May M 3.3 1.9 2.0 1.7

p 0,28 0.33 0.36 0.21

June M 2.3 1.5 2.3 1.7

P 0.41 0.26 34 0.83

July M 0,76 1.3 0.31 0.59

: P 0.14 0.13 0.13 0.93

Aug M 2.9 3.2 3.9

P 0.14 0,21 0.75

Sept H 0.47 1.3

P 0,28 0.75
RATIO: MEASURED/PREDICTED

March 15 18 12

April 5.6 A 5.6 7.9

May 12 5.6 5.6 8.1

June 5.6 5.8 6.8 2.0

July S.4 10 2.4 0.63

Aug 21 15 5.2

Sept 1.7 1.7

8Measured values are based on bulk deposition results, predicted
values reflect the effects of local $0, sources only, using the modified
gaussian model.

by=neasured; P=predicted.
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Table 59, Calculated  dvy deposition rates aud predicted’ total
sulfate depasition {ke/ha/yr).

Location _Calculated . Predicted
Fernberg 2.01 2.2
Legabella (FLC) , 1.92 2.5
Dunka 1.86 2.5
Toimi 1.32 2.1
Erie 1.01 4.0
Hovt Lakes 1.79 5.5
Whiteface 2.13 2.1
Babhitt 1.98 1.9
Region . 1.78° 2.85%(2.2%)

ausing Chilton,England dry deposition velocity and
Minnesota measured air concentrations

Cbased on local (1977) sources

based on 8 sites shown in the table

based on all 33 receptors in the region

from ambient air concentratiens which include only dry deposition to
yield an average of 1.78 kg/ha/yr for the eight sites.
’ In order to compare these two results, it is first mecessary to
isolate that portion of the predicted deposition attributable to dry
deposition. This value can then be compared to the calculated result
based only on dry deposition data. Accordingly, the predicted wet and
dry sulfate deposition components from local sources at four sites
(Hoyt Lakes Golf Course, Dunka Road, Kawishiwi, and Fernberg Road) are
shown in Table 60. The resulting dry deposition ranges from 91.4% to
95.97% of the total deposition.

If it ig assumed on the basis of these data that at most 107 of the
total predicted deposition from local sources is wet, a predicted dry

deposition average of 2.56 kg/ha/yr is calculated for the eight sites.
~239~



Table 60. Predicted wet and dry sulfate deposition from local point
sources (kg/ha/30 day).

HOYT LAKES
__DUNKA RD.  GOLF COURSE KAWISHTWI FERNBERG RD.

wet dry wel dry wet — dry wet dry

March 0.003  0.070 0.004  0.103 0.004  0.073

April 0.016  0.257 0.010  0.317 0.008 0.265 0.010 0.376

May 0.019  0.260 0.026 0.186 0.017 0.311 0.016  0.345
June 0.016 0.392 0.021  0.807 0.006 0.255 0.010  0.328
July 0,005 0.132 0.008 0.919 0.010 0.120 0.010 0.116
Aug 0.017 0.377 0.066 0.683 0.018 0.119 0.028 0.182
Sept 0.098  0.355 0.121  0.626 0.030 0.253

Total 0.174  1.843 0.256  3.641  0.093 1.396 0.074 1.723

% of
Total 8.6% 81.42 6.6% 93.47 6.2% 93.8% 4,1% 95.97%

A value of 1.98 kg/ha/yr is calculated for the region based on 33 recep-
tors. These valueg compare favorably to the dry deposition rate of 1.78
kg/ha/yr which is based on‘regional measured data and a dry sulfate
depoéition velocity from Chilton, England.32

Since the comparison between predicted local source and measured
dry sulfate deposition is excellent, it is concluded that the bulk of
the measured dry deposition in the region is due to local sources.
However, about 85% of the measured total (wet and dry) sulfate deposition
is not accounted for by the regional point sources.

The International Joint Commission111 predicts that sulfate loadings
in‘Minneéota could double from 16.4 kg/ha/yr in 1974 to 32.8 kg/ha/yr by

the year 2000 with no full-scale SO, removal at the sources. However,

2
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sulfate loadings could vemain at about the 1974 level if additional
802 rewoyal dg applied to planned and existing sources. Since the
specific origing of sulfate deposited in the vregion from remote sources
are not known, it ds Iimpossible to predict sulfate deposition increases
as a result of SO2 emission increases at specific locatiens., However,
it is known that sulfate deposition, for example, was high in the region
during the months of May, June, and September when south and southeast
winds constituted important components of the wind roses for these periods.
Thus, it is reasonable to look at projections for increased 802 emissions
to the south and east of the region for general validation of the IJC
prediction concerning sulfate loading.

In a report to the Minnesota Legislature, the Minnesota Energy

50 . oo C s
Agency estimates that total stack emissions of SO_ in the State were

2
about 312,000 mtpy in 1976. Of this total, about 226,000 mtpy, or 72%,
was due to the cowbusition of coal. Projections for coal use in the

.State show an estimated 597 increase in coal-related SO, emissions by

2
1985, with‘an‘increase of 104% by 1995. Although the Twin Cities area
is forecasted to have a slight decline in coal-derived stack SO2
emissions, the Duluth-Superior area is estimated to experience increases
greater than the State as a whole, with 98% and 172% increases projected
for 1985 and 1995, respectively. The Central Air Quality Control Region

just south of Duluth is expected to show increases over 1976 levels of

305% and 4557% in coal~related stack SO,

9 emissions by 1985 and 1995,

respectively.
Since these areas may serve as sources of sulfate transported into

the study region, this information certainly supports the predictions
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of significaunt increases in sulfate deposiﬁiwn over the next 20 to 25
years made by the LJC. The energy shortages.related to gas and oil which
will increase coal usage may constitute the determining factor in
increasing sulfapa deposition. Since this situation Is not unique to
Minnesota, but affects the entire nation, it is reasonable to expect that
sulfate deposition in the region can be expected to increase due to the
influence of outside sources.

The annual arithmetic mean sulfate deposition due to local point
sources is predicted to more than double from 2.2 kg/ha/yr in 1977 to
4.5 kg/ha/yr in 1985. If it is assumed that background sulfate increases
correspondingly; then by 1985 the total regional sulfate deposition would
be about 29 kg/ha/yr.

Table 61 presents prediéted apnual sulfate deposition at the
regional receptors for 1977 and 1985 due to point sources alone.

Box plots of predicted sulfate deposition from local sources for
1977 and 1985 are shown in Figure 37, and frequency distributions are
given in Figure 38 for three sites (Isabella Watershed, Hoyt Lakes Golf

Course, and Parkville).

7.2. PARTICULATES

The previous discussion focused on characterization of sulfur in
the absence of copper-nickel development. This section presents a
similar characterization of particulates (TSP) in the atmosphere. Major
regional sources are enumerated, the resulting ambient ﬁarticulate
levels due to emissions from these sources are discussed, and changes in
the future alr quality due to regional development in 1985 without a

copper—-nickel industry are forecast.
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Table 61. Predicted avnual deposition of sulfate at vavious recceptor
siteg due to point source emissions in the Region: {kg/ha/yr).

. -

1877 PERCENT
STTE COMPUTER REGTONAL 1985 CHANGT,
NO. - CODE NAME ) BASELTNE PROJECTION BY 1985
1 301 Little Johngon Lake 2.1 2.4 +14
2 106 Little Vermillion Lake 1.1 2.4 +118
3 104 Birch Lake Dam 1.6 3.0 +88
& 103 Saganaga Lake 1.1 2.5 +127
5 105 Vermillion Lake 1.4 3.2 +329
6 102 Shagawa R.W. 1.4 2.7 433
7 214 Fly High School 1.5 2.9 493
8 224 Fernberg Road 2.2 3.5 +59
9 219 Tower-Sudan 1.8 3.9 +117
10 206 Bear Tgland R.W. 1.7 3.2 +88
11 201 Kawishiwi Lab W, 1.7 3.1 +82
12 202 Keeley Creek W. 1.8 3.2 +78
13 107 August Creek 1.9 3.4 +79
14 101 ‘Isabella Watershed 3.0 4.3 +43
15 212 NW of Virginia 2.2 6.2 +182
16 207 Embarrass R.W. 2.2 4.9 +123
17 215 Babbitt 1.9 3.8 +100
18 204 Unnamed Creek W. 1.9 3.7 +95
19 223 Environ. Learning C. 2.5 4.1 +64
20 225 Parkville 2.9 9.7 +234
21 221 Erie Office 4.0 11 +175
22 208 Dunka Road 2.5 5.5 +120
23 205 Dunka R.W. 2.2 4.3 +95
24 203 Stony River W. 2.6 4.2 +62
25 217 NW of Eveleth 2.9 7.0 +141
26 218 NE of Eveleth 2.5 5.9 +136
27 213 Hoyt Lakes Golf Course 5.5 8.8 +60
28 209 St. Louis River W. 2.4 4.7 +96
29 210 Waterhen Creek W. 2.4 4.9 +104
30 211 Whiteface River W. 2.3 4.6 +100
31 222 Toimi 2.1 4,1 +95
32 220 Whiteface 2.1 4.5 +114
33 226 . Tower 1.8 3.9 +117
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7.2.1. Sources, present and 1985,

As was the case for sulfur emissions, sources which emit at Jeast
100 mtpy pariiculates were inventoried.. Unlike the case for 802,
however, smaller, more widely distributed area sources are very impor-
tant. Thelr existence explains the general background particulate
levels observed in the region. These gources will be discussed after
consideration of the point sourcesg.

The point source ?articulate inventory includes sources present
- during the baseline period (1975-76) as well as those projected to be
in existence by 1985. Table 62 lists the various sources and the
amounts of particulate emissions. As with the 802 inventory, it must
realized that these figures reflect the best estimates currently avail-
able, and the 1985 projections, in particular, will most certainly be
refined as plans evolve and new information becomes available.

The 1975-76 baseline regional emissions (92,480 mtpy) are expected
to decrease about 38%vby 1985 (57,740 mtpy). Figure 39 gives a break-
down of emissions in termse of source categories (power generation,
taconite processing, grain elevators, refineries, commercial-
industrial), and geographic area (Minnesota, Wisconsin, and Canada).

The 387 decrease in regional particulate emissions by 1985 is due
primarily to abatement efforts. Based on emissions data and estimates,
these efforts will result in a 687% decrease for point sources in Duluth,
a 487 decrease in Carlton County, and nearly a 977 decrease in particu-
late emissions at the Reserve Mining Company operations at Silver Bay,
Minnesota. Particulateremissions in Atikokan, Ontario are expected to

decrease by 85% due to the closing of the Steep Rock Iron Mines, Ltd.
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Table 2. Regional particulate emissions inventory used for sources emitting
more than 100 wipy.

1977 BASELIRNE

BASELINE (if different PROJECTED

EMISSIONS frow 1975-76 M ISSTONS
SOURCE_FACILITY3 1975-76 (mtpy)  values)(mtpy) 1985 (mtry)
Potlsach MNorthwest 1312 : 691
Conwed hih "227"(1,2) oot
Coutinental 0il 92 92
Erie HMining (Taconite Harbor) 813 813
MP & L Clay Boswell 5504 7649
National Steel Pellet 1766 "1392"(1,2) 2093
Butler Taconite 1575 3182
Boise Cascade 2335 V546"
Reserve Mining (Silver Bay) 31140 '*1000"
MP&L Sy Laskin 662 662
Reserve Mining (Babbitt) none reported 0
Arrowhead Blacktop 100 100
Cargill Elevator B 498 g1
Cargill Elevator C 205 "o3et
Duiuth Steam 150 150"
General Mills A 306 . "o64"
International Multifoods 496 "z36"
MP & L Hibbard Station 19 -
Superwood Corpe. 279 279
U.S.S.~Duluth Coke 1053 ——
U.S.S.~Shipping 193 wo4e"
Eveleth Taconite 857 . "2545'"(1,2) "3909"
MP&L (Floodwood or Brookston) - "2364"
Jones and Laughlin — ¥1909"
Hibbing Public Utility 52 52
Ribbing Taconite R 1218 (1,2) 1791
Hannz Mining 703 1273
Erie Mining (Hoyt Lakes) 1727 "10460"
Minntzc 17440 19160 (2) “7000"
Virginia PUD 612 "1zt (1) via7"
Inland Steel ——— 1227 (2) 2455
Pickands Mather * - . M2273"
Lake Superior Power District 648 21909
Roffler's Construction 277 277
Murphy 0il Corp. 56 56
Farmers' Union Grain 354 ¢ 13
Globe Elevator 321 2
Superior WL&P 5 5
Orba Corp. - 318
Burlington Northern - 146
Univ. of Wiscoasin 76 76
CLM Corp. 2 ' 8
Ontario Hydro (Atikokan) ——— ‘ 1900
Caland Ore Co. 1356 —
Steep Rock Mines 11650 ) -
Minnesota Pulp & Paper 1405 - 1405

NOTE: A wissing entry (--) indicates the facility does not exist or will
be phased out by the date shown. Tonnages shown im quotation marks indicate
estimates by the staff of the Copper~Nickel Study based on available data.

1) Used in 1977 regional baseline in place of value shown for 1975-76.

2) Used in 1877 PSD baseline in place of value shown for 1975-76.
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FIGURE 29
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and the Caland Ore Company, Ltd., twe major taconite miniag companies,

These decreases, howvever, ave partially offset by projected growth
in both the taconite processing dndustry in Minnesota and the power
generating industry in Minnesota awnd Canada. Proposed generating
stations near Floodwood, Minnesota and Atikokan, Ontario, and the
planned expansion of the MP & 1. Clay Boswell power plant in Cohassett,
Minnesota will increase regional particulate emissions by 2364, 1900,
and 2145 mtpy, respectively. By 1985, taconite processing in Minnesota
ig expected to contribute an estimated additional 6,274 mipy particulates
over present emissions. The taconite industry is the largest contribu-
tor to regional point source particulate emissions for both the baseline
(81% of the total baseline) and projected (66% of the total projected)
emissions.

Although particulate point source emissions are expected to decrease,
the decline may have little overall effect on the study regilon where
fugitive emissions from area sources.such as taconite mines and unpaved
roads appear to be the major sources of particulates. The extent of
the fugitive emissions problem is currently being assessed by the
Minnesota Pollution Control Agency. The contribution of area source
emissions to ambient pérticulate (TSP) concentrations is discussed in
section 7.2;2.

Total suspended particulate point source emissions in the region
may be placed into perspective hy comparison to global, national and
lbcal emissions. The largest sources of atmospheric particulates are
natural, contributing about 2,273 million mtpyuzoo Natural sources of

particulate matter include wind erosion of land and sea, forest fires,

-249-



voleanlce eruptions, vegetation, and gas-to-particle veacidions. Anthro-
pogenic sources contribute approximately 295 million mtpy which arise
from industrial processes, combustion of fogssil fuels, and agricultural
ST 220

activities.

