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CHA.1;>TRR 1. SUMl'1J\RY AND CONCLUSIONS

The prospect of a new industrial development in northeastern

Minnesota to recover copper and nickel raises the potential for major

atmospheric impacts which may be categorized into human health,

terrestrial ecosystem, and water quality.

This research project characterized northeastern Minnesota 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 nnpacts of copper-nickel smelting in northeastern Minnesota in terms

of the health, environmental, and regulatory issues.

The regional nature of the characterization 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

61
Endersen to predict concentrations of 802 and particulates within 10 km

of hypothetical smelter sites. Because of the distanc.e limitations of

the short-range models a longer-range model was developed whic.h predicts

concentrations and deposition rates of pollutants at distances up to

150 lern from a source.



This: model" the. modified gaussian model, incorporates the processes

of dr¥, deposition, wet scavenging, and oxidation of sulfur dioxide gas

to sulfate. Horizontal dispE~rsion is approxi:mated by the gaussian

distribution, and vertical dispersion is as-sumed to f>e uniform from

the ground to the mixin.g heiglit.

Tlie model can handle 25 sources, 50 receptors, 5 meteorological

stations, and 25 pollutantg. Required input data for sources include

the source coordinates', s'tack height, source width, neat emissions rate,

and pollutant emis-sions 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

amaieut air data collected by Kramer121 , 122, 123 around Sudbury,

Ontario. The modified gaussian model was also compared to'a well-known

gaussian model, CDM, and to a numerical model 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 amount

in addition to ambient air concentrations. The results for copper are

not conclusive because of high control values in the measured data.

Althougli the comparis.on to .tne standard gaussian model (CDM) and

the numerical model were Eased on limited data, tl1.e comparisions are

good C± 50%) and tIie results~ support the modified gaussian model.

Tne accuracy of modeling predictions depends on the ability of

~.z~



a model to s.imulate the ph);'s,)cs of the atmosph_ere and on the input data,

primaril¥ meteorological data and pollutant data. Meteorolocial data

are readily' availal:'le, but they 'are. generally obtained near ground level

rather than at stack lieight: where emissions are released. Other sources

of error include estimates of pollutant emissions, stack characteristics,

and location of sources.

A sensitivity analysis' was performed on the primary input and

meteorological parameters using 5 sites around Sudbury over a one year

period. The meteorological parameters which were tested include the

rainfall rate, rainfall duration, \Iand speed, wind direction, and

standard 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 crulnges 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 concentrations of pollutants are difficult

to define, and literature values range widely'. Sens:i.tivi.t:y of ambient

air concentrations and deposition rates to background concentrations

increased nth 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

~3-·



the source. Amhient air hackground concentrations were. not required

for the modeiin.g $.imulations in Minnesota , and the errors due to

uncertainty' in oackground conce_ntration do not appl¥. The factor of

2 to 3 uncertainty' in the background concentration literature values,

however, is witFun and greater than the uncertainty' of the model making

amoient air oackground values important if they are used in future

applications of the model.

Allioient air concentrations are relatively insensitive to changes in

deposition velocity. Deposition rates are more sensitive, and sensitivity

increases with distance from tlie 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)% 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, t,vo 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

3
below the detection limit of 10 pg/m, and particulate levels in rela-

tively undisturbed areas were auout 10 pg/m3
, annual geometric mean.

Average regional sulfate l~vels, 1.9 pg/m3 , were also low. Elevated

particulate levels (2 to 5 times' background levels) were measured



close to dus.t E~ource.s, such, as, dirt roads, mining operations, and

commurlit. fes .

A taoulation of '.major sources. \·;rltllin. 150 km of the. ore bod~T

identified 8/f, 820. met.ric t.ons of SO2 emissi.ons per year which vJere

released during the baseline period. An increase of 130% is projected

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

emissions-, 9'2,540 rntpy are expec ted to decline 38% to 57, 750 mtpy by

1985. The increases in sulfur dioxide 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.

Anout 99.5% 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 contributions of S02 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 85% 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) ts an important source of sulfates in the study area.

If national sulfur emiss'ions' double b:? the year 2000 as expected, 111

sulfate deposition in nortlieastern Minnesota may increase by a factor

of two or more oy 19-85. Many' of tne northe.rn lakes- are already-
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eXJ?e.rtencing the e~~ects of acid:Lc rain, and an¥ further increases

in sulfate deJ?osition will only exacerbate tIle problem.

WitTl.Dut coppe_r-nickel develoVillent in the region t.here does. not

appear to Ee a problem, now or in the immediate future (10 years),

whi.ch would threaten to exceed the ambient air quality sulfur dioxide

standards. Portions' of the region are presently experiencing high

particulate concentrations. for short periods of time whlcn exceed

the 24-hour ambient s·tandards. Elevated 2L~~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 assDciated vn_th population centers and mining operations in

the Mes-aDl Iron Range. Although there appears to be a serious sulfate

proolem, 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, typ.ically

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 desiznated portions

of northeastern Minnesota as non-attainment areas in terms of the

particulate amoient air quality standards. Any new industrial develop

ment in or near these areas which would contribute to particulate

concentrations ~ould be restricted unless other sources in the .area

reduced particulate levels to preven.t an increase in overall emissions.
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Another air qua1:Lt:y' regulation vThich may affect tILe establis.hment

of a coppe:r.,"niekel industry is the 8hort~term (2Lt-,hotlY and 3-hour) PSD

restriction for sulfur dioxide~ with, the very stringent Class I

requi:rement~3. posing the greatest limitations'. Present development

plans' in the area, principally' from the power generating industry and

the taconite industry, i'ndica te tI18t tl~e increased sulfur dioxide

emiss'lons proj ected for 1985 are enough to consume and possibly exceed

the 2L~·-hour Class 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 ne'~l 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 I 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 develop

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 methDds and process.ing options for milling, coneen.,..

trating, extracting and refining the are. Final selection of models

was predicated on compatioility 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



may be estimated, based on professional judgement of those experienced

in the field. In some instances accuracies could range from a factor

of 10 to 100.

'Sulfur dioxide emissions .

Th.e maj or source of sulfur dioxide emissions in a copper->nickel

development complex is 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 wIlich 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. These emissions can be minimized by careful design

of the furnace, efficient gas handling equipment, and good housekeeping

practices.

A hypothetical 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 tIle United States, and are still operating in many parts of

the world. The resulting environmental damage is graphically illustrated

oy 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 tltes.e emissions. than from

otfwr sources beeause of the high level of metals in the concentrate.

Particulate control in the. sme.lter is p- rimarily 't· h d baccomp. J_S e, y

cyclones', bigh efficiency electrostatic precipitators, hooding ~ and

ventilati'on systems. Smelter stack emissions result from drying the

concentrate pri.or to smelting, and from gases passing through the acid

plant. A high degree of removal is required before the gas stream can

enter the acid plant in order to 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 De 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 enviror~ent. 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

etther as a vapor or a particulate. The behavior of these elements is

difficult to predict.: Because low concentrations are present in the

concentrate and a liigh_ degree of removal is likely, the potentially



volatile eleInents, were modeled as. parti.culates. This approach, however,

should be reconsi'dere.d in a specific development proposal based on the

composition of materialS' to be processed, and the technology' to be

employed.

Models' of 'smeltet 'emlssi'ons.

Because a new smelter in the region WDuld have to comply with

Federal' regulations, the Federal new source performance standards

(NSPS) provided the framework for quantifying emissions from hypothetical

models. To meet these standards which limit S02 in the exit gas stream

to 0.065% oy'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 shortcoming. Three pollution control configurations

were selected to provide a range of emissions for modeling 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 th~ models have a sulfur

input of 165,542 mtpy.

Annual sulfur dioxide emissions for the base case, option 1, and

option 2 smelters are 12,274 mtpy', 5,502 mtpy', and 1,992 mtpy, respec

tively'. ')!ugitive emissions are 990 mtpy' of SO2 for each. of the models.

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

1,858 mtpy for tne option I-option 2 smelters. Fugitive emissions
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are esti)nated to I}(;:- 1.500mtp:y for each. of the particulate rnodels.

There i.s ~ of coursf~, a poss,ioility that extremely bj~gh_ concentrations

of pollutants' can be released during s-hort periods of time as a resul t

of an accident, failure of equipment, or during the course of routine

maintenance. Failure of a major piece of equipment such as the acid

plant could result in h:tgli emissions for up to a few hours before

repairs could be made or the smelter operations stopped. It is estimated

tnat 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 si.te which would require specialized treatment

is. along the, Duluth lakesnore which is' governed by a complex dispersion

regime created By Lake Superior and 250 meter bluffs along the lakeshore.
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The. Juodeling eff,ort J?uts the general impact of copper""ni.ckel

deveJ.oprnent on the. regton' s air quality.' into perspective.. .Existing

ambient air quality.' standards, whi.ch have Deen developed to protect

the pUbli.c fle.alth and viTelfare, 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, respectively. Alsn, the Federal 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 concentrations of 120 fg/m3 is

predicted for tlie. base case smelter-at 5 kID 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 tfireateded by' the base case



maximum

Federal

SJUeltex at sJ.te.s, clQq.e to the. source.. The' State annual (60 jug/m3
) and

3
2L~~·hour (260 pg/m ) standards are more. stringent than the

3 3
standards' Cannual~80ltg/rn ; maximum 24-~fLour~36.5 pg/m ). The

24·,..hour standard \voulc1 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 tne option 2 smelter.

Tlie Class' II PSD increment is not predicted to be exceeded even

for the smelter model with the least amount of sulfur dioxide control.

Hov.TE.ver, 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 dioxd..de

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 I or 2 (Figure 75, page 316). The option 2 smelter could be

built in zones 3 and 4, while the. o:ption I (and of course option 2)

smelter could meet the increment requi.rements in zones 5, 6, and 7.