Nationally, there has been a 237 decrease in particulate point
source emissions from 1972 to 1975 (21.3 million mtpy compared to 16.4
million mtpy). This decrease has been attributed primarily to the

installation of control equipment on industrial processes and utilities,

a reduction in coal consumption by non-utilitiy stationary sources, and

68

a decrease in the burning of solid wastes,2
In Minnesota, point source particulates decreased by a substantial

437 from 1970~71 to 1973-74 (278,000 mtpy compared to 157,700 mtpy)

primarily due to greater use of pollution control equipment. A compari-

son by source category of point source particulate emissions between

the seven county metro area and the study region is given in Table 63

which clearly shows regional differences in industrial patterns.

Table 63. 1976 point source particulate emissions inventory summary by source
category for the Air Quality Study Region and the seven-county metro area.

POWER COMMERCIAL~-
REGION GENERATION TACONITE GRAIN REFINERY INDUSTRIAL TOTAL®
Seven-County
Metro Area
ntpy 10230 0 6285 2882 21230 40630
%Z of total 25.2 0 15.5 7.1 52,2 100
Air Quality
Study Region
mtpy 7651 75020 2180 148 7476 92480
% of total 8.2 81.1 2.4 .2 8.1 100

8totals are rounded,
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/.2.2. Mubient particulate concentrations.
Total suspended parviticulates (TSP) were measured at 11 locations
. - . . N e , 227 .
using high-volume samplevs from October, 1976 to March, 1978. Sites
were seleclted to represent rural, iondustrial, and community areas. A
wlde range of TSP concentrations were measured over this period. Twenty-
. ;
four hour concentrations vanged from 1 mg/m” (the minimum detectable
i N 3 - . .
level) to 367 /ug/mc Arnvual geometric mean concentrations ranged from
) 3 e X 3 e . s
10 Fg/m at Kawishiwi Lab to 55 jug/m™ at Virginia as shown in Table 64.
/
5 . 3
All of the annual means are below both the federal primary (75/ug/m )

. 3 ; .
and the secondary (60‘ﬁg/m ) annual standards for TSP concentrations.

Table 64. Adjusted annual geometric means at TSP sample sites, 1977.2

Site Mean TGP Site

- Number {ug/m™) Chavacteristics
7001 Fernberg Road 10 Rural
7003 Kawishiwi Laboratory 10 Rural
7007 Toimi 12 Rural
7010 Hoyt Lakes Golf Course 15 Near town
7008 Erie Mining Office 19 Taconite mining
7006 Dunka Road 20 Taconite mining
7002 Ely High School 22 Community
7009 Hoyt Lakes Police Station 30 Community
7516 Hibbing 37 Community
7514 Mountain Iron 42 Community
1300 Virginia 54 Community

SOURCE: Endersen and Feeney62
=
'.?means1have‘b@en.a§justed.for.missing,data67 o

65 . .
Feeney = concluded that both snow cover and mining activity can
have substantial impacts on TSP concentrations. Table ¢- shows mean

TSP concentrations during different time intervals of :swow cover and
~-251-



Table 65. The effect of snow. cover

in the study arca.

and mining

activity on TSP levels

Adjusteda
Mean T%P
Dates Event (ug/m”)
1172677637777 Snow cover 18.97
3/14/77-7]24]77 Mining activity 35.64
No snow cover
7/30/77-10/4/77 Mine Strike 14.63"
No snow cover
10/10/77 Snow event 7.23
10/16/77-11/79/77 Mining strike 16.68
No snow cover
11/16/77-12/15/77 Mine strike 13.02

Snow cover

12/21/77-3/27]77 Mining activity resumed

Snow cover

SO0URCE: Endersen and Feeney62

@Values have been adjusted for missing data262

bThe mining strike began officially on August 1, but the mines
were effectively shut down as of July 30. Samples taken on
July 30 were included in the strike period.

mining activity. Measured TSP concentrations in all parts of the study
region decreased substantially during the taconite mining strike of

August-December 1977. Concentrations on a regional basis decreased an
average of 597 over the preceding spring and summer. Not surprisingly,
the impact was greatest at locations on mining propérty, with the Erie
Mining Office site showing a 76% decrease. Areas showing less effect
were background sites and the communities. Kawishiwi Lab experienced

a 467 decrease; and Virginia and Hibbing each experienced a decrease of
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about 457 dn particulate levels over the previons spring and summer,
o - 62 L v
Endersen and Veaney also conclude that long distsnt transport
of TSP appears to be a major component of the rvegional background
concentrations measured at the three remote sites in the region.
Because TSP concentrations are not homogeneous throughout the
region, quantifying the background concentration becomes difficult.
v a1 3. , . .
It appears that iO‘pg/m is a reasonable estimate, and this value
includes both long distance transport and region-wide dust generation.
Figure 40 presents a comparison of measured particulates in the

region and othev areas of Minnesota and the natiomn.

7.2.2.1. Regulatory amalysis-—annuasl average TSP concentrations: The

ambient TSP concentrations were modeled to estimate the relative
contribution of particulate point sources to the overall TSP levels.
This provided a basis for predicting TSP concentrations based on
expected changes in poinl source emilssions by 1985.

The modified gausgian model was run using the emissions sources
existing during the period of measured concentrations. Figure 41 shows
the resulting predicted annual geometric mean concentrations at each
receptor site in the study region. Although the contribution of point
sources to annual particulate levels would not be detected by the
monitoring equipment, the predicted values are presented and discussed
to provide perspective on regional source contributions.

When the predicted annual means (due to local éoint sources) at
each receptor in the region are averaged for the baseline period, a
regional TSP arithmetic mean of O.lpg/m3 is calculated. The predicted
regional mean is negligible (less than 1%) by comparison to either the
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arithmetic mean of ZB‘pg/mB for the measured values (average of 11 sites
in Table 64), or to the reglonal background concentration of 10 Fg/m .

The low predicted TSP concentrations are to be expected since the
modified gaussian model cousidere only particulate point source emissions,
and the measured values, of course, include point and area source
contributions. It appears from the model simulations that over 99% of
the regional ambdent particulate concentrations on an annual basis are
due to regional area source emissions, or to long distant transport
from sources outside the region.

This conclusion is supported by a dispersion modeling study of the
Iron Range from Grand Rapids to Buh1229 which found that area source
emissions had an impact relative to point sources of at least 10 to 1
in most grids inventoried. The emigsions inventory in this report
showed that unpaved and paved roads were the major contributors to TSP
concentrations,; followed by areas exposed by mining activities, and
combustion sources. This finding also agrees with the previous
discussion of variables affecting TSP levels observed in the regioﬁ.
The effects of the mine strike, snow cover, and community activity all
indicate the importance of area sources. The uniformity of the concen-
trations observed at remote sites supports the conclusion that area
sources and regilonal transport play a key role in regional TSP concen-
trations rather than specific point sources in the region.

Since TSP concentrations are not homogeneous, but are highly
dependent on local factors, the modified gaussian model can be used to
predict 24-hour TSP concentrations where point sources in the vicinity

of a receptor are the primary contributors.
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Fow example, al Hoyt Lakes Golf Course 27% of the predicted 24~héur
TS concentrations (basod on point sources) were within a factor of 10
of the measured values, compared to only 9% at Fernberg Road, which is
remolte from the vegional point sources. Table 66 provides a summary
of these comparisons at seven sites,

Table 66. Percent of the predicted 24~hour concentrations that are
within a factor of 10 of the measured concentrations.

Site Percent Possible Source Influences
Fernberg 9 No local sources

Ely 7 No local sources

Kawishiwi 17 Local dirt parking lot; dirt road
Dunka 18 Local dirt logging road

Toimi 41 Local gravel driveway

Erie Mining

Office 35 Open pit mining operation

Hoyt Lakes :
Golf Course 27 Posgibly Erie Mining, or auto
traffic to golf course

Although,a regional TSP background concentration could be inpﬁt
into the model, and a better fit to the measured data could be obtained,
the point source contribution would obviously be masked. The modeling
results and subsequent discussions,: therefore, are limited to the point
sources listed in the emissions inventory.

In terms of TSP regulations it is not surprising that neither
the federal primary~(75/ug/m3) nor secondary (6O,ug/m3) annual TSP
standards are predicted to be exceeded in the region based on the point
source modeling results for 1977 and 1985. The predicted 1985 annual

TSP levels from expected point source emissions are shown In Figure 42,
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When the predicted annual means at each site in the vegion are

and 1985. Although peint source particulate emissions in the region
expected Lo decrease 38% from 1977 to 1985, the regional averages arve
about the game for the two years because of higher annual averages at a
few sites that are impacted by sources whieh show substantial increases
in emissions from 1977 to 1985. For example, the receptor northeast
Eveleth shows nearly a doubling of ambient annual TSP concentrations from
1977 to 1985. This receptor isg impacted primarily by Eveleth and Gilbert,
and TSP emissions from these two locations are predicted to increase by
abou% 130% from 2,545 mtpy in 1977 to 5,818 mtpy in 1985.

The highest predicted annual concentrations in the region occurred
at Parkville for both 1977 (Os7jpg/m3) and 1985 (0.6 fng/m?’)° Both values
are less than 1% of the annual primary ambient air quality standard, and
are 5-7% of background concentrations of lOwlZ‘pg/m3,

Neither the annual TSP Class I (5 Pg/m3) nor the Class II (19/ug/m3)
PSD increments are expected to be exceeded by point sources in the region.
The largest modeled annual difference in a Class I area was 0.02 Fg/m3
at Dunka River Watershed (less than 0.1% of the increment); the largest
difference in the Class II area was 0.3‘Pg/m3 at the site northwest
of Eveleth (1.5% of the incfement). Although area source particulate
contributiong are important in determining whether or not ambient air
quality standards will be exceeded, this contribution is less important
in the PSD re?ieW'because differences are determined rather than
absolute values,

On a regional basis, the proposed Atikokan power plant (800 MW)
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contributes about 3% of the cmissions; however, the effect on regional

TSP concentration ig negligible. A regional mean annual concentration
3, , . . L .

of about Oﬁl/ng/m ig calculated both with and without the power plant.

The effect of the proposed plant is most pronounced at the Class T

receptor sites where a 307 decrease is calculated (based on 8 Class I

receptor sites) if the power plant is vewoved from the 1985 inventory.

7.2.2.2. Regulatory analysis—-maximum 24~hour TSP concentrations: The

modified gaussian model predicts that the maximum 24~hour TSP federal
primary standard (26O/ug/m3) will not be exceeded by modeled point
sources in 1977 or in 1985, but that the secondary standard (150/ug/m3)
will bé”exceeded at one site during each year. If a factor of two
modeling error is applied, the possibility is raised that the primary
standard could be exceeded at one receptor site. Figures 43 and 44
" show the predicted 1977 regional baseline and 1985 maximum 24-hour
concentrations at each receptor in the region.

In 1977 the predicted maximum 24—h;ﬁr concentration was 172 ,)ug/m3
(66% of the primary standard) at Parkville followed by a second high of
162‘pg/m3(62% of the primary standard) at the same site. By 1985, the
predicted maximum 24-hour concentration is expected to drop slightly
to 160/;ug/m3 at the Erie receptor followed by a second high of 150/ug/m3
at the same site. For comparison, Table 67 shows the air quality
sampling sites where recorded TSP concentrations exceeded the 24-hour
primary and secondary TSP standérds during the 1976~77 sampling period.

The maximum 24-hour TSP increment is predicted to be exceeded in
the Class II area (37lpg/m3) but not in the Class I area (lo/ug/mB).

The largest difference in the Class I area was 3 ug/m3 (30% of the
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Table 67. Summary of 24-hour TSP weasurements daring the 19706-77
gampiing peviod which exceeded the primary (260 vg/m™)
and sccondary (150 ug/m™) ambient TSP standards.

24-hour TSP concenkrations

Site (ug/m”)

Virginia 367, 310G, 233, 214, 211,
183, 177, 177, 167, 151

Hibbing 279

Dunka Road 243, 174, 153

Mountain Tron 201, 179, 174, 165

Hoyt Lakes

Police Station 191, 178

v

SOURCE: Endersen and Feeneyéz

increment), which cccurred at the receptér site in the Isabella water-~
shed. Table 68 summarizes the predicted values exceeding the 24-hour
TSP PSD increment in the Class II1 areas. Removing the proposed
Atikokan power plant from the 1985 emissions inventory did not signifi-~
cantly affect the maximum 24~hour TSP concentrations at any receptor.

In summary, neither the annual TSP ambient air quality standavds
nor the TSP annual PSD Class I and Class II ingrements are predicted to
be exceeded by point source regiénal growth in 1985. Annual TSP contri-
butions from point sources in the region are low, less than 1% of the
primary air quality standard. The maximum 24-hour TSP primary standard
is not predicted to be exceeded in 1985, but the secondary standard is
predicfed to be exceeded.

The maximum 24-hour PSD incremént is predicted to be exceeded in
the Class I1 area but not in the Class I area. The proposed Atikokan

power plant does not affect the regional mean annual concentration, but
' ~263-



Table 68. Predicted yalues exceeding the 24-hour TSP PSD,_ increment
of 37 ug/m” in Class LT areas. Values in ug/m”.

1985 1985-Baseline”
Site Baseling ~ High 2nd Migh ~ High 2nd High
Frie 118 160 152 42 34P
Parkville 19 69 65 50 46

b .. . . .,
This . difference does not exceed the increment. .

does have some impact on the Class I receptors. If it is assumed that
the TSP sources shown in the: emissions inventory will exist in 1985,
further growth in the region could be precluded because both the 24-
hour ambient air quality secondary standards and the allowable PSD
Class II increments could be exceeded by point source emissions in the
region.

Figure 45 presents box plots of predicted 24-hour TSP concentra-
tions for 1977 and 1985 at regional receptors. Figure 46 shows the
frequency distribution of these TSP councentrations for 3 sites in the
region, permitting a comparison of a rural site, Isabella, with two
community sites, Hoyt Lakes Golf Course and Parkville.

7.2.3. Particulate deposition.

Total particulate deposition was not measured in the region;
however, deposition rates were measured for elemental constituents
such as copper, nickel, and other metals, and these data are presented
in Chapter 10,

Predictions of total particulate deposition in the region from
local point sources were made using the modified gaussian model,

Figure 47 provides box plots of the predicted 1977 and 1985 24-hour
-264-
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FIGURE L5, BOX PLOTS OF PREDICTED 24-HOUR TSP CONCENTRATIONS (MODIFIED GAUSSIAN MODELI.
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ANNUAL FREQUENCY DISTRIBUTION OF PRE
1977 AND 1885, AT SELECTED SITES (MODIFIED GAUSSIAN MODELL

HCTED 24-HOUR TSP CONCENTRATIONS,

FIGURE 46
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depositicn valuey, and Figure 48 shows predicted annual frequency
distributions of the 24-hour values at 3 sites in the region. These
results are given to provide a reference for subsequent modeling of
potential particulate deposition from a smelter operation. Modeled
values of local point scurce contributions to TSP deposition are
typically less than 50 gm/ha in a 24~hour period, but range up to

600 gm/ha or more in several cases.