Within the factor of two accuracy' of the model, at worst, none of the
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smeltexs, could be lqc.ated ~.l1 zones. 1, 2,. 3, or 4·, and only the option 2

snw.lte.r could be loca ted in zone.s 5, 6, or 7.

These results appl¥, onl~T' to a smelter faciJ.ity, and do not factor

in the. contribution of ne\\r or expanded sources other than copper-nickel

development. However, it is predicted tT1a t these other sources could

exceed the 24-hour Class I PSD increment even without copper-nickel

development. Taking thiS' into cons'ideration, smelter siting would

appear to be excluded in areas that are between the concentrated line

of sources along the Iron Range and the Class I areas. For this reason,

siting in development Zones 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.
186

Locating the smelter close

to the mines and processing facilities would also eliminate risks related

to transporting the concentrate.

About 75% of the copper-nickel resource lies in zones 1, 2, and 3.

Zone 4 contains about 20% of the resource, and zones 5, 6, and 7 together

. 10% 174contaIn just over o. Itia clear that: when d@velopment occurs, :the

economic potential will De greatest in those zones that would result in

the greatest air quality impacts.



The siting ~ueD,ti.on is, one that will have to be answered by the

appro-priate authoritief:r, but it :Ls apparen,t that the 2!.J- ....hour PSD

increment in a Class I area is one of the standards that \-\Till have a

maj or influence on smelter siting in nartlLeastern Minnesota. The effect

of other new sulfur dioxide sources is also important since they maY'

consume a portion or all of tEe increment, potentially excluding a

smelter from the region. Cler:.ixly, the decisions to be made must involve

longo-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 us'ing the modified gaussian model because of the short

time periods (3~6 hours) involved. Accidental release was modeled

using sho:rt-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 deposition of

about 15 kg/ha/yr, the modified gaussian model predicts increases of

about 15%, 6%, and 2%, respectively, for the base case, option 1, arid

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, expecial1y a '

facility' with. state."...of~th.e':"'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.



~For example; s,ul;4"ate deposition at a '·site 5 km east of the base

case smelter is predicte~d to increase by' about 60% over current levels.

Al though tIiis il1crease VToulc1 be reduced to 25% and 10% for the option 1

and opt:ton 2 smelters, respectively', these Ie.vels 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 wElch has accumulated during the winter is suddenly

released int.o surface waters.

The impact of metals and acid-forming species like sulfate on the

area's lakes' and streams is of vital interest. Many of the lakes in

the area have low buffering capacity and. are already susceptible to

acidic precipit.ation. 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 froIn 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 2%

of the standard at 25 1<:0. However, there is a possibility that the

3
Class I 24-hour increment of l0tJ-g!rn could be exceeded 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



sulfur dioxide emis.sions would dic.tate. siLlIlg on the basis of the PSD

re.gulations.

Ambient air c.oncentrations of Hg, Pb, As and Cd resulting from

the option I-option 2 smelter are predicted to be 2-3 orders of

magnitude lovrer than existing levels which are typical of concentrations

measured in remote areas. Conc.entrations of Cu and Ni, however, are

predicted to be the same order of magnitude or higher. Deposition of

As, Cd, Po, 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.

During normal operation the projected release of sulfur dioxide,

sulfates, total particulates, and metals from the smelter models is

not expected to have significant human health consequences •. There is

a possibility that concentrations of sulfate and particulates may be

high enougl1 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 nave shown that the populations in almost all of the counties

in the United States wIlere copper smelters are currently' operating

are experiencing increased death rates from respiratory' cancers, '
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accidents" and cardi,ovascular di.sea~es.. · The' actual caus.es of th.es,e

tncreas:es~· :Ls" not Imov-rn, lint tile res.ul ts do indicate. that a potential

for human healtli impacts' exis·ts from copper smelting in nortfi.eastern

l1innes.ota.

1.4.4 .. '}7eg~tat:iort"and "soil.

Northeastern 'Minnesota is' potentially' susceptible to impacts on

vegetation and soil from smelter emiss·ions'. The pine and aspen trees

which predominate in the region are sens'itive to acute and chronic

.sulfur dtuxide exposure. The soils in the region are relatively thin

and poorly' Duffered, 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

wita 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. In addition to reducing fores·t

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 at): polluti,On; damage. mat not even he vi,8.thle, but

may' take the- f()rm of reduced growth ra t.es. Prevention i.s, of course ~

the best solution. Siting of smelters a\vay from young, sensitive

conifer plantations' and areas'having low soil b.uffering capacity can

reduce potential impacts.

1.4.5. ~Ta.ter quality'.

"Many- of the 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

15e affected first 'because more precipitation falls in these areas,

resulting in greater 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 laRewater by increasing leaching.

Tfie atmospheric depositiun of air pollutants onto surface waters

occurs, during the SUlnmer as rain and during the winter as snow. During

tne winter montns' when the ground is frozen and surface runoff is' absent,
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at,r pollutants. are depos.ited Oilto the snow-pack, s,tored, and later

releas'ed over a very' short tnter\ral during the spring 'melt.· Themelt~

freeze c¥ele~r' that occur during tne snow~elt can result in dramatic

i'ncreases1 in the concentrations' of pollutants in the meltvlater. These

increases- can o'e asmucIi as two to tl1ree times greater.

The modeling simulatIons predict that the concentrations of sulfate,

copper, and nickel in the snow-pack due to the option 1 smelter will

De 10 to 100 times greater than the currently measured levels. If it

is' assumed that the average concentration in the snow can double or

triple in tile first 30 to 40% of meltwater, then predicted concentrations

would increase accordingly, considering, of course, the factor of two

accuracy attributed to the modeling results.

The modeling slmulations using the option 1 smelter also show that

the predicted contributions of sulfate deposition to regional lakes and"

streams would, De 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, b¥'sulfate

deposition. The results indicate that a lake with low buffering capacity

could oe acidified in a short period of time at present sulfate loadings,

and that exis~ing point sources, although, contributors, are not as

S'igllificant as sources' outside t11e regj,on. Local sources. contribute

less than 15% of the total sulfate loading with the rest due to 10ng

range transport from outside the region. The addition of new sources
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E?,uch~ as, a coppe.r:ntckel sflJe.lter could he tmportant in deter,mining the

the productive life of low, alkali.nity' lakes'. Ti::me spans' for the actdi

fi'cation of IOvr alltal.:i::nity' lakes appear to De 011 the order of less than

IQ years at present deposition rates~ and perhaps' lOa to 200 years for

moderately hlg11 alKalinity, lakes'. These results represent a worst case

approximation 13ecaus'e of as'sumptions 'made in the calculations. Even

though the absolute values way 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 requil"es careful evaluation.

For this reason, a research program should be implemented in the

near future to better define the identity, sources, and deposition rates

of aci:d~~producing compounds in the region.

1.4.6. Summarx.

This researcQ proj ect was part of a regional study designed to

assess possible environmental impacts resulting from copper-nickel

development. There has eElsentia11y been a moratorium on copper-nickel

mixling in Minnesota since 1974 when the Study began. The Copper-Nickel

Study' report was. officially- a.ccepted by' the Environmental Quality Board

~n September, 1979, and mining companies can now apply for development

permits.

Actual development will probably he different from any of the

models- us.ed tn this assessment. However, the impact assessment tools

and baseline data have now'been developed that will he used to evaluate

future si:te-speciftc development proposals. In addition, the Study'

provides' the hasis for the development of State policy regulating the
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copper~ni,:ckel indus,try' t:n northea$.tern }1innesota.
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CHAPTER 2. INTRODUCTION

2.1. BACKGROUND

Beginning with the discovery of major copper-nickel deposits in

northeastern JYfinnesota in 1948, mining companies have shown consider

able interest in developi.ng 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 recrea.tional area. A principal concern wa.s that

the open-pit mining proposal was within a few miles of the Boundary

Waters Canoe Area (BHCA), 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

~·23-·



to include sound preoperational monitoring 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 completed 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 socia-economics.
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This research project developed from the need of the Regional Copper

Nickel Study to assess potential atmospheric impact? of a copper-nickel

smelter in northeastern Minnesota on a regional scale.

2.2. ISSUES

The prospect of a major new industrial development in northeastern

Minnesota to recover copper and nickel raises the potential for atmos

pheric impacts. The air quality concerns relating to ~opper-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.

Inhalation 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 m.etals uptake by people living near a smelte.r) acute effects

due to upset or breakdown conditions, 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 dioxi.de and deposition of air

borne metals (primarily copper and nickel) may have direct or indirect

effects on terrestrial plants and soil organisms. These changes can

affect all other components of the ecosystem. Another concern is .the

potential for direct vegeta.tion damage by sulfur dioxide close to a

smelter should equipment breakdown cause hi.gh sulfur dioxide em.ission

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

productivity.

Atmospheric pollutants can be deposited directly onto water sur

faces, or be deposited on land and subsequently washed into rivers and

lakes by precipitation. Metals which are potentially toxic to aquatic

life include copper, nickel, cobalt, arsenic, lead, mercury, and

cadmiums Sulfur in the form of unneutralized su.lfate contributes to

the acidity of rain which, in turn, can acidify, regional waters. Many

nor!=hern lakes may now be. susceptible to increase,d acidic inputs.

Present air quality standards do not address many of the environ

mental concerns just listed. Hm.lfever, 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 ilOt 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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allowab.le increases for sulfur dioxide and particulate c.oncentrations

above 1977 levels. All of northeastern Minnesota has been designated

a Class II PSD area with the exception of the Boundary Waters Canoe

Area (BWCA) and the Voyageurs National Park (V1\TP) 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 (km
2

) area which is

already experiencing air quality impacts from existing activity within

and outside the area.