Table 69 summarizes the predicted annual deposition of particulates?
at all receptor sites from local point source emlssions for 1977 and
1985. Aside from elevated levels near population centers and industrial
gources, values tend to range from 1 to 5 kg/ha/yr. Deposition rates

near major sources are above 10 kg/ha/yr.
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FIGURE 47,

TSP DEFOSITION -- 1977
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ANNUAL FREQUENCY DISTRIBUTIONS OF PREDICTED 24-HOUR TSP DEPOSITION
VALUES, 1977 AND 1985, AT SELECTED SITES (MODIFIED GAUSSIAN MODELL

FIGURE I8
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Table 69. Predicted annual deposition of particulates at various
receptor sites due to point source emissions in the regilon

(kg/ha/yr).

1977 PERCENT

SITE COMPUTER REGIONAL 1985 CHANGE
NO. CODE NAME ‘ ' ‘BASELINT PROJECTION BY 1985
1 301 Little Johnson Lake 1.9 1.2 ~37
2 106 Little Vermillion Lake 2.2 1.3 ~41
3 104 Birch Lake Dam 2.0 1.0 ~50
4 103 Saganaga Lake 1.6 0.6 -62
5 105 Vermillion Lake 3.3 2.8 -15
6 102 Shagawa R. W. 2.9 2.1 -28
7 214 Ely High School 3.2 2.0 -39
8 224 Fernberg Road 2.6 1.2 ~54
9 . 219  Tower-Sudan 4.0 4.0 0
10 206 Bear Island R.W. 3.7 2.7 ~27
11 - 201 Kawishiwi Lab W. 3.6 2.0 ~b4
12 202 Reeley Creek W. 3.9 2.1 ~46
13 107 August Creek 4.0 2.1 =47
14 101 Isabella Watershed 3.8 1.8 ~-53
15 212 NW of Virginia 9.3 6.9 -26
16 207 Embarrass R.W. 6.7 6.6 -1
17 215 Babbitt 4.3 3.6 -16
18 204 Unnamed Creek W. 4.5 3.2 -29
19 223 Environ. Learning C. 5.3 2.8 =47
20 225 Parkville 23 7.9 -66
21 221 Erie Office 16 20 +25
22 208 Dunka Road 7.9 8.2 +4
23 205 Dunka River W. 5.3 4.7 -11
24 203 Stony River W. 6.2 3.1 -50
25 217 NW of Eveleth 8.9 7.6 -15
26 218 NE of Eveleth 7.1 7.0 -1
27 213  Hoytl Lakes Golf C. 8.1 8.6 +6
28 209 St. Louis R. W. 6.3 5.7 -10
29 210 Waterhen Creek W. 5.2 5.0 -4
30 211 Whiteface River W. 5.7 5.2 -9
31 222 Toimi. 5.8 4.4 -24
32 220 Whiteface 4.9 4.4 -10
33 226 Tower 4.2 3.4 -19
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CHAPIER 8, IMPACT ANALYSTS FOR SULTUR BHMISSTONS

In previous chapters the major gources of atmospheric pollutants
from potential smeiting operations weve identified, the region was
characterized in terms of preseni sources and future development, and
the atmospheric impacts of regional growth were discussed. This chapter
and chapter 9 will assess the atmospheric impacts of a smelter alone
and in terms of anticipated regional growth in order to highlight the
regulatory, health, and environmental implications of copper-nickel
development.

The purpose of the atmospheric modeling program was to estimate the
spatial and temporal impacts of emissions from the various smelter cases,
and to provide a consistent comparison of development alternatives.

ILdeally, all possible smelter locations would have been considered
by the modeling program. Since this was unrealistic, geographic areas
of modeling similarity were identified on the basis of terrain features
and wind regimes, The modeling effort was concentrated near the copper-
nickel ore body where atmospheric dispersion patterns are considered to
be fairly uniform.

The modified gaussian modeling results do not consider short-range
effects within 5 km of the smelter. Although it was demonstrated that
the modified gaussian model generally compares favorably to the standard
short—-range gaussian model, the long-range model may underestimate the
extent of the area affected by elevated readings if receptors are nof
located on a preferred wind axis from the source. Since the short-range

model is not reliable at distances more than 10-15 km from the source,
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both types of models are veeded to preduce a complete picture. The

. f . o P 4 . . , 61
vesults of the short-range modeling simulations are given in Fodersen.
&.1. AMBIENT SO? CONCENTRATIONS

This sectlon discusses the predicted ambient annual and 24-hour 802
concentrations resulting from point sources (smelter stack and fugitive
emj.ssions along with existing and projected regional point source
emissions) in terms of ambient air quality standards and allowable PSD
increments. The atmospheric impacts of the three smelter cases are
presented and then discussed in combination with projected regional

growth by 1985.

8.1.1. Annual concentratious.

It must be noted in the following discussion that when various
ambient air quality standards are expected to be exceeded, this does not
imply a violation of the standard. The distinction is noted for two
reasons. First, the occurrence of a violation is a legal determination
to be made only by a properly authorized body such as the Minnesota
Pollution Confrol Agency. Second, one 24-~hour value greater than the
standard at a given site is not considered a violation, but much of the
following discussion is in the context of a single maximum 24-hour value
predicted at a given receptor site. Therefore, situations are high-
lighted where problems are most likely to arise in the context of
present air quality regulations, but legal determinations are not made.

A hypothetical smelter site was selected at a location 4.8 km south
of Babbitt. This reference location does not imply that a smelter has
been proposed or Is being recommended at this site. Neither of these
is the case, The selected site does lie adjacent to the most active
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mining exploration dn the arca, so it is veascuable to consider the
the ;mplicatiOHS‘of a swmelter in the vicinity., Figure 49 shows the
hypothetical smelter site in velation to the various receptor sites used
in the modified gausgian model simulations.

With these locational caveats in mind, the modifiad éaussian model

was used to predict annual SO, concentrations resulting from the three

2
smelter cages at the various regional receptors. The results are shown
in Figures 50, 51 and 52. The modified gaussian model predicts that the

annual ambient air quality S0, standards vould not be exceeded by any of

2

the three smélter models. The closest receptor to the hypothetical

smelter site is the Dunka River Watershed located about 5 km east of

the source. The highest predicted annual average for the region is

4,7‘§g/m3 which, of course, occurs for the base case smelter at the

Dunka River Watershed receptor. This is only about 6% of the federal

primary annual ambient air quality standard. The highest annual averages

prédicted for the option 1 and option 2 smelters are 2.1/ug/m3 and

0.79/ug/m3 which are about 3% and 1% of the primary standard, respectively.
The results also indicate that for this location in the region,

none of the smelter models alone are predicted to exceed the Class I

or Class II PSD annual increments (2 and ZO‘pg/mB, respectively) at any

of the receptor sites. The highest concentrations (occurring for the

base case smelter) in Class I and Class 11 areas are 0.47 pg/m4 and

4.7‘pg/m3, respectively. These values are both about 25% of the allowed

increments. Using the option 1 smelter in the simulations drops these

highs by about 50% to 0.2l'ug/m3 and 2.1 fg/mB, respectively. The option

2 smelter results in futther deereases to O.O8lug/m3 and 0.79/Jg/m3,
~273~
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regpectively. Assuming a factor of two crror in the modeling vesulis,
neither of the annual PSD increments would be in jeopardy at more than

5 km from a sumelter located at the site south of Babbitt. However, a
receptor 5 km from the smelter might easily experlence annual concentra-
tions greater than the Class T increment if the base case or option 1

smelters were moved go that this receptor fell into a Class I area.

The predicted annual average 502 concentrations from a smelter must

be considered in the context of other 802 sources in the region, since

standards are exceeded or not exceeded as a result of combined contribu-
tions from all sources in the region. Therefore, the effect of adding
a smelter (located 4.8 km south of Babbitt) to those sources expected
in the region by 1985 was evaluated.

Modeling results are summarized for the following cases:

1) 1985 Region,
2) 1985 Region excluding the proposed Atikokan power plant,

3) 1985 Region with copper-nickel development: base case,
option 1, and option 2 smelters, and

4) 1985 Region with option 1 smelter excluding the
proposed Atikokan power plant.

Figure 53 shows the annual SO, averages for receptors in Class I

2
areas, Class 1T areas, and all receptors in the region for the different
cases., The predicted 1977 regional and PSD averages are also included
for reference. Recall that the 1977 regional baseline differs slightly
from the corresponding PSD baseline because it reflgcts slightly differ~
ent values for the 802 point source emissions inventory.

The national annual primary SO, ambient air quality standard of

2
80 /ug/m3 is not expected to be exceeded by any of the copper—nickel

smelter configurations with anticipated regional growth by 1985. The
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highest predicted anunual 802 avorage (5‘,7}55;/11'13 at Parkville) is lees
than about 7% of the standard. Substituting the option 1 or option 2
smelters Iuto the simulations bhas litile effect on the highest values.
The regional sources predominate (with less than 10% effect from the
smelter) in the southwest corner of the region from Parkville up to
about 20 km from the smelter along the line of emission sources
parvalleling the Tron Range,

Figures 54,55,56, and 57, which show the predicted annual SO2
concentrations at each receptor for the regional runs with copper-
nickel develqpment, are discussed below.

The option 1 smelter results in a regional aunual SO, average

2
(2.5 ug/mB) that is about 9% higher than without copper-nickel develop-
ment. The annual averagés in Class I and Class IT areas are 104‘pg/m3
and 2.8}ug/m3, respectively, compared to l.3lpg/m3 and 2.54pg/m3,
respectively, without popper—nickel development.

The highest annual average SO concentration with the option 1

2
smelter in Class I and Class II areas was 2.0 ug/m3 at Isabella Watershed
and S.G/ug/m3 at Parkville, respectively, compared to a high of 1,8/ug/m3
(at Isabella Watershed) and 5.6/ug/m3 (at Parkville) without copper-
nickel development. The option 1 smelter has 1little effect on the
annual concentrations in the Class II area except at sites located 20 km
to the north and east, and sites located 30 km to the south and east.

The most dramatic figures occur at Dunka River Watershed where the

annual average is 4.3’ug/m3 with an option 1 development coﬁpared to
2.2/ug/m3 without copper-nickel development.

If a smelter uses state-of-the-art controls (option 2) then the
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annual reglonal, Class L, and Class TIT avevages decrease slipghtly below
the option 1 levels,

If the smelter is controlled only to the level of the hHase case
smelter, then the regional, Class T, and Class LI averages increase overv
the option 1 levels by about 12%.

Removing the proposed Atikokan power plant (assumed to be 800 MW)
from the annual regional vuns with the option 1 smelter decreases the
annual Class 1 802 average by about 147 to 112!ug/m3, The annual Class
IT average remains about the same ab 2.7 ﬁg/mB, and the regional average
decreases slightly to Z,B/Qg/mS«

Annual SO2 averages for the 1985 simulations with the three copper-
nickel smelter models are summarized for sites showing the most variation
in concentrations in Table 70.

Irrespective of the smelter site location, none of the three smelters
in combination with other regional sources appear likely to exceed the
allowed annual PSD Class I1 increment. |

This conclusion does not apply to the Class I areas where the
distance between any smelter site and the Class T area will be a major
factor in the ability of a smelter to meet annual PSD Class I 802
increments.

Siting limitations based on annual averages will not be discussed
further since the next section will show that the 24-hour PSD increments

will place even more stringent restrictiouns on smelter siting.

8.1.2. 24-hour concentrations.

The discussion of 24-hour concentrations will be presented in two
parts. First, in parallel with the previous discussion of annual average

SO2 concentrations, the focug will be on a hypothetical smelter site
~285~
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Table 70. Summary of annual SO, concentration at selected sites for the varicus copper-nickel
development cases, with a comparison to 1977 and 1985 predictlons without copper-nickel
development, flg/m .

Receptor Relation

Receptor To Hypothetical 1977 ' 1985 + 1985 + 1985 +
Site No. Receptor Site Name Smelter Site PSD/Region 1985 Base Case Option 1 Option 2
11 Kawishivi Laboratory 22 km NE 0.79 0.75 1.5 2.0 1.7 1.5
24 Stony River W. 26 km E,SE 1.2 1.2 2.1 2.8 2.5 2.0
18 Unnamed Creek W. 9 km NE 0,93 0.87 1.7 3.3 2.4 2.0
23 Dunka River W. 5 km E 1.2 1.2 2.2 6.9 4.3 3.0
16 Bear Island River W. 18 km N 0.82 0.77 1.5 2.1 1.8 i.6
22 Dunka Road 7 km SW 1.3 1.2 2.9 3.5 3.2 3.0
19 Env. Learning C. 28 km E l.é 1.1 2.0 2.8 2.4 2.3

Region Average (based on 33 sites) e 1.2 1.1 2.3 2.8 2.5

o
(98]




located gouth of Babhitt. The smelters will be discussed in combination
with. other sources expected in the vegilon by 1985. Second, since the
Babbitt site is used only as a reference pgint, a non-site-gpecific
discussion follows, with gewneral conclusions about the potential
restrictions to emelter siting based on the Class T 24-hour PSD
increment.

Figures 58, 52, and 60 show the predicted maximum 24-hour 502
concentrations resulting from the base case, option 1 and option 2
smelters when they are located south of Babbitt. The results indicate
that the federal ambient standards are not predicted to be exceeded
at any of the regional receptors using any of the smelters in the
simulations. However, one site In the base case swelter run shows a
24~hour 502 concentration of 120 Pg/m3 (Dunka River Watershed) which,
considering the model accuracy, raises the possibility that the state
ambient standard of 260‘pg/m3 could’be exceeded close to the smelter
site. This problem does not appear to exist for the option 1 or
option 2 smelters.

The modified gaussian model predicts that the 24-hour PSD increments
will be exceeded. It is predicted that the base case smelter will
exceed the maximum 24~hour PSD increment at 7 of 8 Class'I receptors
and 1 of 25 Class II receptors. The maximum predicted concentration
in the Class I area is 23‘¢ug/m3 at August Creek (29 km from the source)
followed by a second high of l9/ug/m3 at Shagawa River Watershed (35 km
from the source). The highest 802 concentration in the Class II area

is 120/ug/m3 at Dunka River Watershed (5 km from the source). A

second high of 99)ug/m3 also occurred at that site.

~287-
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Ambient SOZ 24-hour concentrations ave about 557 lower for the
Copadon 1 swelter than for the base case snelter, and the PSD increments
are expected to Do exceeded at only two of 8 Class I veceptors, The

Class IT increment s not exceeded. Further control of the smelter gases
to veach the option 2 smeltey results in an 84% reduction in ambient
concenltrations compared Lo the base case levels. Noue of the PSD
increments are predicted to be exceeded on the basis of absclute numbers
by the option 2 smelter, but uncertainties in the modeling results (factor
of two) could jeopardize the Class I increment.

The previous comments apply to concentrations resulting from the
individual smelter models. These are now placed into perspective
against the background of predicted 1985 concentrations due to other
regional sources. Tigures 61, 62, 63, and 64 show the predicted
“maximum 24-hour concentrations resulting from the three smelter cases
along with 1985 regional growth.