The approach to the research project was to first review the

literature and detennine if predictive air dispersion models were avail

able that could be adapted to model an area of about 5000 lan
2

in north-

eastern 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



solutions to the eddy di.ffusion equati-on. The. gaussian models axe

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 prohibiti.vely expensive.

A model which was being developed at HcMaster 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, Bo~~an, and Burnett for

application in Minnesota. The handling of meteorological data and the

basic diffusion concepts were retained 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 sensitivity 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 apply to smelter siting, smelter models and the regional sources in

the emissions inventory.



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 emissions on health, surface waters and

soil are discussed in Chapter 10.



CHAPTER 3., APPLICATION TO COPPER-NICKEL sr'1ELTING IN
NORTHEASTERN MINNESOTA

In order to assess the potential air quality impacts f~om copper=nickel

smelting in northeastern Minnesota, it was necessary to i.dentify the types

and amounts of air 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 regional

emissions inventory ..

3~14 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 knO\-ffl as the air quali ty study reglon or simply as the study

regiond 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, \H.sconsin to the south 4

Within the larger study region is a smaller area of about 5,000 square

kilometers known as the study area d The study area contains the

copper-nickel ore body and is actively being considered for mining

development d

The zone of the ore body is shown in greater detail in Figure 2. 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 minesd

The Boundary Waters Canoe Area and Voyaguers National Park which are

Class I prevention of significant deter'ioration (PSD) areas are also shown

in Figure 1.;
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The study r'egion also conta:tns th~~ sites and regional sources

which were 1nclu~ed in the modeling 3imulations~

3.2. AIR QUALITY REGION RECEPTOHS AND ~{€TEOROLOGICAL STf~TIONS

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)d

Table 1 provides the receptors and coordinates d

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 areaSd The terrain can be characterized as

rIa t to moderately rolling wi th thE~ exception of the Gian ts Range d The

climate of the region can be considered continental, characterized by cold

winters and warm summers d Surface wind patterns are dominated by

northwesterlies (about 75% of the time at Hibbing) and southeasterlies4 277

Precipitation is moderate; June, July, August, and early September are the

months with the highest precipitationd During the winter the ground is

snow-covered from November to mid-April; frost may penetrate the ground

141from a few iches to as many as 60 inches~

Precipitation averages from 700 to 760 millimeters~ Precipitation

exceeds lake evaporation by about 200 millimeters, and nearly all of the

precipitation that falls on lake surfaces ends up in the lakes4 277

Meteorological data from Thunder Bay, Duluth, Hibbing and International

Falls were used to drive the modified gaussian mode14 Data from the four

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

presented along with normals in the following discussion4
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3.4. REGIONAL EMISSIONS INVENTORY

21A regional emissions inventory, initially compiled by Bowman and

subsequently refined by Ritchie, provided the basis for both the

characterization of present air quality and the evaluation of future

development impacts with and without a copper-nickel smelter~

The regional emissions. inventory includes point sources emitting

more than 100 metric tons peI.' year (mtpy) sulfur dioxide (S02) or total

suspended particulates (TSP) within a 150 ~n radius of the copper-nickel

are 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, unpaved

roads, and space heating requirements, and line sources such as traffic

are not included) but their 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 at International Falls are used in the

dispersion model to calculate the inc.reasE~ in wind speed with stack

height according to the power law velocity equ.ation.

Mixing height may be defined as that height above the earth's

surface to which pollutants will extend, primarily through the action of

1 · b I 103atmosp~erlc turu ence. Estimates of mixing height from International

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

derived from the seasonal data
106

at International Falls. The average

monthly afternoon mixing heights were fit to a sine curve resulting in

the equation: ill1AX = 1.000 + 0.510 sin ((IM-3) x 0.524)~ where HMAX is

the monthly mixing height in kill and 1M is the month.

An inverse linear relationship exists between pollutant concentra-

tion and mixing height~

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

Horning Nixing Afternoon Mixing
Time Period Height, meters Height , meter s

Winter 34.1 656

Spring 411 1646

Sununer 337 1747

Fall 513 1146

Annual 402 1299

141
Ma:x'Wel1
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Table 5. Monthly snovlfal1 (em) for 1976-7'7 compar~ed to normals at the
regional meteorological strtions

bThunder Baya Duluth) Hibbing In ter'na tional Fd

1916- long 1916~, long 1976-c longd
1976~ long

Jan 16<&6 51,,6 22 0 4 43" 4 32,,3 23 4 6 2 8 41~ 29tl2

Feb 34 6 7 31 clO 13</0 30,,0 15,,7 14 </4 36" 1 21,,6

Mar 11 d 11 35,,3 38cl9 35,,8 17,,5 25., 1 35<16 25,,7

Apr 5,,60 20,,1 00125 17 <13 tr'ace 14,,5 0,,51 15cl5

May trace 4,,30 2,,29 0<150 2,,54

Jun trace trace

Jul

Aug trace

Sep tr'ace trace Otl25

Oct trace 3,,60 4,,32 3<505 trace 101 60 trace 3,,81

Nov 8,,80 30 d7 6,,86 2549 8613 14<15 90165 26<17

Dec 36 d It 45,,5 19 01 8 3949 25,,4 25.:2 31 .5 27,,4

Ann 113<15 222 6 1 105<15 197<16 99 riO 119d 1! 141 oj 8 152 01 1

aFisheries and Environment Canada61 , 68

bNational Oceani.c and Atmospheric Administration 164

c 218 dWatson217Watson

Table 6. Annual stability class occurrences, International Falls

Year

~J<Y Class 1911a 1.910-197 1!b

A 0.003 060045

B 0.034 0,,0264

C 001091 0,,0828

D 0.597 0.6235

E-F 0,,275 0,,2683

a 61
bEnderse941

Maxwell
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Table 4. Monthly precipitation (em) for 1976-17 corn
the regional meteorological stations.

a b HibbingThunder Bay Duluth

1976,- long 1976 2
• long .1976°_ longdf_

to normals at

I t tj 1 f ,b.. n .erna ".ona w

1976- long

Jan 1"14 Ll <J80 0<191 2<190 1,,22 10163 2,,21 2cl21

Feb 3 <! 10 3,,02 1,,19 2<14 LI 1<180 1<148 2<157 1,,78
Mar 5" 12 4<137 11 <13 14,,214 2,,29 3,,51 4,,85 2.82
Apr 2tl97 5<164 3,,23 5<151 3<105 4,,16 2<157 4d14
May 6 4 02 7d41 8,,89 7,,85 7<175 7402 '4 d8 6d68
Jun 10.2 8<128 10" 1 10" 1 10<18 8,,85 10d7 91193
~Jul 9,,56 F{ " 11 94193 9<130 5.,56 10,,2 5,,49 91475
Aug 1649 8/79 8,,28 8,,76 18d5 8d63 7<165 8,,48

Sep 28.14 8 d 33 15,,2 8 d 13 1245 8,,03 17.3 8.. 43

Oct 5.65 5,,69 8,,13 5461 5,,97 4,,86 2.03 4,,39

Nov 1410 5d72 0.48 4,,22 00\48 2497 0,,53 3,,30

Dec 2,,89 4<160 0.99 2<192 Od81 1.. 90 1.52 2.31
Ann 93" 1 73,,9 78 d 6 72,,0 70d7 63,,2 72,,2 64.2

aFisheries and Environment Canada67 , 68

bNational Occeanic and Atmospheric Adrninistration164

c ?78
Watson~

d~latson277

';"41-.



and precipitation that falls as rain. Sno'Vlfall accumulates during the

winter. The accumulation is released to the streams arid 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 ShO\<7S average monthly and annual 8no"'7£a1l at the weather

stations. Although total precipitation was above normal during the study

period, snowfall was about 51%, 53%, 83%, and 93% of normal at Thunder

Bay, Duluth, Hibbing, and International Falls, respectively.

3.3.4. Atmospheric stability and mixing he~t.

Atmospheric stability and wind speed are the prima.ry meteorological

parameters whicl~ determine the capacity of the atmosphere to transport

and disperse pollutants.

Stability is commonly characterized by categories (first proposed by

Pasquill177 ) 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.



Table 3. Monthly and annua.l aVf3rage 'lrl1nd
compared to nOf'rnals at the regional

Thunder' Bay
a Duluthb

Hibbing International b
F'<l

1976- long 19'76~ long 1976d longc
1976- long

19'77 term 1917 term 1 7 term 1

Jan '6~o , 5.;0 15 <I 1 19<13 11L 1~ 1448 12 <91 1l.j.;8
Feb 15.,3 14 <16 18.:0 19 0 0 16 dO 14,,8 11L,2 14 01 6
Mar 15,,8 , 1~ d 3 20,,6 19<15 1'7,,6 15 <! 1 15 d 3 15.,3
Apr 11 d 9 1548 18<12 21,,2 16 olD 16<17 13d2 16.,9
May 12£13 , 5,,2 17/'f , 9d 8 16,,0 16,,3 14,,0 16 d3
Jun 10 d O 13£12 15 e O 17 ,,4 14.4 14 <12 '1d7 14.0
Jul 9.2 12,,6 11L2 15 .. 9 14 4 4 13 <12 13 <12 12d9
Aug 9d3 11 tl8 14<13 15 d6 14d4 12,,6 , 2 d If 12 Ii 4
Sep 10 d 8 12,,7 16tl3 17 d 1 14.,4 13",7 12 <12 14,,2
Oct 10,,7 15,,9 1749 18<13 16,,0 15.,9 1446 15,,3
Noy 15,,5 14,,8 15.s4 19,,5 17<16 15,,0 14,,8 15 d 9
Dec 13.8 111oj 3 15<18 18 01 3 16<10 14,,3 13,;5 14,,6"
Ann 12,,6 14,,2 16<15 18 4 3 15 .. 6 '446 13,,4 14 48

~Fisheries and Envir'onment Canada 67, 68 164
c~ationat49ceanic and Atmospheric Administration
dr'lax\'1el ~7 8

Watson ------~._~""'-

between December and Mar'ch d Dur-ing the study perlod 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 19714

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, respectivelY4

It is important to distinguish between precipitation that falls as snow



The study region has a wet and a dry period \ihlch cor'respond closely to

summer and vlinter seasons, respect!vely d ~Jatson277 analyz,ed 'composi te

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 ending on October 15 when a sharp drop in precipitation takes

place"

June and July are the wet test months and r""ebruary is the dries t" The

region experiences heavy snowfall and the most frequent snow occurs

Table 2. ~1onthly mean and annual temperatures for 1916=77 compared to
normal temperatures (oC) at the regional meteorological
stations.

a b Hibbing International F.Thunder Bay Duluth

1976- long 1976- long 1916e longd 1976c longb

1977 term 1977 term 1971 term 1977 term

Jan -17 .,9 -14.8 ... 17 .. 9 .,.13,,1 -19.3 -15,,4 -21 -16.,1

Feb -10.,0 -13,,0 .. 8,,2 -1 1.1 .. 9.4 -13.3 -10,,8 -13,,9

Mar .. 1,,2 - 6,,2 .. 0,,3 .. 4,,7 0 - 5<18 - 1.:3 .. 6.. 3

Apr 4 4 3 2 .. 4 6,,9 3.7 6.. 9 2.4 6 <I 1 34 4

May 12.0 8.3 14" 1 9.7 15 .. 5 10,,2 16.1 10,,0

Jun 13 .. 8 13018 15,,6 '5,,0 16 01 4 15,,2 '6 01 6 15,,8

Jul 17,,0 17 ,,5 18,,8 18,,7 19,,3 18,,7 19,,2 15,,4

Aug 13,,6 16015 14,,8 17,,8 14,,5 16,,5 13,,9 11,,3

Sep 11 ,,3 '1,,3 11" 8 12,,4 11 ,,9 11,,8 '1,,4 11,,7

Oct 6. , 6" 1 6,,8 7,,4 6,,2 5,,0 6,,3 6,,4

Nov -5.8 -2,,5 -5.5 -2,,0 -6,,8 -4,,2 1,,5 5,,4

Dec -17,,2 -10,,8 -15,,3 -9,,8 ... 11,,1 -'1,,7 -19,,4 -12 .. 9

Ann 2,,2 2,,4 3,,5 3.7 3,,2 6,,7 3,,2 2,,4
a 61 68bFisheries and Environment Canada ' 16
cNational Oceanic and Atmospheric Administration'6~
dNation~t10ceanic and2tgmOSPheric Administration

Watson eWatson
~38~.



FI L E

PERCEI»,,1T OF TIME Vvlt'-JD BLOVv'S FRcJM EACH OF

16 t~ A JOR V/I N D DIRE C T 'ON S

10 100m.

10 --

E BAY

10-

-~-,

10

10 ....

DULUTH

10-

10-

> HIBBING

WA Tsot'-l276

..,-37-.

INTERNATIONAL

FALLS



3.3.1. TeE1Eerature.

Temperatures ca~ vary fl~om -l~Ooc during the long winter to as high as

o 27940 C during the SUIT@ey in the study region. 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

o
runs (November, 1976 to October, 1977) annual average temperatures of 2.2 C,

o a d 3.2oC lId d3.5 C, 3.2 C, an are ca eu ate for Thun er Bay, Duluth, Hibbing,

and International Falls, respectively. Thunder Bay and Duluth had temp-

eratures 8ligh1y 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 Superior; 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.



Table 1.

Site Comp"

Receptor' eoordlna tes for the modifi.ed model

1 301-Little Johnson Lake
2 106-Little Vermillion Lake
3 104-Birch Lake Dam
II 103·~Saganaga L,ake
5 105-Vermillion Lake

6 102-Shagawa River Watershed
1 214-Ely High School
8 224-Fernberg Road
9 219-Tower-Sudan
10 206-Bear Island River W_

11 201-Kawishiwi Lab Watershed
12 202-Keeley Creek Watershed
13 101-August Creek
14 101-Isabella Watershed
15 212-NW of Virginia
16 207-Embarrass River W~

17 215-Babbitt
18 204~Unnamed Creek-Bob Bay W.
19 223-Env. Learning Center (ELC)
20 225-Parkville
21 221-Erie Office
22 208-Dunka Road

23 205-Dunka River Watershed
24 203-a Stony Ri.ver Watershed
25 217-NW of Eveleth
26 218-NE of Eveleth
21 213-Hoyt Lakes G.C.
28 209-St. Louis River w.

29 210-Waterhen Creek W.
30 211-Whiteface River W.
31 222-Toimi
32 220-Whiteface
33 226-Tower

.,..35~.

92,,7172 48<l3711l
92 II LpnS J~8 <12904
91 41 44 0 48.,0566
90,,889 LI 4862544
92,,3'{89 47~9127

92.0309 4709481
91,,8615 47,,8979
91.15045 47d9505
92,,2'l15 LI767870
91_9237 47018048

9147438 47.8147
91 e696 Ll 4147868
9145760 !{741868
9103217 47.8228
92,,5779 41.6159
92" 121~1 47,,6189

91 _91l39 It 7"7111
91,,8302 4707148
91<15150 47,,6690
92,,5853 47<15170
92" 1513 147015849
91.9711 47 .. 6069

91<18302 41,,6429
91 05633 47,;5889
92 4 6161 47<14270
92013768 47.4270
92a110 1i 47015170
91,,8970 47.4720

92011502 47 .. 3821
91019503 47013911
91,,8038 47,,3911
92",2111 47,,2701
91.,8705 47,,1932
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Tahle 8. Point sources in the air quality study region included in the
enissions inventory.

MPH Sy Laskin
Generating Station

Reserve Hining
Arrowhead BI acktop
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
Eve! e th Tacon i te

MP&L Generating Station
Jones b Laughlin
Publ ie Util ity
Hibb ing Taconite
Hanna Mining Company
Erie Mining Company
Minn tae ,f;
Public Utilities Dept.
Inland Steel
Pickands Mather

.f

Boise Cascade

Reserve Mining

MP&L Clay Boswell
Generating Station

National Steel Pellet
Butler Taconite

Erie Mining Company

Potlatch Northwest
Conwed
Continental Oil

Biwab ik

Hoyt Lakes
Mt. Iron
Virginia

Eve! eth
Floodwood or
Brookston
Gitber t
Bibb ing

.__.:;-.:...:...::.....~ ~.::...:::...:...;... ~__F:...:'A.::..:CII..IT._Y _STATE COrNTY CITY

Minnesota Carlton Cloquet

Wrenshall

Cook Taconite Harbor

Itasca Cohasset

Keewatin
Nashwauk

Koochiching IntI. Falls

Lake Silver Bay

St. Louis Aurora

Babb itt
Duluth

'Wisconsin Ashland Ashland Lake Superior Power Dist.
Roffler's Construction

Douglas Superior Murphy oil Corp.
Farmer's Union Grain
Globe Elevator
Superior 'WL&P
Orba Corp.
Burlington Northern
Univ. of Wisconsin
ClM Corp.

Ontario Atikokan

Ft. Frances

Ontario Hydro Generating
Station

Cal and are Company
Steep Rock Mines
Minn. Pulp & Paper

....46-



EIlJissions data Her'e taken dlrectly fr'om inventoples which are

by ~1inne~1otEl. cmd \~isconsin from sent to major emitters of air

pollutants d Baseline emissions were also estimated directly from stack

tests when the de ta \-Jere aval1able e

Projected emissions were based on proposed source changes in the study

area including expansions in the power generation and taconite industries,

addi tions to poll ution con tr'ol sys terns r fuel conversions such as the change

from gas to coal in the taconite industry, and the closing of some sources~

Sources for baseli.ne and projected emissions data include the

Minnesota Pollution Control Agency, Minnesota Energy Agency, Wisconsin

Department of Natural Resouces t and the Ontario Ministr-y of the

Environment e

The da ta in the emi.~sions inventory are not absolute numbers; the t is,

emissions data are continually being refined~ The inventory that is

compiled for 302 (section 7 4 1) and TSP (section 7.2) reflects the best

available data at the time of the compilation4

In ol"der to estimate the air quaIl t.y impact of a point source certain

characteristics must be kno\om.J In add:i.tion to pollutant emission rates,

the following information is required: source location, stack height,

inside top diameter, exhaust gas temperature, flow rate, and heat

emissions4 Sources emitting the same pollutant from several stacks that

are within approximately 100 meters of each other can be analyzed by

t ti all i i i i 1
. 264rea ng em ss ons as corn ng from a s ng e representative stack 4

This technique involve·s calculating an arbi trary parmeter, k, which

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

emission rate4 28



The parameter k, which is an arbitrary parameter, is give by the

'e'.,>, equation: k = hT V/Q, where h is the stack height (m), T is the stacks s

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 25%, 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

25%, then the stack parameters of the largest emitter were used as

representative p~rameters. 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: Q = pC VT ,
H P g

where Q
H

is the heat emission rate (cal/sec), T
g

is the exhaust gas

o -1 0 -1
temperature ( K), C is the specific heat of air (cal g K),

P

';48-



air

V is the exhaust gas flow rate (m3/sec), and P is the density of

3(kg/m ).

In those instances where stack parameter data vJere not available for

a particular facility, data from a similar facility were used. Specifi-

cally, stack data for the planned MP & 1 generating station at FloodHood

were based on MP & L Clay Boswell unit No.3, and stack data for the

proposed operations of Jones and Laughlin at Gilbert and Pickands Mather

at Biwabik were both taken from Hanna Mining Company.

Table 9 summarizes the representative stack data for the regional

emissions.inventory.