Again, neither the federal (365/ug/m3) nor the state (260 Pg/mg)
24-hour ambient standards are predicted to be exceeded at the regional
receptors. A possible exception is the Dunka River Watershed site
where the modeling error makes it impossible to rule-~out concentrations
higher than the state ambient standard when the base case smelter
is included in the 1985 simulations. The highest predicted 24-hour 302
concentration for the base case smelter with 1985 sources is léO/ug/m3
at the Dunka River Watershed receptor. |

SuBstituting the option 1 smelter into the simulation decreases the

maximum 24~hour concentration by about 507 to 78/ug/m3 at Dunka River

Watershed. A second site, Hoyt Lakes Golf Course, iz also predicted to
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have a high of /S/Jgﬁn .

Substituiing the option 2 smelter into the simulation further
decreases the maximuo 24-hour concenkration at Dunka River Watershed to
b / 3 but does not affect ti licted entration of 78 / 3
4 pe/m-, but does not affect the predicted concentvation of pg/n
at Hoyt Lakes Golf Course.

In summary, Figure 65 shows the general areas impacted by the

three smelter cases. These are areas where maximum 24-hour concentra-
tions are different from the 1985 simulation without a copper-nickel
smelter. Table 71 summarizes the maximum and second high 24-hour
concentratiops for those sites showing the most variation for the
three smelter cases.

Prediected maximum 24-hour and second high concentrations at
receptors in Class I and Class II areas for the different modeling
simulations ave shown in Figure 66; the 1977 regional, 1977 PSD and 1985
values are also included for compariéon.

The maximum and second high 24-hour concentrations for the base case
smelter in the Class I area are BZ/ug/m3(August Creek) and 26/ug/m3
(Isabella Watershed), respectively. These values are about a third
higher than the maximum and second high values predicted for 1985
without copper-nickel development—~23‘Pg/m3 at Vermillion Lake and
20 /Jg‘/m3 at Isabella Watershed.

In the Class Il area the maximum and second high values are
140‘,&1g/m3 (Dunka River Watershed) and 125/ug/m3 (Dunka River Watershed),
respectively, for the base case smelter. These values are about 807%
and 557 higher than the makimum and second high concentrations predicted

for 1985 without copper-nickel development—-—78/ug/m3 at Hoyt Lakes
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Table 71. Suwmiary of 24-hour maximum and second high S0, concentrations
at scleeted sites for copper-nickel development casegs in 1985

E s - . g x < -

(smelter locatlon is 4.8 km south of Babbltt)ﬁ/ug/m .

site 1985+base case 1985+option 1 1985+option 2
no.  receptor name high 2nd high = high 2nd high " "high Znd high

11 Kawishiwi Lab 31 30 26 20 23 18

24 Stony River W. 32 30 28 22 24 23

18  Unnamed Creek W. 62 53 37 27 24 23

23 Dunka River W. 143 125 78 71 b 43

10  Bear Island R.W. 25 25> 25 21 25 21

22 | Dunka Road 57 40 57 40 57 40

19  Env. Learning C. 42 41 29 27 23 23
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bulf Course and 77fug/m3 at the Trle O0ffice, respectively.

Substituting the option 1 smelter into the simulation resulis in
a high of 23fmg/m3 (Vermillion Lake) followed by a second high of 22 /Ug/m3
(hugust Creek) in the Class I areas. In the Class TT area the high and
second high are both 78/Mg/m3 (Duﬁka River Watershed, Hoyt Lakes Geolf
Course). These values are about the same as in the simulation without
copper-nickel development.

Substituting the option 2 smelter has little effect on the concen-
trations that ave predicted for the 1985 case without copper-nickel
development.

Removing the Atikokan power plant from the analysis with the
option 1 smelter results in maximum and second high 24-hour concentra-
tiong in the Class I and Class II areas that are essentially unchanged.
Maximum concentrations are decreased at only two sites on the Minnesota-

Canada border.

In terms of the PSD increments, both the 24-~hour Class I increment
(S/Jg/m3) and the Class II increment (Ql/pg/mg) are predicted to be
exceeded by one or more of the modeled smelter cases together with
other sources expected by 1985. The predicted values greater than the
increments are listed in Table 72.

Using the maximum 24-hour concentration, the ClassVI increment is
exceeded at 8 sites for the base case smelter, and at 7 sites each for
the éption 1 and option 2 smelters. These numbers drop to 6 and 4,
regpectively, when the second high is used. If Atikokan is excluded
from tﬁe 1985 plus option 1 smelter.emissions inventory, then the

increment is exceeded at 6 sites using the maximum concentration and
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Table 72.

A summary of the predicted concentrations greater than the
PSD increments in 1985 with the various smelter models

(ug/m

Class
3 a

).

T and

Class II 24-hour

; Base Case Option Option 2 Option 1
Receptor Smel ter, Smelter, Smelter, 1985 Smelter, 1985
- Site-No. Recentor Site Name without Atikokan
Class I High High 2nd High High 2nd High High 2nd High
14 Isabella W. 14 10 9 (3) 10 (L)
6 Shagawa River W. 11.2 9.2 9.2 8.2 3.2 8.2
4 Saganaga Lake 7 7 7 (43 (0 (0)
3 Birch Lake Dam 6 (4) (4) (2) (3) (1
i
e 5 Vermillion Lake 15.6 15.6 15.5 9.6 15.6 9.5
[
2 Little Vermillion L. 9.1 9.1 9.1 5.1 9.1 (£.13
13 August Creek 23.3 11.3 10.3 7.3 11.3 i0.2
1 Little Johnson Lzke 5.7 5.7 5.7 (3.7 5.7 (3.7}
Class II
23 Dunka River W. 128 (633 (29} (28) {62) (36)
2The values shown are the second highest) value predicted

b . .
Values shown in parenthesis do not exceed the increments (5pg/m3—61ass I; 9

i
for the modeling case and the 197

fferences between the highe
7

PSD baseline value.



at three sites using the second high. The Class IT increment is exceaded
at only one site and only for the base case smelter.

In order to determine the magnitude of the values greater than the
PSD increment just highlighted, the PSD analysis was made for each day
of the year at each site rather than just using the high or second high
values at each site in the region. Tor example, the calculated SO2
concentration on January 1, 1977 was subtracted from the predicted
concentration on January 1, 1985 and so forth for each day in the year,
using the same weather for both years. Tigures 67 through 71 show the
resulting SO2 concentration increments which were greater than the PSD
Class I allowed increment. The data are plotted for each of the
Class I sites, and 1985 data without copper-nickel development are
included for comparison (Figure 67).

Regional point source growth in 1985 is predicted to result in a
total of 91 twenty-four hour values which exceed the PSD increment over
the 8 Class I sites without copper-nickel development (Figure 67). Most
of the values greater than the increment are concentrated in the range
of 5-6 /ug/m3 but go as high as 14 and 17}ug/m3. When the Atikokan power
plant is removed from the inventory (Figure 68), the number of 24-~hour
values greater than the increment decreases by 347 to 60. The Class I
sites that are most impacted by Atikokan are Birch Lake Dam, Saganaga
Lake, and Isabella Watershed (site numbers 3,4, and 14, respectively).

When the base case is included in the simulation (Figure ¢*.., the
PSD Class I increment is exceeded 151 times, an increase of 663 over
1985 point source growth alone. With the option 1 smelter in the

simulation (Figure 70) the number of values exceeding the Class I
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FiGure 70

24-HOUR AMBIENT S0p CONCENTRATIONS GREATER THAN THE
CLASS 1 PSD INCREMENT, 1985 WITH OPTION 1 SMELTER MODEL
(MODIFIED GAUSSIAN MODEL)
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increment ia 119, a 317 increase over those due to 1985 regional point
source growth alone, Mosl of the values greater than the increment are
in the 5-7 }Jg/m3 range. The impact of the option 1 smelter is greatest
at Birch Lake Dam, August Creck (site no. 13), and Isshella Watershed
which are east and northeast of the smelter.

The option 2 smelter (Figure 71) results in only 101 valuves
greater than the Class I increment, an increase of only 117 over predicted
1985 point source growth.

Fven though the PSD Class I increment is predicted to be exceeded
several times at different sites with any of the smelter models, it
is predicted to be exceeded in any case as a result of the projected
growth in regional 802 point sources without copper~nickel development.

The 24~hour Class II increment is not predicted to be exceeded
(using this difference method) at any of the sites in the Class II areas.
The highest difference occurred (with the base case smelter) at Park-
ville, where a difference of 55‘mg/m3 is predicted. It should be noted
that the discrepancy between this figure and the single value greater
than the increment which was predicted previously is due to the method
of computation. The single value was based on maximum concentrations
rather than day-by-day comparisons. When the day-by-~day method is
used the meteorology remains the same for the baseline and projected
years and only the emissions change. This results in high values
occurring on the same day for both baseline and projected years which
in effect decreases the spread between the values.

Table 73 presents a summary of the number of times the 24-hour

increments are exceeded on a month-by-month and annual basis for each
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Table 73, Summary of the numboec of times tha 24-houv. 50, Class r® pen
increment i predicted to be exceeded Ly month at all Class T
receptor sites based on day-by-day siwmulations,

- MONTH  ANWUAL
J r M I3 biﬁ J J h S Q H D TQI&E
1985-Basel ine
No Cu-Ni
development 1t 14 2 3 2 0 4 3 11 12 13 16 91
1985-Basel ine
Atikokan )
excluded 10 8 2 3 2 0 0 0 8 8 8 11 60
1985~-Basel ine
with the base
case smelter
model 22 19 7 4 6 3 5 6 15 22 17 25 151

1985-Baseline

with the

option 1

smel ter model 17 17 6 3 3 2 4 4 13 18 14 18 119

1985-Baseline

with the

option 2

smelter model 13 15 3 3 2 1 4 4 13 13 13 17 101

4The Clags II 24-hour increment is not predicted to be exceeded.

of the modeling cases in the Class I and bléss IT aféé;.' ﬁést of the
values greater than the increments (70-85%) occur during the fall and
winter months when atmospheric conditions favor limited mixing and
limited dispersion of pollutants.

The previous discussion, based on a hypothetical smelter site
south. of Babbitt, has shown that the 24-hour ambient 802 PSD increment is
expected to be exceeded in Class I areas for all the smelter models, and

that the Increment Is predicted to be exceeded by regional growth alone,

without copper-nickel development. In terms of the smelter location, it
' -309~



it dg clear that ibs distance from the Clase 1 areas will be a major
factox in‘the ability of the facility to mect the P3D increments. This
problem iz consideved further by computing the ambient 24-~hour concentra-
tions of 802 from a smelter simply as a function of distance from the
source. Source location is not specified in these runs.

The meteorological input data for the 24-hour simulations (no
specific smelter location) were selected from the Hibbing airport
weather data to give worst case dispersion days. That is, those days
causing the highest ground level concentrations were selected on the
basis of wind persistence and lack of precipitation. Table 74
summarizes the meteorology of these single day simulations.

Table 74. Meteorology for selected single day runs of the modified
gaussian model. ’

Wind Wind
Date Direction Speed (km/hr) Stability _Height (m)
10/28/76 SSW 22.2 neutral 1100
11/6/76 WNW 24,6 neutral 1100
12/20/76 NW 23.4 neutral 650
1/15/77 WNW 19.6 neutral 650
2/28/77 NW 16.9 neutral 1150

Figure 72 shows the’results for one of the days (November 6, 1976)
for the base case smelter. Identical runs were made using the standard
short-range models.61 Both models clearly show that at 10 km from the
source, the fugitive contribution from the smelter is very small
relative to that of the stack. Total concentrations are in the range
of 35«40/ug/m3 according to both models. This is typical of the results

from all of the 5 days modeled.
~310~-
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1 i

Fugirive emissions ave relatively move ifwmpoytant for the option 1
and option 2 smelterg. The stack and fugitive emissions are nearly
equal for the ophion 2 smelter.

The modified gaussian medel indicates that on three of the five
days, the Class I 802 increment: is exceeded even at 75 km from the
source. On the vemaining two days, the Increment is exceeded up to 55 km
from the source.

On the basis of these results it appears that a smelter with
emigsions similar to those In the base case smelter could not be sited
within 75 km of a Class I area without causing the Iincrement to be
exceeded in that area. The gpatial restrictions are reduced for the
option 1 and option 2 smelter cases which have successively lower stack
emission rates. ¥Tigure 73 shows the total predicted SOZ concentrations
for all three gmelter cases, again using November &, 1976 as a reference
day. The results indicate that concentrations from the option 1 smelter
model alone. drop below the Class I increment at roughly 35 km, and
concentrations from the opition 2 smelter drop below the increment at
about 13 km.

Based on these results, it i1s possible to rather generally zone the
space surrounding the Class I areas. The zones refer only to the
ability of a smelter facility to avoid exceeding the Class I 24-hour PSD
increment when acting alone. The effect of other sources utilizing a
portion of the increment would be to increase the distances needed
between the Class I area and the smelter site. Figure 74 shows the
zones based on the 5 single day runs of the modified gaussian model.

These distances could be off by a factor of two bBased on model accuracy.
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When these data ave applied to the deyvelopment zones for the ore
body (Figure 75), none of the suelter models (acting alone) are
predicted to be able to meet the 24-hour I'S5D Class I Increment in zones
I or 2. The option 2 smelter could meet requirements in zones 3 and 4,
while the option 1 (and, of course, option 2) smelter could meet the
increment in zomes 5, 6, and 7. The base case smelter could not meet
the increment in any of the development zones. Within the factor of
2 accuracy of the model, at wnrsf, none of the smelters could meet the
increment in zones 1, 2, 3, and 4, and only the option 2 smelter could
be located in zones 5, 6, and 7. The other smelter models would not
meet the PSD requirements for Class T areas in any of the zones., Again,
the above discussion assumes that the entire increment would be availl-
able to the smelter alone.

As noted previously, the 24~hour Class T PSD increment is expected
to be exceeded at geveral receptors even without copper-nickel develop-
ment. Taking this into consideration, smelter siting would appear to
be excluded in areas which are between the point sources along the
Iron Range and any Class I areas. Thus, siting in development zones
1, 2, 3, and possibly 4 and 5 may be precluded due to this consideration.
This conclusion is independent of the degree of SO2 control that could
be achieved by a smelter, since the increment is expected to be consumed
by planned new oxr expanded SO2 point sources. Sites which are located
away’from the Iron Range-Class I line may avoid this difficulty, making
zones 6 and 7 look most promising.