3.5. EXISTING LEGAL FRAJ:fEWORK

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

otiler pollutants such as copper, nickel, zinc, cadmium, mercury, silica,

and asbestos-like fibers may pose environmental health risks, but the

aniliient 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

-49-



Table 9. Representative1 stack data for regional anissions inventory point SOlJI"CO-..5

Coon;linates Stack d~1! meters ~UM

longit\lje latitwe Deight di.arret§r. T€f!1)~ 31; ~t~ .. ~6~.1! ~ ~__._ . SSJ.m _ .. ~

MINNES:>TA

Clocpet 92..4399 ~ ..1147 68,,0 4..4 470 35,,1 3,;70
Wrenshall 92 ..3746 46f!6077 41.0 0.,8 923 5"1 L05
Taccnite Harbor 90.8765 Jfl.5350 10010 3..1 413 116<18 10.;81
Cohasset 93..658'7 47 ..2571 122 5.a 386 565,,0 48<586
Keewatin 93 ..0656 1tl ..lID81 42,,0 3..9 393 19lt .0 17.03
Nashwati< 93 ..8638 47,,3515 38",0 3..1 797 177 <11 31.,63
SilverB3.y 91 ..2449 47 ..3011 1040 8,,9 423 83.a 8~31

Aurora 92" 1625 41,,5260 9LO 3,,2 331 233.,7 17.,33
Babbitt 91.8836 1fT ,,6708 10410 O)~ 260 4.7 O/ZT
Muth 92" 1488 46,,7345 66.,4 3,a 449 76,,9
Eveleth 9245735 47 ,,}479 46.,3 340 326 139 ..2 10017

'I Flccdwocd 92,,8648 46,,8607 120 1,,6 386 565",0 48,,86<.n
0 Gilbert 92,,3998 147 ,5116 41..1 4,,0 ?f37 129 ..0 1L18
J

Hibbing 92,,9417 41,,4162 41<17 4,,0 3fJl 129clO 1L18
Hoyt Lakes 92<l1359 47.5970 40,,0 1.1 533 19 ..3 2.:30
lliuntain Irc:n 92,,6468 47,,5476 31.1 446 324 262,,2 19~O3

Virginia 92.5426 47 .5188 40<:\0 2,,2 453 38,,7 3,,93
Bi'Wabik 92,,3506 4705350 41 ..7 4 ..0 ?f5l 129,,0 11"18
International Falls

Ft .. Francis 93,,4063 l{8.5962 3)clO 2.5 433 35,,4 33.A3

WI.9:XNSIN
.Ashla.rrl ~ ..8645 46,,6023 43,,0 241 423 28,,0 2065
Superior 92 .. 1024 46,,7210 10,,0 2,,0 923 23.16 4,,88

CANADA
Atikokan 91 ..6198 ~ ..8210 198 7<16 676 398 ..8 60)41

1 .
Since each city a CQ'III1UOity may have more than ere stack
a representative stack h3s been selected for m:deling PJT'POS€S"



with different allowed increments for each cla.ss. All of Minnesota falls

into the Class II designation except areas within the borders of the

BWCA and Voyageurs National Park. These areas are federally mandated

Class I areas (L~O CFR 52.21 .(e) . Ta1)le 10 gives the allowable PSD

increments for Class I and Class II areas. For any period other than an

annual average, the applicable increment may be exceeded during one such

period per year at any location (4.0 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 air 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 S02

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 ~ederal 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 categories that could potentially

emit 100 tons per year of pollutant regulated by the Clean Air Act.

Primary copper smelters are i~cluded among the source categories subject

to this review (40 CFR 52.21 (b) (1) and 52.21 (i)). In addition, any

.,..51-



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 (~O CFR 52.21

(b) (1) (ii» .

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)(lO) 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 GFR 52.21 (j) (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 the allowable emissions of major stationary sources and major

modification which started constrution before January 6, 1975 but were

not in operation by August 7, 1977 (40 CFR 52.21 (b)(ll». 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 802 and particulates. The principal reason for this is the taconite

expansion currently taking place on the Iron Range.
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Tabl e 10. Haximwfi allo\vable PSD incwements in Class I a.nd Class II areas d

Particulate Matter:
Annual geometrio mean
2l4-hour" maximum

19
37

Sulfur Dioxide
Annual arithmetic mean
214-hour maximum
3-hour maximum

2
5

25

20
91

512

aFor any period other' than an annual period, the applicable maximum
allowable increase may be exceeded during one such period per year at any
one-±.9c~tion <l

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 prirniary ~1bient standard, whiohever

concentration is lowest for the pollutant for a given period of exposure

Three steps are involved in the PSD review~ The first step is to

identify all sources that are to be used in determining the PSD baseline as

defined by the act. Next, new sources in the area which are not part of

the baseline contriibutors must be identified since they will consume all

or part of the allowed incrernents4 Third, the new proposed source under

review must be characterized in terms of its location and emissions 4

Appropriate air quali.ty 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 result in the increments being exceeded 4 The modified gaussian model

was used for 24-hour and annual PSD review~ The 3-hour increment has been

61evaluated using the standard gaussian mode14
-:-53.,..·



For purposes of studying potential copper-nickel development impacts, a

target date of 1985 was selected for PSD review analysisd This is the

earliest date that a major copper-nickel source such as a smelter might

reasonably be expected to begin operations4 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 AgencY4

In terms of the sources located in Canada, it must be noted that their

status in the PSD review is not certain4 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 4 21

(f)(1)(iv))~ The major source of relevance here is the proposed coal-fired

power plant at Atikokan, Ontario which is being constructed by Ontario

Hydro 4

In add i tion to ambient standards, copper-nickel development would

also be subject to a variety of emissions standards 6 The federal new

source performance standards (NSPS) are applicable to primary copper

smelters 4
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 NSPS as well as in the PSD regulations 4 A ruling by the

appropriate legal authorities may be needed to clarify this matter4

However, for the purposes of assessing impacts, it is assumed that the

regulations applY4

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%

-5L•.,..



FIGURE 6
PRINCIPAL MINING COfv1PONENT RELi-\TI

IN THE PRODUCTION OF COPPER
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(40 CFR 60.162 and 60,164, respectively)~ Also, emissions of 502 from

roasters~ smelting furnaces, and copper converters are Ilmited to 650 ppm

(by vol ume) averaged over a 6-hour' period (ltD CFR 60 <1164) ., The standards

also require the continuous monitoring of the opacity of dryer emissions

and S02 content of emissions from roasters, smelting furnaces, and copper

converters (40 CFR 60,165).

3.6. ~1ELTER 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 ffi1d refiningd Figure 7 shows a flowscheme for a

copper~nickel smelter using a flash smelter furnace.

The wet concentrated smelter feed' (635,260 mtpy; 14,,3% Cu, 2d5% Ni,

33,,3% Fe, 25;19% 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 mtpy of refined copper plus nickel

metal .. 171.1, 186, 197, 274

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.".,



FIGURE .7. FLOWSC~£ FOR A COPPER-NICKEL SMELTER USING A FLASH SMELTING FURNACE
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not significant sources of 802 emissions.

The refineries are potential sources of 802 because they consume fuel

to provide heat for a variety of processes. 502 emissions fronl the

refineries depend on the type of fuel used. Coal or high sulfur residual

oil could result in major emissions, while a sulfur-free fuel such as

natural gas would result in minimal emissions~ If the refineries 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 100,000 mtpy of copper and nickel metal are estimated to

be one billion kilowatt-hours of electrical energy per year, with a peak

197load of about 150 megawatts.

Although this could result in substantial 502 emissions, it is assumed

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 copper-'nickel 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.

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

literally burning it to form sulfur dioxide. The fate of the input sulfur

-58~·



depends on the types of control technologies used.

Point sources of 802 result from the control of the strong and weak

gas stream as sho\Vn. in Figure 7. Based on a revievJ of the literature and

conmmnications with mining companies, it is likely that the major control

devices for S02 emissions could be either a double contact acid plant and!

or a \Vet 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 99.5% to as high as 99.9% with exit 80
Z

concentrations ranging

from about 500 ppm to as 10\V as 100 ppm. Z28 ,265 A survey of domestic

smelter installations using double contact acid plants showed that actual

operating efficiences of 97% to 99.7% have been achieved. 139 ,165,Z82-Z84,289

Calcium-based scrubbers have been installed in several domestic

fossil-fuel fired power plants, a molybdenum are roaster, a secondary

lead smelter, and an are sintering plant. Various pilot studies have also

tested calcium-based scrubbers. The turbulent contact absorber, which

would control low 802 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 802 gas stream

29
concentrations are low, a few tenths of one percent.

Fugitive or uncontrolled sulfur dioxide emissions sources i.nclude

282-290leaks 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

qua.ntify the magnitude of fugitive emissions and exact methods have not



265
been developed. Estimates of 802 fugitive elPissions have been reported

to be in the range of 0 to 15% of total sulfur input at dom~stic

] 97, 165, 282-289sme .ters.

Smelter mass balances were based on data from bench-seale processing

analyses of Minnesota are, on-site investigations of existing smelters,

and consultations with mining/smelting engineers. 38 , 186 The literature

reports that actual resolution of sulfur mass balances may be only 20%

to 40% of input sulfur,365 and the mass balance does not consider time

variations of input sulfur content.

The federal new source performance standards (NSPS) provided a

framework for smelter pollution control equj~ment configuration. In order

to meet the NSPS limit of 0.065% 802' by volume, a smelter must have the

equivalent of double contact acid plant control (99.5% removal by volume)

267for all process gases from roasters, smelting furnaces, and converters.

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 sulfur per year; flows labeled stack

and fugitive emissions actually leave the facility primarily as sulfur

dioxide with some sulfuric acid.

All models have a sulfur input of 165,542 mtpy which comes from both



FIGURE 8
M EL SU Uti SA NeE F__"_."~~"e"~_.:;~~~

FLASH FURNACE \NITH ACID P NT C

R G S GAS T 650 PPfVl 8°2' SECONDARY

H ING C ECTION VVEAK 802 GAS TO
.x.

DtF-iECT IT TO THE STACK DISCHAFi E

SMELTER FEED 165.542 MPTY S (100.0%)

1
S R

METAL
PRODUCTS

5,115 MTP'Y S
(3.1 %)

SLAG
3.8C~ MTPY S

C2.3'U

WEAK SO
GAS ,2

4.960 iviTPY S
(3.0'%)

[---=---=-~

STRONG 802
GAS >

(7.13% 302)

151,603 MTPY S
<91.~~%)

1
SECONDAf~Y HOODING ACID PLANT

(90% COLLECTION EFFICIENCY) (99.22% REMOVAL EFFICIENCY)

+ l~.+ r-'~l__+
FUGITIVE , COLLECTED TAIL GAS" SULFURIC

EMISSIONS ** WEtU< 802 1,117 M'TPV S" ACID &
495 WITPY S GA S CO.1 %) WEAK ACID

(0.3%) 4.465 MTPV S AT 650 P,PM SLOWDOWN
(2 '7%) SO f 150,486 MTPY Sl-----....I! 2 190.9%1

STACK EMISSION **
5,642 MTPY S

(3.4%)
AT 1.6 18 PPM SO 2

TOTAL EMISSIONS
6.131 MTPY S (3.7%)

Ritchie and

'* NORMAL OPERATING CONDITIONS ARE ASSUMED.

** EMITTED TO THE ATMOSPHERE AS 8°2' WITH EACH METRIC
TON OF SULFUR CONSTITUTING 2 METRIC TONS OF S02

. 197
Krelsman



FIGURE 9

*

NACE
650

650

liON 1 iViODEL SU UR
\NITt'1 ACID PL~ANT ONTR S
PPfvt S OND HOC)D1NG

E 8 SCt-=lUBBIN
SMELTER FEED 165.542 MTPY S (100.0%)

1
l

STRONG 802 GAS
151.663 MTPY S

(91.6%)

~

l
SULFURIC ACID &

WEAK ACID SLOWDOWN
150.486 MTPY S

<90.9%)

r
ACID PLANT

<99.22% REMOVAL EFFICIENCY)
I

~
WEAK 802 GAS

4960 MTPV S
(3.0%)

l

~
TAIL GAS

1.177 MTPY S
(0.7%)

AT 650 PPM 802

SMELTER
I!-

METAL PRODUCTS
5115 MTPY S

(3.1 )h)

+
COLLECTED WEAK

802 GAS
4.465 MTPY S

(2.7%)

1

r
SECONDAfiY HOODING

(90% COLLECTION EFFICIENCY),
r

FUGiTIVE
EMISSIONS**
495 MTPY S

(0.3%)

!
SLt,G

3804 MTPY S
(2.~;%)

r

"SCRUBBED WEAK
S02 GAS

1.079 MTPY S
(0.7%)

SCRUBBER
(75.8% REMOVAL EFFICIENCY)

--~!I

SLUDGE &
CLARIFIER O'FLOW

3.386 MTPY S
(2.0%)

STACK EMISSIONS**
2.256 MTPY S

( 1.4%)
AT 650 PPM 502...

TOTAL EMISSIONS 2.151 MTPY S (1.7%l

.. NORMAL OPERATING CONDITIONS ARE ASSUMED

** EMITTED TO THE ATMOSPHERE AS S02' WITH EACH METRIC
TON OF rULFUR CONSTITUTING 2 METRIC TONS OF S02

Ritchie and Kreisman
19

. ~ti2~. .



FIGUr~E 10

fviOD L SUL
V\lITt-i CID PLJ\NT

PPM S F SE ON

N S
PLUS

BALANCE

s s

F

'143

FUFiNACE
S T 300

L
M

SMELTEH FEED 165.542 MTPY S (100.0%)

1

l !
COLLECTED WEAK TAIL GAS

S02 GAS 543 MTPY S
4.465 MTPY S (0.3%)

(2.7%) AT 300 PPM 802r,,----------.l+

l
SULFURIC ACID &.

WEAK ACID BLOWDOWt
151,120 MTPY S

(91.3%)

1
STRONG SO 2 GA S

151,663 MTPY S
(91.6%)

r-~
ACID PLANT

<99.64% REMOVAL EFFICIENCY)
I

1
WEAK 802 GAS

4960 MTPY S
(~i.O%)

l

SMELTE~l
Ir

METAL PRODUCTS
5115 MTPY S

(3.1%)

i
SECONDARY HOODING

(90% COLLECT-ION EFFICIENCY)
Ir

FUGITIVE
EMISSIONS**
495 MTPY S

(0.3%)

r
SU\G

3804 MTPY S
(2.3%)

1
STACK EMISSIONS**

501 MTPY S
(0.3%)

AT 143 PPM 802

SCRUBBER
(90%' REMOVAL EFFICIENCY)

Ir
SLUDGE &

CLARIFIER O'FLOW
4507 MTPY S

(2.7%)

TOTAL EMISSIONS ,996 MTPY S (0.6%)

* NORMAL OPERATING CONDITIONS ARE ASSUMED

** EMITTED TO THE ATMOSPHERE AS 802' WITH EACH METRIC
TON OF SULFUR CONSTITUTING 2 METRIC TONS OF 502

197
Ritchie and Kreisman



the concentrate (over 99%) and from the coal used as a fuel in the

smel ter.· The three models are summarized belm".

Base case model:
---------~.~-~---

The base case model assumes that 802 from the

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

efficiency of 99.22%. The tail gas from the acid plant contains 650 ppm

802 (1177 mtpy 8). The weak 802 gas stream is treated by secondary hoods

with a 90% collection efficiency. About 4465 mtpy S are collected, and

about 495 mtpy are estimated to escape 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 802 gas streams are estimated

to be 5642 mtpy S •

.Q.E..t~on--l-2P-0del: The option 1. smelter assumes that both the weak and

strong gas streams are treated to meet the new source performance 80
2

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 75.8% removal

efficiency. The scrubbed weak gas stream (1079 mtpy 8) 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 moflel: The option 2 smelter model assumes best available

control technology 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

~·64-



sent through n \'Jet s.crubher of 9.0% removal efficiency. The resulting gas

s.tream from the stack is 0:.3% S'(501 mtpy' S). )?ugitive emissions resulting

from secondary' hoodi'rlg are the same as for the base case smelter.

Tab'le 11 s.ummarizes· the 802 emi'ssctons from the three smelter models'

for a smelter complex producing 100,000' mtpy of copper plus: nickel metal.

The sulfur dioxide emissions from these hypothetical models can be

placed into perspective by comparing them to other s'ources (Figure 11).

The models have emissions' ranging from 2 to 3 orders of magnitude below

the emisson rate from the Copper Cliff sTIlelter at Sudbury as of 1975n

Emissi'OllS from tue Clay Boswell plant at Cohasset with. tb.e addition of

Unit 4 are expected to be about four times the emission rate of th.e base

case smelter and about eight times the emission rate for the smelter

which meets NSPS.

Table 11. Sw~ar~ of SO.2 emissions' from three sme~t~r configurations each
produclng 100,000 mtpy of copper plus nlckel metal.

Annual S02 emissions in mtpy (gm/sec)

Smelter Fugitive Emiss'ions 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 (174)

Option 2 990 (31) 1002 ( 32) 1992 ( 63)

Tnere 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 s.ucn. as tne. acid plant could result in high emissions: for up to

a felv- IIDurs' before repairs could be made or the smelter operation s-topped.

'7,65-.



FIGURE 11
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Ilj.glL eULLEl.S,ir,lllS, \Vi).1 also resplt from shut·-do'vl.ns, due to routine mainten'~

ance. It i:s> esti.mated that the smelter operatIons could be shut-down in

3 to 6 hours e:1-ther as a result of accide.ntal release or maintenance.

The modified gaussian 1110del is' not appropriat.e for simulatili.g pertods

less than 24· hours 80 these upset situations were. not modeled. However,

two upset cases, low level fugitive release and stack release were modeled

for 3-hour periods by Endersen6l using a fugitive emissions model.

Table 12 provides a comparison of the average sulfur balances for the

three modeled smelter cases and other domestic copper smelters. All of

the domestic smelters witli 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 802 emissions.

3.6.2. Particulate e~issions.

Particulate emis.sions 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 s.ource of

particulates, there is more concern about these emissions than from other

mining sources because of the high levels of metals. in the concentrate.

Particulate control is accomplished primarily by cyclones, high

efficiency electrostatic precipitators (ESP), hooding, and ventilation

sys.tenls. The maj or potential source of stack particulates likely to be

present within the smelter appearS' to be the dryer. Up to 10% of the

concentrate is estimated to be carried out of the dryer as. particulates

~67-



Table 12. Comparison of sulfur mass balances for the base case, option 1 and option 2
smelters to otber domestic smelters

Sulfur Input Sulfur Capture Fugitive Emissions Stack Emissions
Installation TPD-S __ TPD=;Lt~~Llnput) 1£]:)-$ (% of iPQll,V TPD-S ('L..QL.1n.Q.11ll-~

White Pine 113 3.4 3.1 2.2 1.9 108 95 282

Kennecott, Hayden 361 328 90.8 18 5.0 15 l1.2 283

Kennecott, Hurley 351 215 61.1 -- -- 137 38.9 284

Magma, San Manuel 660 472 71.5 16.5 2.5 172 26 285

Phelps Dodge, Ajo 203 183 90 10 5.0 10 5.0 206

Phelps Dodge, Morenci 981 668 68.2 17 1.7 296 30.1 287

Asarco, El Paso 185 141 76.5 -- 15% estimated 44 23.5 97, 289

Asarco, Hayden 609 161 26.4 21 3.4 427 10.1 290

1 Phelp3 Dodge, Hidalgo 275 254 92.4 -- -- 21 746 165
0'\
00 Phelps Dodge, Douglas 711 22 3.0 53 1.0 696 go 288
J

Base Case Smelter 499 4G5 93.2 3 0.6 31.0 6.2

Option 1 Smelter 1199 484 97 3 0.6 12.4 245

Option 2 Smelter 499 493 98.8 3 0.6 2.8 0.6



186.
entrained in the extt gases.