The above discussion and associated zone designations are not

intended to indicate the desgirability or acceptability of a smelter site
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in particulay aveas. This is a question that must be determined by
the approprviate authovities. Rather, the discuseion is intended to
illustrate the major aiy quality factors which will have to be congidered
in making this determination. Tt is appavent that the Z4-hour PSD
Increment in a Class I area is one of the standards that will have a
major influence on smelter siting in northeastern Minnesota. The effect
of other new 802 sources Is also important since they may consume gome
ot all of the allowed increment, potentially excluding a smelter from
the region. Clearly, long-range plamming is required for any future
industrial development in northeastern Minnesota.
§.2. AMBIENT SULFATE CONCENTRATIONS

Measured average ambient sulfate concentrations (based on total
sulfur) in the region are in the range of 1 to 3}mg/m3. The modified
gaussian model simulations indicated that local point sources of SO2
contributed less than 17 of total measured sulfate in 1977. The
modeling simulations, of course, consider only the sulfate which results
from 802 oxidation. Sulfur emitted directly from the sources as suifate
ig not included in the emissions inventory because the data were not
available. However, direct source contributions of sulfate are not
expected to be significant. Thus, the modeling results, along with the
uniformity of the measured values at all sites, suggest that the bulk
of the ambient sulfate in the region is transported from sources outside
the region. The model predicts that expected increases in SO2 emissions
in the area by 1985 will increase the regional average ambient sulfate

. 3 , .
concentration to 84 ng/m”, a factor of 15 increase over the calculated

1977 local contribution. Recall that this increase occurs against a
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hackground probably dominated by long-rang

ge transport which may double
(to 2e6iug/m3) by 1985, Tt dis dn this context that the sulfate concen-
trations frow a smelter in the regioun arc considered.

The modified gaussian model was used to predict ambient sulfate
concentrations from a smelter located south of Babbitr as previously
discussed. The results are shown In Table 75 for the three smelter
models along with the available measured data. Regional averages are
also given for the smelter cases based on the 33 regional receptors.

A comparison of the average of the predicted data at 8 sites to the
average of the measured data at the same sites shows that the base
case model smelter is predicted to contribute only about 47 of the
measured atmospheric .sulfur (assumed present as sulfate) inm 1977. The
corresponding values for the option 1 and option 2 models are less than
17%.

The above results indicate that the predicted contributions of a
a local smelter to ambient sulfate concentrations is quite small relative
to the expected levels which seem to be attributable to remote sources.
There is a large difference (approximately a factor of 6) between the
base case smelter and the other two options. In terms of the calculated
contribution due to local sources in 1977 (regional average of 5.4 ng/m3)
_any of the smelter models would increase this iocal contribution several
fold. The predicted 1985 local contribution (without copper-nickel)
of 84 ng/m3 would bé increased 86%, 15%, and 10% . for the base case,
option 1, and option 2 smelter models, respectively. Although these

average increases are a small part of the overall sulfate concentrations,

increases are much larger in the fmmediate vicinity of the smelter,
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Table 75. Predicted annual average sulfate concenbrations for Uhree
snelter models located south of Babbitt and meacured
sulfate concentrations at selected sites.

Sulfate Concentrations (Mg/mj)

Bage Cago OEEion 1 Option 7 Measured”
Site ___Model Model ~— Model Average .
Babbitt 0.25 0.048 0.038 2.09
Whiteface 0.0093 0.0015 0.0014 2.28
Hoyt Lakes 0.026 0.0047 0.0039 1.89
Erie 0.038 ’ 0.0067 0.0057 1.07
Dunka Road 0.085 0.016 0.013 1.97
Fernberg 0.034 0.0052 0.0051 2.12
Env. Learning C. 0.11 0.018 0.016 2,03
Toimi 0.049 0.008 0.007 1.40
Dunka River W. 0.65 0.12 0.029 —=~h
Average 0.075° 0.014° 0.011° 1.5
Regional Average 0.072° 0.013° 0.012°

aEisenréich, Hollod, and Langevin (1978)
. Measured data are not available for the Dunka River W. site. The
data from this site are included to show the predicted concentra-
Ptions at the receptor closest to the smelter.
"Average of predicted data from 8 sites (Dunka River W. is not
included in the average).
Average of measured data from 8 sites.
Average of predicted data from 33 regional receptors.

For example, a concentration of 0.65/ug/m3 is predicted at the
Dunka River Watershed receptor using the base case smelter. This value
is about a factor of seven larger than the predicted 1985 regional
average (based on 33 receptors), and it is about 352 of the measured
regional average.

Atmospheric sulfate is of interest because it provides a source of

sulfate deposition onto land and water surfaces. Increased deposition
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ig dmportant, particularly dn the BWCA, Decause many of the weakly
buffered lakes in the ares ave alreédy susceptible to acidification.
As a result, it may not be possible to dismiss the importance of any
new>802 source (and sulfate source) in the arvea. The specific location
is also important in this respect.
8.3. SULFATE DEPOSITION

As in the previous section, the potential contribution of a smelter
to sulfate deposition in nQrtheaétern Minnesota nust be considered in
the context of the existing and predicted deposition rates in the
absence of copper~nickel development. Recall that the measured geometric
mean deposition rate for the region was 14.4 kg/ha/yr based on bulk
deposition data. The calculated dry deposition rate based on measure-
ments of ambient sulfate concentrations was 1.78 kg/ha/yr. Calculations
using the modified gaussian model indicated that the bulk of the local
contribution (about 91-96%) occurs as dry deposition, and this generally
corresponds to the calculated dry deposition rate based on ambient
air concentrations. Predicted deposition (wet and dry from local
sources) for the region was 2.2 kg/ha/yr from 1977 point sources and
4.6 kg/ha/yr from projected 1985 sources.

Against this background, the sulfate deposition rates from the
three smelter models (sited south of Babbitt) were:predicted using
the modified gaussian model. Table 76 presents the results of these
simulations along with measured and predicted deposition rates without
copper-nickel development for reference.

"It appears that the regional base case deposition rates would be

comparable to the present dry deposition rate of 1.8 kg/ha/yr in the -
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Table 76. Predicted annual average sulfate deposition rates for three smelter models located south of
Babbitt; rates without a smelter are included for comparison.

Sulfate deposition rates (kg/ha/yr)

Predicted (mecdified gaussian model) Calculated”

Base Case Option 1 Option 2 1985 Dry Derpositon
Site Model Model Model {no smelter) {1877-78)
Babbitt 4.7 2.0 0.77 3.8 1.98
Whiteface 0.24 0.10 0.04 4,5 2.13
Hoyt Lakes 0.63 6.27 0.10 8.8 1.79
Erie Office 0.73 .32 0.12 11 1.01
Dunka Road 2.1 0.86 0.34 5.5 1.85
Fernberg Road 0.58 0.26 0.096 3.5 2.01
Env. Learning Center 1.5 0.65 0.24 4,1 1.92
Toimi 0.98 0.43 0.16 4.1 1.32
Dunka River W. 8.2 3.6 1.4 4.3 © ——=bh
Average 4¢ 0.61° 0.23°% 5.7° 1.8°
Regional Average 1.2% 0.52% 0.25°% 6.7%

Spased on ambient air comcentration measurements.

Measured data are not available at the Dunka River W. site. The data

from this site are included to show the predicted concentration at the

receptor closest to the smelter.

Average of predicted data from 8 sites {(Dunka River W. is not included in the average).
Average of measured data from 8 sites.

Average of predicted data from 33 regional receptors.



region.  Recall that the dvy deposition rate ecssentially represents

the contribution from local SO, point sources. The lecal input

21
(based on the same 8 sites as the measured data) is predicted to
increase to 5.7 kg/ha/yr by 1985, Using the predicted 1985 deposition
rate as a reference, the averages shown in Table 76 for the three
smelter models represent increases of ZSZQ 10%Z, and 1% for the base case,
option 1, and option 2 smelters, respectively. These local source
contribution increases occur against the background bulk deposition
rate in the region that is in the range of 14~15 kg/ha/yr. The bulk
deposition rate is dominated by wet deposition and appears to be the
result of trausport from distance sourceé, probably to the south and
east. Regional bulk deposition is expectedvto possibly double by 1985,

Sulfate deposition is a major concern for water quality. It appears
that regional deposition will continue to be dominated by wet deposition
from distant sources. Nevertheless, any new sources in the area will
simply aggrevate existing problems. Further, site specific impacts
are again an importaﬁt consideration.

The Dunka River Watershed receptor located 5 km east of the hypo-
thetical smelter site shows a predicted deposition rate that is
almost 6 times the average rate from the 33 receptors, and is double
the average rate recorded by the bulk samplers during the baseline
period. Although this increase is reduced to 25% and 10% for the
option 1 and option 2 smelters, respectively, these increases are
substantial.

Sensitive lakes that receive a large portion of their inflow from
areag surrounding the smelter might experience serious acidification
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impacts from increased sulfate deposition. The water quality impacts
oif increascd sulfate deposition are considerved in Chapler 10.
Predicted annual sulfate deposition is sumnavized for the different

smelter cases in Table 77.
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Table 77. Predicted amnual sulfate deposition resulting from the
three smelter models, 1977 regional souirces, and 1985

regional sources, kg/ha/vyr.

OPTION

SITHE : S BASTE OFPTION 1977 1985
NO. ”‘NAME " CASE 1 2 T RIEGTON REGIONﬁ
1 Little Johnson Lake 0.36 0.16 0.060 1.1 2.1
2 Little Vermillion Lake 0.36 0.16 0.060 1.1 2.4
3 Birch Lake Dam 0.47 0.21 0.078 1.6 3.0
4 Saganaga Lake 0.18 0.081 0.030 1.1 2.5
5 Vermillion Lake - 0.65 0.29 0.11 1.4 3.2
6 Shagawa R. W. 0.81 0.36 0.13 1.4 2.7
7 Ely High School 0.85 0.38 0.14 1.5 2.9
8 Fernberg Roa 0.58 0.26 0.096 2.2 3.5
) Tower~Sudan 0.75 0.33 0.12 1.8 3.9
10 Bear Island R. W. 1.3 0.59 0.22 1.7 3.2
11 Kawishiwi Lab W. 1.3 0.58 0.22 1.7 3.1
12 Keeley Creek W. 1.2 0.54 0.20 1.8 3.2
13 August Creek 0.99 0.44 0.16 1.9 3.4
14 Isabellsa Watershed 0.74 0.36 0.12 3.0 4.3
15 NW of Virginia 0.35 0.15 0.58 2.2 6.2
16 Embarrass R.W. 1.4 0.61 0.23 2.2 4.9
17 Babbitt 4.7 2.0 0.77 1.9 3.8
18 Unnamed Creek W. 3.1 1.4 0.52 1.9 3.7
19 Environ. Learning C. 1.5 0.65 0.24 2.5 4.1
20 Parkville 0.30 0.13 0.049 2.9 9.7
21 Erie Office 0.73 0.32 0.12 4,0 11
22 Dunka Road 2.1 0.86 0.34 2.5 5.5
23 Dunka River W. 8.2 3.6 1.4 2.2 4.3
24 Stony River W. 1.5 0.68 0.25 2.6 4.2
25 NW of Eveleth 0.24 0.10 0.039 2.9 7.0
26 NE of Eveleth 0.31 0.13 0.051 2.5 5.9
27 Hoyt Lakes Golf C. 0.63 0.27 0.10 5.5 8.8
28 St. Louis R. W. 1.1 0.46 0.17 2.4 4.7
29 Waterhen Creek W. 0.38 0.16 0.62 2.4 4.9
30 Whiteface River W. 0.45 0.20 0.74 2.3 4.6
31 Toimi 0.98 0.43 0.16 2.1 4.1
32 Whiteface 0.24 0.10 0.04 2.1 4.5
33 Tower 0.41 0.18 0.068 1.8 3.9

-324-



CHAPTER 9. IMPACT ANALYSILS FOR PARTlCUhATE EMISS LONS

Tﬁis gecidion proscnté the ambicent air concenbvations and surface
deposition rates for particulates (TSP) likely to result from copper-
nickel development in the region.

9.1. AMBILENT PARTICULATE CONCENTRATIONS

Particulates from a copper-nickel developuwent may be released from
Both point and area sources. Point source emissions will result from
smelting operations, and for this discussion will be treated as area
sources. Modeled particulate increases from smelting and regional
growth occur in the context of measured TSP concentrations ranging from
10 fug/m3 (background for the region) to means above 50 Pg/mg (population
centers near mining operations). Short;term concentrations (24-~hour)
of several hundred }J.g/m3 occur in the region, particularly adjacent to
local sources such as mining operations.

The smelter facility as a potential point source of atmospheric
particulates was discussed in Chapter 3. ‘Two models were presented for
smelter stack emissions representing two levels of emissions controls.
The base case smelter model was assigned an emission rate of 2385 mtpy
of particulates. The option 1 and option 2 smelter models have identical
particulate removal efficiences and constitute one particulate emissions
model which releases 358 mtpy of particulates.

Estimates of fugitive particulate emissions were also presented in
Chapter 3., These emissions are treated as a low-level point source.
This is a reasonable assumption, fdr ekample, where the major dust-
producing operations are enclosed in a single large building with a

roof vent and fan to maintain a good working environment for smelter
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personnel.  Fugitive particulate emissions were estimated to be 1500 ﬁtpy
for both models.

A mass median parvticle diometer of 1.1 microns was used for both
particulate stack and fugitive emissions based on EPA studies of
smelter emisgion8.238 This size will vary depending on the specific
source of particulates within the smelter operation. If the mass
median diameter is larger, fugitive particulates would tend to settle
faster. Turther, fugitive particulate emissions are only about 407 of
the total base case emissions, but are 80% of the total option 1 and
option 2 smelter emissions. Uncertainties in the size and character
of the fugitive emissions estimates, therefore, have a greater effect
on the predicted air quality impacts from the option l-option 2 smelter
than from the base case smelter.

The modified gaussian model was used to predict annual and maximum
24-~hour particulate concentrations resulting from a smelter Jocated
4.8 km south-of Babbitt. The highest predicted annual average concen-—
trations'forAthe base case smelter (10"4 to lOm3 Pg/mB) are negligiﬁle
relative to both the ambient air quality standards and PSD increments.
It does not appear that annual ambient particulate concentrations will
be a factor in smelter siting.

Predicted maximum 24-hour particulate concentrations for the two
smelter models are presented in Figures 76 and 77. The maximum 24-hour
predicted particulate concentrations for the base case model are
5.6/ug/m3 at August Creek (Class I area) and 36 /ug/m3 at Dunka River
Watershed (Class II area). These values are 56% and 927, respectively,
of the Class I and Class II increments. The corresponding values for
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the option l-option 2 model are 2.7 ;Jg/m3 ar August Creck (277 of the
' ¢

Class [ dncrement) aund ;B/MH/mj al Dunka River Watevehed (497% of the

Class IT dncrement). Generally, the concentrations from the option 1-

option 2 model are halfl those from the base case model.

From these data it appears that the Class IT increment would
probably be exceeded by the base case model, but not by the option 1-
option 2 model.

In ovder to generalize the above results, 24-hour particulate
concentrations were also predicted for a non-site specific case for
five days likely to result in high ambient concentrations. Figure 78
presents the results for the base case smelter model using meteorology
data for November 6, 1976. Particulate (TSP) concentrations fall below
the Class I increment at about 15 km from the smelter. This distance
is reduced to about 6 km for the option l-option 2 smelters whexe the
fugitive emissions component dominates. Applying the factor of two
modeling accuracy to these results could increase the distances from
the source at which the Class I increment is met to about 30 km fo% the
base case model and 12 km for the option l-option 2 model.

The above results for the smelter alone are now placed into .
perspective in the context of particulate concentrations expected from
other point sources in the region. Modeling simulations of point sources
expected In the region by 1985 without copper-nickel development showed
that the Class T increment was not expected to be exceeded, but the
Class II increment was expected to be exceeded at two receptors, Erie
and Parkville. These results show that new sources of particulates
planned for the region By 1985 may be important factors in siting plans
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PREDICTED STACK AND FUGITIVE CONTRIBUTIONS TO 24-HOUR TSP CONCENTRATICNS
ALONG A COMBINED PLUME CENTERLINE FOR THE BASE CASE SMELTER MODEL
(USING THE MODIFIED GAUSSIAN MODEL)

FIGURE /8
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for o smelter in the Class 11 area,

When the smcelrer models, sited south of Babbitt, ave iucluded along
with the 1985 particulate point source emissions inventory, the
resulting particulate voncentrations are not predicted to exceed edther
the annual ambIent air quality standards or the annual PSD dncrements.

Therefore, the focus, again, ig on the predicted 24~hour concentra-
tions. TFigure 79 shows both the predicted maximum and second high 24-
hour particulate concentrations for the Class I and Class II areas. The
1977 regional and PSD baselines are alsc shown, along with 1985 concen-
tratiouns with and without copper-nickel development.

The data indicate that the maximum concentratiocns in the Class T

N 3 . .
area are predicted to decrease about 6-8 Pg/m by 1985, with or without
the modeled smelter sources. The ambient air quality standards are
not exceeded in the Clasg T area. However, the 24~hour secondary

. 3., . - PR :
standard of lSO/ug/m is predicted to be exceeded by both the maximum

3 . . N
ug/”) concentrations predicted forv

/

the Erie receptor in the Class I1 area. Neither smelter model affects

(16O‘ug/m3) and second high (152

these concentrations. Also note that the computed 1977 PSD baseline
at the Erie receptor is considerably lower than the 1977 regional
baseline, resulting in the prediction that the Class 1II PSD increment:
will be exceeded.

The absence of a smelter effect in the above results is an
important point to understand. The maximum 24~hour concentrations
predicted earlier for the base case smelter alone was 5J3f@/m3 at the
Erie receptor., However, the juxtaposition of the smelter site south of

Babbitt with respect to the other sources was such that when the
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FIGURE 79

180 +
&

MAXIMUM 24HR. TEP CLASS 2
5@3“; o el o wme e

/ C2ND HIGH TSP CLASS 2
150 -4 §Ye 3 5 ,f& °°°°°°°°° Gruseoraasp

:sl i MAXIMUM 24HR,

ot v‘. $ aF NOTARY STARNDAD
‘iﬁ{)w" A i{; SECONDARY STANLAF{D'

v

204  euemmmmo MAXIMUM TSP CLASS 1
* 9....“.@..::\

10- grire —Svmerig
; 2ND HIGH TSP CLASS 1

1977 1977 1285 1985
PSD

1985
BASE OPTION 1
CASE OPTION 2

~332~



highest concentrvations occurved ab Brie, the wind was nol blowing in

directiong that allowed the smelter to contribute much to thoge
concentrations. The relative orientation of point sources with respect
to receptor sites playws a major vole din the resulting short-term concen-
trations. This considervation would dindicate that locating several

poini sources along a single line, particularly oriented along major
wind axesz, should be avoided if ambient particulate concentrations
downwind of the sources are to be minimized.

The area impacted by the gmelter particulate emissions is the
sector to the NE and SE of the facility. The modeling predicts that
the maximum 24~hour particulate concentrations due to base case develop-~
ment at the Dunka River Watershed is 60 Pg/mg (40% of the secondary
standard; 237 of the primary standard) compared to 24/ug/m3 without
development. The option l-option 2 model results in a maximum 24-hour
concentration of 41 Pg/mg, a 327% decrease over the base case smelter.

The next highest 24-hour concentration in the area impacted by
the smelter is at the Unnamed Creek Watershed receptor. The base éase
smelter results in a maximum 24-hour concentration of 23}ug/m3 compared
to 19‘,}1.g/m3 with no copper-nickel development, about a 207 difference.
The option l-option 2 model results in a concentration of 19/ug/m3
which is the same as the rvoncentration resulting from 1985 sourcés
without copper—nickel development.

In summary, total particulate emissions from a smelter present a

problem in terms of short-term averaging periods when PSD increments

might be exceeded close to the smelter. Distances of 15~30 km from

the Class I areas for the base case smelter model appear to be adequate
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to prevent the dncrement from being exceeded. This distance is less
restrictive than thot Imposed by S 5 emissTons from the same smelter
model .
9.2. METALS

Since metals ewlssions data were not avafilable for the regional
sources, it was nobt possible to compare predicted concentrations or
deposition rates resulting from regional development to existing levels.
The general approach Is' to compare predicted levels resulting from a
copper-nickel smelting operation to existing background levels and
literature values in order to idenitify elemental constituents which
may pose envirommental or health problems.

The predicted elemental concentrations and deposition rates
are more uncertain than SO2 estimates as a result of uncertainty in
the distribution of elements during various stages of smelting and
pollution control. For example, volatiles such as arsenic are modeled
as particulates and are assumed to be well controlled. As.more
information becomes évailable, it may be shown that these elements
are distributed differently than assumed in the mass balances and that
they are not released as particulates.

The analysis for metals is based on the option l-option 2 smelter
model which has emissions, and therefore concentrations, roughly half
those of the base case smelter.

9.2.1. Ambient air concentrations.

Ambient air concentrations of Cu, Ni, As, Cd, Pb and Hg were
measured at eight sites in the region. Table 78 presents a comparison

between the measured and predicted concentrations resulting from the
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Table 78. Comparison between measured® and predicted ambient air concentrations

of selected metal species, ng/mj.

COPPER NICKEL ARSENIC CADMIUM LEAD MERCURY
Location Meas Pred Meas Pred Meas Pred Meas Pred Meas Pred Meas Prad
Region 412 13° 1.7° 2.9° 4.6 0.006° 2.12 0.004° 382 0.007° 1.0 0.002
Babbitt 2.842.3 45 2.6+2.5 10 7.247.6  0.020 1.6+3.3 0.012  136+80  0.023 0.86+0.054  0.0053
Whiteface 3.042.4 1.5 1.240.91  0.37 3.746.3  0.0008  0.57:0.54  0.005 31425 0.0009  1.2+1.1 0.0002
Hoyt Lakes 3.3#2.5 4.6 1.140.96 1.0 7.749.6  0.0021 1.6+1.1 0.0013 34436 £.0026  0.7440.86  ©.0006
Erfe 2.5¢2.6 6.8  0.71+1.9 1.5 4.5+11 0.0031  0.40+0.55  0.0019 3333 0.0036  1.4+0.56 0.5008
Dunka Road 7.6+11 15 4.0+5.6 3.4 4.6+4.2  0.0066 5.4+422 0.0041 22422 0.0076  0.85+0.87  0.0017
Fernberg Rd. 5.749.9 5.3 2.545.7 1.3 3.1#3.1  0.0030  6.0+16 0.0019 29425 9.0035  0.78+0.83  0.0009
Env. Learning C.  2.4+1.7 18 1.3+ 4.2 3.3+ 0.6092 1.2+ 0.0058 1%+ 0.011 100 0.0026
Tolmi 5.748.5 8.5  0.36:0.51 2.0 2.842.8  0.0042  0.2240.44  0.0026  13+14 0.0048  1.2+0.93 0.0012
Dunka ®. w.9 130 28 0.054 0.034 0.063 0.014

2pased on 8 sites

based on 33 sites
measured data from Thingvold et al. (1979)

5
<)

measurements were not available at this site; predicted data are included for worst-case comparison.



the option l-option 2 smelter.

The concentrations of thesc pollutants which were measured in north-
castern Minnesota are typical of concentrations measured in remote areas:
Cu, 0.4-100 ng/mg; Ni-0.4-10 ng/m3; As, 0.3-5.0 ng/mgﬁ Cd, 0.01-4.0 ng/mg;
Ph, 0.3-200 ng/m3; Hg, 0.06-0.4 ng/m3°59

A comparison of measured and predicted data at each receptor site
shows that.the option l-option 2 smelter would result in ambient air
concentrations of Hg, Pb, As, and Cd that are 2-3 orders of magnitude
lower than existing levels. Concentrations of Cu and Ni, however, are
expected to be the‘same order of magnitude or higher. A compariscn of
predicted concentrations at Dunka River Watershed to the measured values
shows that the predicted concentrations of Cu, Ni, and Cd are within an
order of magnitude of currently measured regioﬁal concentrations.

Maximum 24-hour concentrations of these six metals were estimated
on the basis of the elemental composition of the concentrate and total
particulate concentration predicted using meteorology from November 6,
1976 (Figure 78). It was assumed that the elements were present in total
particulate in the same ratio as in the concentrate. The analysis is
not site specific, and concentrations are calculated at 5 km, 20 km, and
50 km downwind from the source. The resulting concentrations for the
option l-option 2 smelter are shown in Table 79 along with measured
regional average 24-hour and maximum 24-hour concentrations. Concentra-
tions resulting from the bhase case smelter can be obﬁained by doubling
the predicted concentrations. The values in Table 79 probably represent
an order of magnitude estimate because of underlying assumptions. The

results, however, generally agree with the site specific modeling runs.
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Table 79. Maxinum predicted 24-hour ambient concentrations of metals
in particulates downwind of the option l-option 2 smelier
model, assuming particulates have the elemental composition
of the concentrale, compared to measured values in the
region, ng/m”. '

Predicted Maxinum

24-Hour Concentrations - 24-Tour Concentration Downwind
Measured :lu the Regioua of thg Option J-Option 2 Sme%ter‘
Element Average = Maximum 5 tan~ 20 Tamcl 50 km~

Cu 12 109 1500 480 210

Wi 4 27 290 93 40

As ‘ 7 51 0.34 0.11 0.05

Cd 9 132 0.44 0.14 0.06

PH | 59 734 0.65 0.21 0.09

Hg 3 ' 11 0.0019 0.0006 0.0003

8data From analysis of 24-hour membrane samples (Eisenrveich, Hollod, and
Langevin 1978) .

average for all statioms, with non-detectable data ogitted

Based on total particulate concentrations of 22 ug/m~ at 5 km downwind.
Based on total particulate concentration of 7 ug/m, at 20 km downwind.
Based on total particulate concentration of 3 ug/m~ at 50 km downwind.
Based on meteorology of November 6, 1976 and no specific smelter
location; values are rounded.

o

D A0

The predicted ambient air concentrations on both an annual and a
24-hour basis are far below those levels associated with measurable health
effects in Chapter 4.

9.2.2. Deposition.

Table 80 presents a compilation of measured metals deposition data
in the study region and from other areas. These values provide a basis
of comparison to determine whether or not deposition loadings from a
copper-nickel smelter would approach existing or reported values. In

general, the measured dry deposition rates are typical of remote,
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mid-continental arcaz.

Metal JToadings at the regional sampling sites are calculated as
dry  depogilbion rates uging asubient air concentratiors measured in the
region and the dvy deposition velocities from Chilton, Englande32v TFor
comparison the predicted values at Dunka River Watershed and the
average from the 33 receptors are also included in Table 80.

A comparison of the data shows that the option l-option 2 smelter
will result iun Cu and Ni deposition rates comparable to existing rates.

Deposition of As, Cd, Pb, and Hg is expected to be at least 2 orders
‘of magnitude lower at each of the sites. When predicted deposition
rates at Dunka River Watershed are compared to the measured values,
levels of Cu and Ni are predicted to be elevated, and cadmium is within
an order of magnitude of the measured value.

Predicted deposition rates of metals for the option l-option 2
smelter are gilven in Table 81.

The impact of metals desposition on the area's soils and waters

is considered further in Chapter 10,
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Table 80. Mean annual measured and predicted deposition rates for the opt!on l-option 2 smelter at reglonal receptors.

(g/halyr)

COPPER NICKEL ARSENIC CAUMIUM LEAD MERCURY
Location Meas Pred Meas Pred Meas Pred Meas Pred Meas Pred 18 Pred
Fernberg® 15 31 11 5.2 1.9 0.002 7.6 0.001 18 0.003 2
Env. Learn. C.% 6.0 100 5.7 17 1.9 0.007 1.6 0.004 18 0.01 0.0001
Dunka Road® 19 18D 18 26 2.8 0.021 6.9 0.011 20 0.022 0.003
Toimi? 15 52 1.6 8.8 1.9 0.005 0.32 0.002 13 0.006 0
Erie? 6.3 42 3.2 6.8 2.8 0.003 0.63 0.002 32 0.004 o
Hoyt Lakes® 8.2 39 5.0 6.0 4.7 0.004 1.9 0.002 32 0.005 0
Whiteface® 7.6 22 5.4 3.7 2.2 0.002 0.63 0.0009 130 0.002 2
Dunka R.u.9 760 117 0,050 0.085 0.015
Region, dry® 10 80 7.6 13 2.8 0.006 2.5 0.003 34 0.008 <0.001
Region, bulkb 11 <14 <11 3.0 77
T o o
3?:235 13;0 91 _ 1.0 1326 3
Oceang & 40~ 14—~ 6.0~ 77-
Lakes 570 68 11 130

ameasured data calculated using Chilton's deposition velocies (Cawse, 1974) and repional amblent air data.
bulk depcsition data
Eisenreich et al. 1978

b
c
dmeasurements were not avallable at this site; predicted data are included for worst-casc comparison.




Table

81 . Pradicted sopual metal deposition rates for the option L-

option 2 smelter.