Dryer gases', along with.. gas s'treams from secondary hooding devices ~

would be pas.sed through one or more particulate removal devices: such as.

an electrostatic prec.ipitator. Removal effictences of 96% to 99% can be

t d .c 1 . . . 239expec _e .cram e ectrostatJ.c preclpltators. Efficiencies ranging from

90% to over 99% ha\re been reported at domestic smelters where electro-

static precipitators are used on all roaster, reverBeratory furnaces,

238, 283, 284, 286-291and converters..

Gases from the smelting furnaces (a flash. furnace is ass.umed 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 contmnination of the product.

Overall particulate removal efficiences of 99.5% to 99.9% of the smelter

ff . . 1.:.1 265a -gas contamlnants are attalnau e.

Cyclones are used as precleaners to remove large particulates (greater

than 10 microns) from the gas stream. Efficiencies in the range of 50%

to 90% are easily attained depending on flow and design characteristics.
204

Removal efficiences of 96.9% have been reported at a domestic smelter

using cyclones for particulate control.

If wet scruhbers are used to remove 802 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 90% have been

I 3 b 1 b b
92

reported at two power p ants using --stage tur u ent contact a. sor ers.



A xemo:val e~ftci,enc¥ ox 85% was, selected fOT ,modeling purposes.

8ou;rces, of parti'culate fugitive emissions include leaks in ducts,

converters" 111aterial handling during crushing and screening opera tions ,

d d h f " i f 282~289.rying, an t'e re IIl'ng urnace. Particulate fugitive emissions

Figure 14 places the smelter particulate emissions in

may- be effectively- controlled in critical areas such as convertel~S by

collecting and routing gases- to control equipment Defore final

d · h 265lSC arge.

Based on the following considerations, two stack particulate mass

186
balances were generated based on a flash smelting facility with a spray

dryer. As nefore, 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

802 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

t )
166, 269

ill py •

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, hut rather, in

terms of availaule control equipment performance.

"7',70-
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FIGURE 13. MODEL FOR STACK EMISSIONS
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.3.6.• 3.' Elemental"'Cons,t.it·uents..
~,-,-.,-) --:-;~\"'t;-:-;--.;-~~~. -... ;--~-.,-.-=----,-

The dts.tributi·011 of elemental constituents' and mass balances were

est:bnated lJased on a comliination of liencn tests' of the copper-nickel are

. 38 186
and operating data from exis-ting smelters.' Uncertainties in the

mas's' balances' are estiTnated to range from +20% to an order of magnitude. 38

Tao1e 13 summarizes th.e elemental particulate emissions expected from a

smelter producing 100,000 mtpy of copper plus nickel metal.

Coleman38 prioritized those elements in the Duluth Gabbro are body

which might pose operational and environmental pollution problems if they

are processed in 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 enviromnent. Relative toxicity was based on the American

Conference of Governmental Industrial Hygienists (ACGIH) TLV's and the

National Institute of Health (NIH) LD 50's. Priority I 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 are, or are likely to be released into the environment. Priority 2A

elements present potential environmental hazards but are present in very

small quantities, are expected to be relatively inert, or are not very

toxic relative to priority I elements. Priority 2B elements are present

in low' concentrations, have low toxicity, or are unlikely to be released

into the environment. Priority 2C elements present potential environmental

proBlems, But oench-scale data were not availaBle for further characteri-

zation. TaBle 14 prioritizes the elements' associated with copper-nickel

smelting.

-:-74-



TablE:~ 13. Stack and 1tlve ula te em:tsslons from smel ter complex
prod 100,000 m of Cu plus Ni rnetal~

STACK El'1ISSIONS
option 1-oDtion 2e t

FUGITIVE Et'USSIONS

t.otal l)3rticulat.e 2383 358 1510

S04 1l~90 223,,6 °
Cu 26395 39.53 281

Ni 50,,45 7.,57 61 ., 9

As 17 ~44 Ool01 0., 12

Cd 1.,84 0,,01 0.,07
Co 2.,53 0 .. 38 1d81

Be 0<102 0,,00007 °Pb 9.,8 0,02 0",13

Hg 0,,07 0,,00006 0
Zn 23.,82 00133 3<123

Fe 581 <167 87<126 83,,0

Sb 0,,003 0<10005 °B1

C1 0,,39 0 .. 06 0

F OclO2 0,,003 0

Se 0 0 no data
Te 0 0 no data

3i (3102) 638651 95 .. 79 704
A1 (A1 20

3
) 101 d 83 15.28 116

Mg (MgO) 57.,48 8.. 62 68

Ca (CaO) 100" 18 15.03 , 19

Coleman38
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Table 14. Prioritization of elements in the Duluth-Gabbro ored

Priority 1: arsenic, cadmium, cobalt, copper, nickel

selenium, sulfur, tellurium

Priority 2A: beryllium, lead, mercury, zinc

Priority 2B: aluminum, barium, boron, calcium, carbon,

chromium, iron, magnesium, manganese,

molybdenum, phosphorous, potassium, silicon,

silver, sodium, titanium, thorium, vanadium,

zirconium

Priority 2C: ohlor-ine, fluorine, antimony, bismuth

Coleman38
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The same stack parameters were used for each of the three

Sj;x elements_ were qelected ~or the )l1ode]j~ng E,>imulations, hased on

their Lpxi'city and expected e;rlissions-: c.opper, nickel, ~Irsenie, cadmium,

lead, and -mercllry'o

Elementa of particular interest are arsenic and mercury (and to a

less-er~ extent lead, cadmtmu, and zinc) because these elements UJay be

carried out of the smelting furnace with the exhaust gases either as

vapor or particulate depending on gas stream charac.teristics. Although

the available information is limited, indications are that these elements

are present in low~concentrationsand a high degree of removal will occur

as these elements pass tnrough the electrostatic precipitators, acid

plant, and possibly vret scrubber. These elements (with the exception of

zinc whicn wasJ:1otmodeled) 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. -Sme~~erstack parameters.

In addition to smelter source emissions data, the modified gaussian

model requires the following additional source information: stack

height, heat emissions, and flow rate.

The selection of stack parameters (stack height, exit gas velocity,

exit gas temperature, and inside top stack diameter) for the hypothetical

smelter was based on data from the Phelps Dodge flash smelter at Hidalgo,

N M . 165
ew eX1CO.

smelter cases, and gaseS' from Doth the weak and strong gas streams were

assumed to Be comBined for release through a single stack. Fugitive

emis-sions were assumed to be released througli the top of the smelter
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building dnd were handled as extti.ng from a lOl;-J, level s,tack for modeling

found inman:¥, conventional smelters' with poor 802 removal, the main stack

for a smelter in nortnBastern Minnesnta is expected to lie relatively

short.

A stack height of 60 meters and an exit gas temperature of 82
0 e

were selected for modeling the main s·tack. A fugitive stack of 50 meters

was' selected basBd on the furnace building height of a new flash furnace

smelter facility Being planned in Louis-iana. 166 An exit gas temperature

of !Joe was uS'ed for the fugitive stack based on the annual average

f h
. 277temperature ate regIon. An inside top diameter of 2.2 meters. was

Neutral staBility was used because it is the usual stability

used for Doth 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

t:..] • 61stau:l .lty.

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. Nevertheless, 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 parameters.

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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i,s. h.ei:n,g cons,idered for this loea tion,; hal/lever, the site, adjacent to

the'mos,t ac:tive 1nintng exploration in the study' area. The smelter

coordinate& are 91.Sg700 longitude and 47.6429° latitude.

Table 15. Smelter stack input data

il1~t parameter

height (meters)

exit gas temp COK)

exit gas flow' (ra
3

/sec)

heat emissions (call sec)

.stack

60

355

80.l}

'fugitive stack

50

277

1.0

8.4·5 x 10
4
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CHAPTER 4. HEAl/fn I.lITEH,l-lTURE REVIEH

A major consideration to copper-nickel development in northeastern

Minnesota are the health consequences of smelting. Sulfur dioxide,

sulfate, total particulates, copper, nickel; arsenic, cadmium, lea.d, and

mercury were selected for modeling based on toxicity, qua.ntity 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 information, particularly the existing standards, will

provide a framework for assessing the environmental health impacts of

copper-nickel smelting from an air quality perspective.

L~.l. TOTAL SUSPENDED PARTICULATES AND SULFUR OXIDES

An excellent review of the epidemiologic literature relating to

sulfur oxides and particulates is presented by Schuman et al. 215 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

S h . 1 215 . f h" f h I"e uman et ~~ reVlew or a compre enSlve summary 0 t e lterature.

Sulfur oxides refer to a large group of compounds including sulfur

dioxide, sulfur trioxide, sulfuric acid, and sulfur salts or sulfates.

Sulfur dioxide (S02) 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 S04 in the

remainder of the paper).



The effects of sulfur dioxide alone first appear as irritation to

the mucous memhTanes of the eyes and respiratory tract.

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

grams per cubic meter of air (mg/Ill3) ca.n De detected by taste and 7.9

3 . 209mg/m can be detected by smell. Toxic effects in the form of a

reversible bronchiolar constriction can result in healthy individuals
')

during several minutes exposure to 3.9 mg/m-
J

S02' and eye irritation is

. . 3 297experlenced above 26 mg/m .