Site _g/balyr. . mglhalyr
No. Name Cu NI As Cd  Pb Hg
1 Little Johnson Lake 13 2.2 1.0 G.5 1.0 0
2 Little Vermillion Lake 13 2.3 1.0 0.6 2.0 0
3 Birch Lake Dam 25 4.3 2.0 0.9 3.0 0
4 Saganapga Lake 7.8 1.4 0.7 0.3 1.0 0
5 Vermiilion Lake 26 4.4 2.0 1.0 3.0 0
6 Shagawa R. W. 41 7.0 4,0 2.0 5.0 0
7 Ely High School 56 9.1 4.0 2.0 5.0 0
8 Fernberg Road 31 5.2 2.0 .0 3.0 0
9 Tower—~Sudan 36 5.9 3.0 2.0 4.0 0
10 Bear Island R.W. 90 14 6.0 3.0 9.0 1.0
11 Kawishiwi Lab W. 87 14 5.0 3.0 8.0 1.0
12 Keeley Creek W. 74 12 6.0 3.0 8.0 1.0
13 August Creek 55 9.3 4.0 2.0 6.0 0
14 Isabella Watershed 40 7.0 3.0 2.0 5.0 0
15 NW of Virginia 15 2.7 2.0 0.8 2.0 0
16 Embarrass R.W. 77 12 7.0 4.0 9.0 0
17 Babbitt 290 48 29 15 35 2.0
18 Unnamed Creek W. 230 36 14 7.0 20 2.0
19 Environ. Learning C. 100 17, 7.0 4.0 10 1.0
20 Parkville 14 2.4 1.0 0.6 2.0 0
21 Frie Office 42 6.8 3.0 2.0 4.0 0
22 Dunka Road 180 26 21 11 22 3.0
23 Dunka River W. 760 . 117 50 24 65 15
24 Stony River W. 110 18 7.0 4.0 10 1.0
25 NW of Eveleth 10 1.9 1.0 0.8 2.0 0
26 NE of Eveleth 16 2.8 2.0 1.0 3.0 0
27 Hoyt Lakes Golf C. 39 6.0 4.0 2.0 5.0 0
28 St. Louis R.W, 54 9.2 5.0 3.0 7.0 0
29 Waterhen Creek W. 20 3.4 3.0 2.0 3.0 0
30 Whiteface River W. 22 3.7 2.0 0.9 2.0 0
31 Toimi 52 8.8 5.0 2.0 6.0 0
Whiteface 12 2.1 2.0 1.0 2.0 0
33 Tower 17 3.0 2.0 0.9 2.0 0
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CHAPTER 10. S0T1L AND WATER. TMPACTS

This chapter will explove potential dmpacts of smelting in north-
eastern Mimnesota on goils in terms of copper and nickel deposition, and
impacts on surface waters in teviws of sulfate and metal deposition. This
1s not intended to be an exhaustive study, but te highlight problem areas.

Detailed reports on potential ecosystem effects due to copper-nickel

development have been prepared by Sather et él,ZOS Glass and Louck388

have prepared an extensive report documenting potential adverse cffects
on the BWCA-VNP area from the proposed Atikokan, Ontario power plant.
10.1. SOIL IMPACTS

The impact of heavy metals loading on soils is of concern in terms
of soil productivity, leaching into the water system, and toxicity to
soil microorganisms and plants.

Heavy metals contamination of soil and subsequent damage to vegeta-
tion has been reported by several investigators. Buchauer27 reports that
plant death occurred in the vicinity of a’zinc smelter with zinc levels
up to 80,000 ppm and cadmium levels up to 1,500 ppm. Djuric et al.53
reported on soill contamination from a lead smelter in Yugoslavia.

The effects of metals on plants may be direct or indirect.
Hutchinson and Whitbyllo reported that root elongation of radish, cabbage,
tomato, and lettuce was almost totally inhibited at all sites closer than
3.8 km from the Conniston smelter at Sudbury, irrespective of the depth
from which the soil was obtained. A 507 reduction in root elongation
was found at a distance of 10.4 km from the smelter when compared to
controls at 50 km. In the tomato 2 ppm each of Ni, Al, Co, and Cu

reduced root elongation by 70%, 80%, 60%, and 30%, respectively. Total
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inbibition occurred at 10 ppm Ni, 4 ppm Al, 15 ppm Co, and 15 ppm Cu.
Sulfate levels of 250 ppm were not found ito be inhibitory.

Slowed decomposition resulting from heavy metal loading may produce

ltter layers that are poor seedbeds for species that require mineral

. o iqa . ... 208 . . ,
soil for establishment such as red pine and jack pine. Field investi-

. 116 . ... 109 .

gations by Jordan and Hutchinson and Whitby suggest that heavy
metals deposited near smelting operations have a tendency to remain in the
humus of the fovest floor vather than leaching into the mineral horizons
of the soil.

The litter layer is important as a potentisl reservoir of plant
nutrition, particularly of nitrogen and phosphorous. A lowering of
primary productivity could result if the concentrations of nitrogen and
phosphorous increase due to a lower decomposition and mineralization
rate.

256 _— . - . .

Tyler found that the biological activity of the soil decreases
with increasing heavy metal content, and suggested that activity
decreases long before the litter production of coniferous trees and
their vitality are affected.

206 . - : :

Ruhling and Tyler found that litter decomposition in forest
surrounding metal processing industries is influenced by high concentra~
tions of deposited metals. Thelr studies demonstrated significant

decreases in CO, evolution with increasing concentrations of Cd, Cr, Cu,

2
Fe, Ni, V, and Zn for partially disintegrated spruce needles.
Tyier255?259 studied the effects of heavy metal deposition

(primarily'Cu and Zn) from a brass mill in Sweden on soil biological

processes and productivity in spruce forest soils. Cu and Zn deposition
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were found to reduce the decomposition rate, the nitrogen mineralization
rate, and phosphatase activity.

The conversion of organic nitrogen compounds of the litter layer
into mineral nitrogen primavily by microbes is a primary process.

Tyler25)w25/

reporte that at copper concentrations greatey than 30 ppm
(about three times the background level) the nitrogen minervalization
rate decreases rapidly with increasiag copper content.

Organic phosphates in the soil are broken down by phosphate enzymes.,
A reduction in phosphatase activity has the eventual effect of slowing
vegetation growth because organic nutrients are not directly taken up
by plants. Phosphatase activity was found to significantly decrease
at copper concentrations of 30 to 300 ppm, and a decrease in phosphatase

_ ] 256-257
activity was measured for copper concentrations as low as 15 ppm.

Tyler?34s256

also found that high metal concentrations caused an
extensive reduction in urease activity.

Two stages of ecosystem disruption due to heavy metals accumulation
were noted by Jackson and Watson:ll3 1) an dinitial stage at 1.2-2.0 km
from the stack characterized by accumulation but no measureable effects
on soil litter biota, and 2) an advanced stage at 0.4-0.8 km from the
stack characterized by depletion of soil and litter nutrient pools,
and evidence of depressed decomposition communities and nutrient trans-
location.

Arthropod biomass was found to be significantly decreased (p< 0.1)

at 0.8 km from a Pb smelter.ll3 Arthropods are responsible for the

initial stages of litter decomposition by increasing substrate surface
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area, and envichment by gut passage, and inoculation ol microbisl decompo-
sition,

Nissolved metals from the litter layer may lcach into the underlying
soil and may be assimilated by plant roots and translocated into above
ground vegetation., Jacksen and Watsonll3 demonstrated increased concen-—
trationg of Tb, Cd, Zn, and. Cu in ocak voots and leaves at 0.4 km from
a lead smelter compared to controls at 21 kwm.

Because of the potential for decreased soil productivity and
possible biocaccumulation of metals in the food chain, the impacts of
copper and nickel smelter emissions on the litter layer was examined for
three upland soil types Iin northeastern Minnesota. Predicted copper and
nickel loadings after 25 years of smelter operation were added to existing
levels taken from Patterson and Assengl8o to provide an estimate of
_concentrations after development. This calculation depends on the forest
floor weight; that is, for a given concentration, higher soil wedight
results in higher loadings.

Although this analysis does not consider build-up or loss of the
- litter layer, leaching of metals, or any changes in litter weight due to
metals build-up, it should provide a worst-~case comparison between
present and projected metals loadings.

The analysis is limited to three soil associations (Newfound-
Newfound, Mesabo-Barto, Toivola-Unnamed Cloquet) with two plots each
of aspen vegetation.208 Receptor sites were selectéd near the field
plots, and the predicted annual depositions (based on a smelter located
south of Babbitt) were calculated as 25 year loadings at each.éf the
receptors. Figure 80 shows the field plots and receptor locations.
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Table 82 shows a comparison between the measured background Cu and '
Ni soill councentvations and pxojﬁcted‘]aadiugs after 25 years of option 1
smelter operation. The average of the measured data, 14.0 ppm Cu and
7.0 ppm Ni, is below world-wide average values of 15 to 40 ppm Cu and
15 to 25 ppm Ni given by Aubert aund Pintaas

The option 1 smelier operating for twenty-~five years could have the
effect of increasing the background concentrations of copper at the six
selécted plots from 2 to 40 timesé nickel concentrations could be
increased from about 2 to 500 times. These estimates include the
deposition rates from the Dunka River Watershed receptor which is the
site most impacted by the smelter.

The impact of Cu and Ni loading from a 25 year smelter operation
can be further examined by calculating changes'in litter decomposition

.rates.zo8

This calculation is made using Freedman'377 data on heavy metals
and litter decomposition along a transect downwind of the Copper Cliff
smelter at Sudbury. Litter decomposition half-life and 95% loss time
for aspen litter were calculated by Freedman. Since decomposition rates
in northeastern Minnesota were measured by the same method, it seems
reasonable to compare the two measurements to evaluate the effect of
a smelter on litter decomposition rates.

Copper soil concentrations (Table 82) after tweptynfive years of
option 1 smelter operation were compared to soil concentrations
measured at 30 km and 40 km from the Copper Cliff smelter at Sudbury.

Predicted copper concentrations at the six sites in northeastern

Minnesota reange from 35 to 540 ppm compared to 200 + 80 ppm measured at
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Table 82. Comparison between background and predicted Cu and Ni concentrations in soils after 25 years of option 1

smelter operation.

Predicted
a Predicted loading soil conc.
Soil %Z of Plot and Measured data after 25 years of background +  litter litter
Assoclation Area Vegetation g/ha and (ppm) option ] smeliter, 2/ha smelter, opm depth  weight
Cu Ni Cu Ni Cu Ni cm g/mz
Newfound 45 13.5 G10, Aspen 150 (13) 12 (10 1300 (110} 220 (19 120 i° 1.2 1186
Newfound - G12, Aspen 107 (18) 72 (12) 500 (86) 85 (15) 100 27 0.2 581
§°i"°13 47 11.p 32, Aspen 560 (13) 460 (10) 2580 {(58) 430 (¢.6) 70 33 3.4 4470
C;‘Ziie : G33, Aspen 450 (12) 1270 (16) 1850 (23) 300 (3.8) 35 20 4.k 7910
Wesaba 4o 1, , CO7, Aspen 210 (13) 20 (<1.0)¢ 107005(530} 1670;(83) 540 <84 1.2 2020
Barto ) G09, Aspen 730 (13) 76 (1.3) 22207 (530) 3507(6.0) 51 7.0 5.9 5830
:Pattetson, III 2nd Asseng (1978)
average of 2 sites
c R
gaverage of 3 sites

results reported as zero; a less than of 1.0 ppm used in the calculation



40 ton from the Copper CILLiff smelier and 400 -+ 400 ppm at 30 km.

Predicted nickel concentyrations which‘rznge from 7 te 83 ppm are less than
half of the Copper CLIFf data, 160 iLAG ppm, at 40 km. The time required
for U5% decomposition of aspen litter was calculated to be 6.52 years

i . e 17
at 30 km and 1.25 yeavs at &40 km fyom the Copper Cliff smelter. The

95% loss time at each of the regional sites were calculated to be 5.7
years at GO07, 5.1 years at G09, 4.4 years'at ¢10, 5.0 years at G12,
5.4 years at G32, and 4.3 years at G33; the average 95% loss time for
these sites iz 4.065 yearsol79 These data suggest that after 25 years
of smelter operation, projected metals loadings could reduce litter
decomposition rates from a tenth to over a factor of 2. An average
decrease of about 30% is calculated over the six regional receptors.
10.2. WATER IMPACTS

The fmpact of metals and acild forming species on the study region's
lakes and streams is of vital interest. Many of the lakes and streams in
the area are already susceptible to acidification based on buffering
capacity (Table 83). The deleterious effects of acidic precipitationv
are well dqcumented.S4 Some of these effects include mobilization of
toxic elements, biocaccumulation, changes in nutrient cycling, and a
reduction in growth and reproduction of plant and animal species.

Glass and Loucks88 report that about 75% of the 85 sampled BWCA-VNP
30 and about 23%

Evidence suggests that some

lakes have a total alkalinity less than 15 mg/l as CaCO
have alkalinity less than 5 mg/l as~CaCO3. |
lakes in the BUWCA are at or near the threshold of acidification serious
enough to initial species depletion and lowered productivity.88

The surface water quality impacts of the option 1 copper-nickel
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Table 83. OSusceptibllity of Jakes aund streaps to acidification.

LAKE SUSCEPTTRITITY

High Medium | - Low
CGreenwood Gabbro Colby
Clearwater Brich Pass
North McDougal Sand Wynne
South Mchougal White Iron Tofte
Turtle Fall ’
Long August

Bear Head State

Perch Pina

Bear Isltand Big

Seven Begver

STREAM STATTONS

Kawishiwi~6 Kawishiwi-1,2,3,4,5,7 Isabella-1

Bear Island-1 Keeley Creek-1 ' Dunka~2

Bob Bay-1 Partridge~4 Stoney River-1,2,3,4

Stoney River-5 St. Louis-3 St. Louis-1,2

Filson Creek~1 Partridge~1,2,3,5
Embarrass~1,2
Waterhen-1
Whiteface~1,2

Source: Thingvold et al. (1979)

smelter were assessed by: 1) comparing measured snowpack concentrations
calculated at selected watersheds to predicted anowpack concentrations
calculated from winter deposition rates, 2) comparing predicted annual
deposition to measured average stream and lake concentrations, and

3) determining the length of time required to neutralize a low and

a high alkalinity lake.

10.2.1. Snowpack concentrations.

The atmospheric deposition of air pollutants onto surface waters
occurs under two distinect sets of climatic conditions, summer and

winter.
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During the winter months when the ground is frozen and surface runalf
is non-existent, air pollutants are deposited onto the snowpack, stored,
and later veleased over a very short time interval (a few hours to several

. . . 1 . . .
days) during the spring melt. The time interval of release ds a function
of the suddeness of the spring thaw and the watershed size. Small
watersheds vespond more quickly than lavge watevsheds.

The melt-freeze cycles that occur duving the snowmelt can vesult in
dramatic increases in the concentrations of pollutants in the

87, 122 115

meltwaters. Johamnessen et al. found that concentrations of

-+

H SOZ, NOE, and heavy metals were two to three times greater in the
first 307 of meltwater than in the snow samples during laboratory and
field studies.

During the summer the deposition of air pollutants is a function
.of the pollutant type and concentration as well as the type of rain-
storm. In northeastern Minnesota the amblent air concentrations of
pollutants appear to be due to long-range trahsport, and the greatest

+
loading of S04 and H has been found to occur during the wet months,

normally June and July.247 In 1977, however, the wet months were

September and October.
Snowmelt enrichment tests were conducted in the study region during

1978, and these results generally confirm that about 507 to 707 of the

NO,, C17, ¥ ) are contained in the

+
5 parameters analyzed (H , 804’ g0

first 407 of the meltwater.247

The deposition rates predicted for the snow season (November 1~
April 30Q0) using the option 1 smelter were converted to snowpack concen-—

trations using an average snow depth equivalent water content of 114 mm
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which-is about 907 of nowrmal. T was assumed that everything that is
deposited remains in the soow uwntil meltivg.

Table 84 presculs a summary between the predicted regional snow-
pack concentrations of selected species and the measured concentrations
at five watersheds which are shown in TFiguvre 81.

In the case of copper the predicted snowpack concentrations range
from 15~390 Fg/l compared to a measuved vegional average concentration
of S.O‘pg/l. Predicted nickel concentrations are also elevated, ranging
from Z’Mg/l to 60 Fg/l compared to a measurad regional average of
2e3‘pg/le Predicted sulfate concentrations in snow are estimated to be
the same order of magnitude as the measured values, ranging from 0.05 to
1.0 mg/1l for predicted values compared to 1.8 mg/l for measured values.
Predicted Cd and Pb concentrations are 1 to 4 orders of maguitude below
the measured values. Measured snowpack concentrations were not available
for As and Hg.

If we assume that the average concentration in the smow can double
or triple at the spring melt, then predictéd concentrations would
increase accordingly.

Table 85 presents a comparison between measured snowpack concentra-
tions and measured stream concentrations at low flow, spring flow, and
the highest concentration observed at six stream sites.

Predicted snowpack concentrations from the option 1 smelter could
be substantially higher than measured maximum concentrations for Cu and
Ni, assuming a 2-3 times increase at snowmelt. The impact of the smelter
emissions would be greater in small systems such as Filson Creek (F-1)

rather than large systems such as Kawishiwi (K-6). In large systems
-351-
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Table 84. Ceowpavison between neasured avevage spnowpacl concentrations

and predicted snowpack concentrvations of selected species.
S . Snowpack Goncentration
meaeureg e o Predicted,d. |
Species average r-1 k-1 DA SR~7 -6
so; g/ 1 1.8 0.14 0.055 1.0 0.17 0.23
Cu pg/l 5.0 35 16 390 56 15
Ni fig/l 2.3 5.7 2.4 60 9.1 2.6
As  pgll 251072 1x107 0.022  3.5%x107°  1x107>
cd pg/l 0.25 1.1x1073  sx107 0.011  1.7x107°  5.2x107°
Pb g/l 9.3 3.1x107° 1.4x1072 0,031 5.0x1070 1.5x107°
Hg g/l 2.6x1070  3.8x107°  0.011  4.4x107°  8.8x107°

areceptor at D-1 is Dunka River Watershed, site most impacted by
a smelter
Thingvold et al. (1979)

there is sufficient receiving water and subsequently buffering capacity
to neutralize the effects of acidic snowmelt and provide adequate
dilution. In a small system the snowmelt may account for the major
porticn of the stream flow,247

The concentration of most trace elements in the surface waters of

88, 247 Increased

the BWCA-VNP and the study region are generally low.
concentrations of trace metals due to copper-nickel development or to
regional growth will result in greater percentages of toxic metals
available for mobilization and accumulation. Acidic runoff due to
snowmelt is also important because it occurs during the spawning

season when fish are more vulnerable.

10.2.2. Stream and lake concentrations,

The next step in the analysis was to attempt to relate the predicted

annual depositions to average stream and lake concentrations of selected
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Table 85.

Summary comparison between snowpack concentration and stresm concentrati
species at low flow, spring flow, and the highest concentrations observe

Stream Location

on_.of selected
A

F-1 P-1 D-1

snowpack spring low max spring Jow max spring low max
Species conc. melt flow cone melt fiow conc melt flow conc
50, mg/1 1.8 7.9 5.4 15 63 190 260 9.5 13 70
Cu pmg/l 5.0 8.7 5.5 i 4.0 4.0 5.9 2.3 1.7 6.1
Ni ’Pg/l 2.3 8.0 6.0 8.0 6.0 7.0 7. 2.0 2.0 0
Pb Fg/l 2.3 1.2 Q.7 6.4 0.7 0.4 2.6 1.0 0.6 45
cd ‘Pg/l 0.25 0.05 0.02 0.18 0.08 0.43 0.18 0.05 .08 0.15
pH 4.5 5.9 7.3 7.3 . 7.3 6.6 7.3 6.8 7.1 7.7
Speciesa SR-2 K-6
soz mg/1 6.5 5.5 14 4.0 3.7 7.2
Cu Fg/l 2.8 0.6 1.6 1.8 2.0
Ni lug/l 2.0 - 2.0 3.0 4,0 2.0 4.0
Pb /ug/l 0.9 0.4 31 2.4 £.3 2.4
Cd /ugll 0.04 0.02 0.15 0.12 0.03 0.13
pH 5.8 6.8 7.5 6.4 6.5 7.0
®neasured data not available for As and Hg

Thingvold et al. (1979)



parameters. TFow this analysis the regional deposition data and a
regional runelf value of 27.2 cmlj: were used to coleulate a vegional
concentrationg of gelected metals and sulfate in the watersheds.

All of these calculations are based on the option 1 smelter locéted
south of Babbitt.

It was assumed that the input into the stream or lake rewmained
constant, and that removal by precipitation, plant uptake, weathering,
and so forth does not occur.

Table 86 provides a comparison between the measured and predicted
deposition rates, stream, and lake concentrations. A comparison between
the measured deposition rates expressed as a concentration and the
mean stream and lake comcentrations is generally good for sulfate,
copper, and nickel, Arsenic, cadmium, and lead depositions appear to
be high compared to the measured lake and stream concentrations, and
may indicate that these arve being removed by chemical activity.

Since it seems reasonable to relaste the measured deposition data
to average stream and lake concentrations, the comparison was extended
to include the predicted deposition data.

The predicted stream data include the average of those receptors
in each watershed for the three stream groups. The measured data are
separated into an impacted group A (primarily taconite mining related
impacts), group B (moderately impacted by human activity), and group C
(unimpacted) . The predicted data indicate that streams which are
now moderately impacted will receive the largest impacts from a smelter
at Babbitt; the impacted area will of course change with the smelter

location.
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Table 86.

Comparison between measured and predicted deposition rates,

from the option 1 smelter located at Babbitt.

measured data

stream, and lake concentraztiocns,

&eposition conc dep rate mean stream conc lake concb
speciles kg/ha/yr. . units as a2 conc A B C range mean
soz 14.36 mg/1 5.28 97 27 7.1 <1-140 7.8
Cu 0.011 ng/l 4.04 3.0 2.7 4.2 0.2-10 1.8
Ni 0.014 ug/1 <49 24,8 2.1 3.5 0.4~6.0 1.4
As <0.011 pg/l <4, 0k 0.83 6.0 0.82 0.4-2.1 0.7
cd 0.003 pell 1.1 0.055 0.061 0.046 0.008-0.8 0.05
Pb 0.007 pg/l 283 1.08 2.4 0.76 0.08-1.9 0.3
predicted data from option 1 smelter
deposition, kg/ha/yr conc mean streamfcogcentration average 1a§a
species range - mean units 7 ¢ concentration
soz 0.16-3.6 0.97 meg/1 0.23 0.63 0.21 0.53
Cu 0.02-0.76 . 0.17 peg/l 37 125 29 25
Ni 0.006-0.12 0.027 - ug/1 5.9 19 4.8 2.7
As (2-29)x10~° 1.3x107° ug/l 3.0x107° 1.0x1072 2.5%x1073 8.3x107"
cd (2-24)x10'6 7.0x107° pe/l 1.5%x107° 4.8x107° 1.5%107° 1.0x107"
Pb (2-65)x10° 1.7x107> e/l 3,7x107> 1.2x1072 3.0x10 1.2x107°

a . . -
“calculated using a regicnal runoff value of 27.2 cm

surface values only; Thingvold et al. (19879)



A conparison of the measured to predicted data shows that As, Cd,
and Pb would not pose a sipnificant problem. Calculated stream and
lake concentrations of these metals are negligible compared to the
measured data. Sulfate contributions from the option 1 smelter are
within an order of magnitude of the wmeasuved concentrations. Predicted
Cu and Ni concentrations are elevated compared to the measured stream
and lake concentrations.

10.2.3. Sulfate deposition onto area lakes.

Acid lakes are characterized by shifts in major ion composition
that lower pH, and by changes in trace metal and organic components.
Comparison of the variations in lake pH observed among waters
in northwestern Norway, southeastern Norway, and the Adriondacks at
comparable calcium or total base forming cation levels indicates that
the acid lakes (pH less than .5, alkalinity < 0) predominate in those
regions where strong acid forming anion concentrations exceed the
prevailing base forming cations. Sulfate appears to be the major
acid forming anion and nitrate is also significant,zll
Increased metals concentrations (Al, Mn, Zn, Cu, and Ni) have been

20, 31, 211y ise increased

reported in lake water from acidified areas.
concentrations may be due in part to increased atmospheric loading from
specific sources, and to increased leaching from soils or lake sediments.
The ability of a lake to buffer acidic inputs is primarily a
function of its bicarbonate content which in turn depeﬁds on the amount
of calcium carbonate weathered from bedrock, overburden, and soils in the

lake and its watershed.

Lakes with the smallest ratio of drainage area to lake volume in
‘ =357~



any gilyen geological substrate will bave the poorest bulfering due to
the small area of substrate available for weathering. These lakes may
not, however, be the most sensitive to increasing acidity because they
have smaller aveas exposed to deposition, and their greater depth allows
for greater dilution.

In an attempt te chavacterize the impact of sulfate from a
hypothetical smelter-on pH in lake walers, the predicted sulfate
concentrations resulting from sulfate deposition are titrated against
existing alkalinity in a low alkalinity lake and a high alkalinity
lake., Assumptions which were made include: 1) the major portion
of acidity found in rainwater is attributed to sulfate992 2) the
deposited gsulfate iIs not buffered in transit, and 3) alkalinity is
not replenished in the lske. The assumption of no replenishment din

_the lake has the effect of underestimating the time it will take to
‘titrate the lake alkalinity. This error could be substantial for
lakes with small flushing times.

Turtle Lake which is in the Kawishiwi River Watershed and Tofte
Lake just north of the watershed were selected for the analysis. These
lakes are shown in relation to the smelter in Figure‘Sl. Neither of
these headwater lakes is directly impacted by residential or industrial

sources. Turtle Lake has an alkalinity of 6 mg/l as CaCO, compared

3
to an alkalinity of 70 mg/l for Tofte Lake.

The alkalinity in each-of these lakes is titrated against the
acidity from the drainage and lake areas assuming no replenishment or
buffering to pH 4.5.

Precipitation can be expressed as the sum of runoff, evapo-
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transpivation, and changes in atorage and under{low., Underflow and
stovage are both taken to be zero in northeastern Minuesotae86’ 225
The expression for precipitation can then be simplified and reavranged
to give an expression for runoff:
runoff = precipitation - (evapo-transpiration) (86)

Runoff for the region averages about 27.2 cm per year; about 58%
of the average runoff occurs in April, May, and June, and most of this
is due to snGW‘melt.8

Using this expression for runoff, the net water to the land
drainage avea was calculated from:

(PﬁETW) * (AdmAO).z Net water (87)

land °
where p is the precipitation at Babbitt (72.6 cm), ETr is the evapo-
W

transpiration from drainage, A, is the watershed drainage area,

d
and Ao is the lake area.
The net water to the lake was calculated from:

(P-ET ) * A = Net water (88)

lake’
where ET1 is the evapo-transpiration from the lake (474 mm for small
lakes278). Total water to the lake is then the sum of equations 87 and
88.

Results of the titration calculations are summarized in Table 87.
The results show that a léw alkalinity lake like Turtle Lake could
be acidified in a relatively short period of time at present sulfate
loadings, and that existing point sources are not as significant as
gsources from outside the region., The addition of new sources such as

the option 1 smelter could be important in determining the productive

life span of low alkalinity lakes. Time spans for acidification appear to
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Table 87. NWumberx of yeavs wvequirved to titrate to pll 4.% a low and a
high alkalinity lake with strong acid dinput {or selccted cases.

lake data Turtle lakea 7 vzﬁgﬁﬁwlikﬁime
alkalinity, ueg/l 120 6 1400 6
lake volume, m P 1.,55%10° 5.09%10°
drainage area, km 6.4 1.7

selected cases

measured 1977 region
(local -+ distant sources)

SO4 loadiug, kg/ha 18.7 18.7
vears to titrate 0.75 29

1985 region assuming

doubling of 1977 input

SO4 loading, kg/ha 37.4 37 .4
years to titrate 0.37 14.5

predicted 1977
(local point sources only)

.80, loading, kg/ha 1.7 2.2
vears to titrate 8.2 243
predicted 1985

(local point sources only)

SO4 loading, kg/ha 3.1 3.5
years to titrate 4.5 153
predicted option 1 smelter :
SO4 loading, kg/ha 0.58 0.26
years to titrate 24.5 : 7900
predicted option 1 smelter

with 1985 local sources

vears to titrate 3.9 144

apredicted deposition from site 201

predicted deposition from site 224
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be on the ovder of lessz than 10 years at present sulfare deposition
rates, and perhaps 100 to 200 years for moderately high alkalinity
lakes. Thesge vesults represent a wovslt case approximaiion because of
assumption made in the calculations. Even though the calculated numbers
are nolt absolute, they, along with existing evidence, identify the
urgency of the problem and the need for careful evaluation of any

activities which could increase acidic dinput into the region.
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APPENDIX A

ed Gauvssian Model Program
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< Gb e 04TIS8 601 E CONTIRUE
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109, n6T6538 RY = OMR = TOR = XX = YY 3 SOVuR & S0MuUR 2 ne0
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116, 476738 UMP & DMR ¢ a{2,1w)ewi

~387 -
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=~ G _ DETERMINE THRE MEYVA|L DEPNSITIONS e
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ATPENDIX T

List of Abbreviations

ACGIH~-American Conference of Government Industrial Hygienists
BWCA~~Boundary Waters Canoe Area '
CDM-~Climatological Dispersion Model
ESP~-Electrostatic Precipitator

LD--Lethal Dose

MEQB~-Minnesota Environmental Quality Board
NIH--National Institutes of Health
NSPS~~New Source Performance Standards
PSD-~Prevention of Significant Deterioration
STEL~-Short~Term Exposure Limit
TCA-~Turbulent Contact Absorber

TEM-~Texas Episodic Model

TLV-~Threshold Limit Value

TWA--Time Weighted Average

VNP--Voyageurs National Park

As~-Arsenic Fe-~TIron ’ Pb-~Lead

Cd-~Cadmium Hg-~Mercury S ~=Sulfur

Cu~--Copper Ni--Nickel SO,~Sulfur Dioxide

: TSP-~Total Suspended Particulates
Units

?C——Degrees Centigrade gn/sec~~Grams Per Secoﬁd
K--Degrees Kelvin , cgl/sect-Calories Per Second

D e abtc Yaters Far Second
ppb~-Parts Per Billiomn.
mtpy--Metric Tons Per Year ' kg/ha/yr--Kilograms Per Hectare
um~--Microns Per Year
ml—Milliliter g/ha/yr~~§rim§ezir Hectare
km-~Kilometer . €

km/hr--Kilometers Per Hour Pg/l—mMicrograms Per Liter

%Z/hr--Percent Per Hour

ng/m3~~Nanograms Per Cubic Meter
Pg/m --Micrograms Per Cubic Meter
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