Stokinger and Coffin
241

concluded that concentrations greater than

3
2.6 mg/m S02 were required before serious or even significant effects

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

297or 4 over the same S02 gaseous exposure.

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/m~ -are unpleasant; and

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

. .. h b 209lrrltatlon to t e mucous mem ranes.

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 tt1an 500 microns, and can remain suspended in the
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air from a few" seconds to several months.

The most important cha)~acteristic of particles is thej~r size;

particle size determines deposition and retention in the respiratory

system. Host particles larger than 10 microns (pm) are removed from

inhaled air in the nasal region. For particles less than 10 urn the

percentage deposited in the lung increases with decreasing particle

size down to anout 0.5 pm, and maxim.um deposition occurs in the range

1 2 192, 261
to pm.

An important health aspect is the inhalation of respirable parti-

cles which can penetrate deeply into the lung alveoli. Respirable

range particles are generally agreed to be those less than 10 flm dia-

meter. Removal mechanisms may involve transfer 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 in and removal 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 pulmonary

or cardiac disorders are the groups most severely affected. Two of the

classic episodes occured in Donora, Pennsylvania in 1948
210

and in

London, England in 1952.
131

Forty-three percent of the population in Donora became ill and

1 d " d 210twenty peop e 1e. Sulfur dioxide, its oxidation products, and

particulate matter were implicated.
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In the London episode a sulfur dioxide concentration of 65~ micro-

grams per cubic meter of air (~_lg/m3) in the presence of 750 jug/m3 parti:-
I

] d ," 1 1"1 1 .h 131 A 20% "Cli_ates cause. a rlse lD tIe cal y (eat rate. .. _ 0 lncrease over

the expected death rate was associated with S02 levels in excess of

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

3 261
2000 pg/m .

Epidemiologic studies demonstrate that exposure to high levels of

contaminants of sulfurous smog causes excess morbidity and mortali.ty in

persons with chronic lung disease. Conditions like asthma may be aggra-

vated oy prolonged exposure to moderately h:tgh concentra.tions of

pollution.

I

One of these projects, the Community Health and EnvirolIDlental

Surveillance System (CHESS), sought to determine the adequacy of the

national primary air pollution standards, and provided a wealth of

information OIl the relationship of air pollution to disease. Two of the

CHESS studies \-Jere conducted in four communi.ties i.n the Salt Lake Basin

" 66 167and in five cormnunities of the Rocky Mountalll Area. '

In the Salt Ilake . Basin study the primary 802 source was & large

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

3
exposure to elevated levels of S02 (91 pg/m ) and suspended sulfates

3
(15 pg/m ) 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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Hmelter and a copper smelter. This. study found signi.ficantly greater

i.ncidences of acute lower respiratory disease 'among asthmatic children

and non..,....asthmatic el'lildren who were exposed to estimated arm.ual 802

levels of 177 pg/m
3

, suspended sulfates of 7.2pg/m3 , and particulates

of 65 pg/m3
for three or more years.

The pres£nt ambient air quality standards for 802 and particulates

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 establi.shed

for suspended sulfates; however, it is possi.ble that standards based on

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

3
24~hour standard of 10 to 25 rg/m and a potential annual standard

3
of 5 to 15 pg/m have 'been developed 'by the Brookhaven National

Laboratory Office of Environmental 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

969 water systems in nine geographic areas of the u.S. 142

Atmospheric concentrations of copper have been measured in the

range of 0.01 to 0.57 pg/m
3

in urban areas and 0.01 to 0.25 pg/m3 in non

urban areas.
2l3

Concentrations averaging less than 1 pg/m3
have been

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

Schroeder
2l3

estimates a total maximum daily intake of 11.4 pg

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

0.86% of the total intake.



Table 16. NatiDnal amhlent air quality standards for sulfur oxides and
total suspended particulates.

Pollutant of Standard

Suspended
rarticulate
Matter

Sulfur
Oxides

annual geometric
mean concentration

max 2L}-hr concentration
not to be exceeded
more than once/year

annual arithmetic
average concentration

max 24-hr concentration
not to be exceeded
more tnan once/year

max 3-hr concentration
not to be exceeded
more tnan once/year

3
260 pg/m

3
80 pg/m

3
365 pg/m

3
60 pg/Ill

3150 pg/m

3
1300 pg/m

aprimary standard: protects public health
bsecondary 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 Council
161

and

216
Schuman et a1.

Symptoms of copper poisoning by ingestion are similar to other

forms of f.ood poisoning and include a metallic taste in the. mouth and

vomiting.

89
Gleason reported metal fume fever in three men who were exposed

to dust during the polishing of copper plates. Concentrations of

0.12 rug/m3 were found in the polisher's breathing zone.

Silicosis was studied in Rhodesian copper miners by Paul181 and

301
in Russ'ian workers by Yakshina and Hakarov.
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Blot and Fraumeni
20

studied cancer mortality in 36 counties with

primary copper, lead, or zinc smelting and refining of non-ferrous

metallic ores (18 of the counties had copper smelters). Lung cancer

mortality was found to be significantly higher among males (17% higher)

and females (15% higher) than the rest of the U.S. population.

The National Research Council16l concludes that because of the

absence of reports on significant environmental effects from airborne

copper, copper and its compounds 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 average

(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

3 2
2.0 rug/m as Cu.

4.3. CADNIUM

The cadmimn intake in man has been estimated to be about 160 pg/day

from food and water, and 7.4 pg/day from air (about q.• 6% of total

intake).2l3 Cadmium in air has been reported to range from 0.002 pg/m3

to 0.37 ?g/m
3

in urban air and from 0.0004 to 0.026 pg/m3 in nonurban

area8. 2l3 Schroeder2l3 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 mi1ligrams/m3 which result in pneumonitis, pulmonary edema,

. . 15 132
and sometlmes death. '

Chronic effects of low level cadmium exposure are more difficult to

diagnose. Some of these effects include shortness of breath due to

~.s6-



emphysema, total or partial loss of s,111e.11, coughing, weight 108s,

depressed appetite, and generalized irritability.69 Proteinuria has

1 1- d' f C f d' .. 190a so )88n reporte as an lmportant erect 0-: ea -mlUl1l pO:LSOlllng.

relationship between cadmium exposure and cancer has been

A

o -d 128, 190uuggeste . Schroeder 21S concluded there is a suggestive rela-

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 is 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

conununity. Contaminated river vJater was used for irrigation resulting

in accumulation of cadmium in the rice crop.

8Baker et al. studied cadmium absorption in children (1 to 5 years

old) 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 Cd), 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

213
be about 300 pg. 'Only 5 to 10% of this amount (30 pg/day) is absorbed

into the body.lS7 Dietary sources are probably the most important, and

the lead 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 pg/l.15? S 1 d
213CJroe er estimates that

about 15% of the total daily intake is from air.

3Urban concentrations' range from 0.1 to 2.3 pg/m , and nonurban

. f 0 002 0 lr- / 3 213concentrat~ons range "rom . _ to . J pg m .

3Ambient concentrations greater than 2 to 3 pg/m result in increased

olood levels. IS? Normal blood lead levels are below 40 pg/100 ml. 19

The effects of lead poisoning vary depending on whether the lead is

organic or inorganic. Mild symptoms of inorganic lead poisoning include

tirednes-s, irritability, anorexia, altered sleep patterns, anemia, and

slight abdominal pain or discomfort; severe symptoms include muscle

tenderness, colic, reduction of muscle power, and other symptoms of

~ h I h 127neuropatl~ or encep a opat y. 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/IOO g whole blood.
157

Organic lead poisoning is exhioited as a psychotic state, and

s~uptoms include nervous irritability, agitation, and ultimately an

irrational, delusional, and hallucinated state. 207

Baker et al. 8 studied children from Ito 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 et al. 7 studied 91 children and 12 wives of current and

recently terminated workers of a secondary lead smelter. The concentra-
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tion of lead in the dust of '''lurkers t homes averaged four times t.hat of

controls, and blood lead levels in the children correlated with the lead

concentration in the dust.

RoT)erts et a1.
199

found elevated blood lead levels (about 30% over

40 fg/IOO 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.

d ' 1. 126 . . d bl d 1 d 1 1 ' d 1 dLan 19ran. ~~. lnvestl.gate 00 ea eve s ln a u ts an

children around a smelter in E1 Paso, Texas where 1012 metric ton.s of

lead were emitted over a three year period. Blood lead levels over

40 fIg/IOO ml were found in 43% of those living 'within 1.6 km, in 8% of

those living within l.6 to 3.2 km, and in 1% 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

remained above the b.ackground level of less than 50 ppm as far as 10 km

from the smelter.

Roels ~t al.
203

found that blood lead levels in children living

less than 1. km from a smelter averaged about 30 fg/IOO ml; at 2.5 krn

the concentration was about 20fg/lOO ml; and in rural areas' the concen

tration was 9.4Fg/100 ml Blood.

Children and women are thought to be more susceptible to lead

poisoning than men, and the National Safety Council
159

concluded that

children in the 1 to 5 age group should not have exposures resulting in

blood lead levels greater than 30 pg/100 mI.

3
The national ambient air quality standard for lead is 1.5 pg/m per

272
calendar quarter year average. -89-



3The adopted TLv~rWA for inorganic lEad is 0.15 mg/m , and the

tentative STEL is. 0.45 mg/m3 .
2

LJ.5 • MERCURY

Mercury' compounds' have no known normal metabolic function, and the

National Research Council162 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-

blation must be regarded as undesirable and potentially hazardous.

Mercury may be pr'esent 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

1.;, f th' t .,., t db' 1· 162uecause 0- elY OXlCl y an loaccumu atlon.

Ambient concentrations of mercury range from 0.7 nanograms per

cubic meter (ng/m3) in remote-ocean areas {nearly all present as a

vapor), to 4.0 ng/m3 (less than 5% as particulate) in rural areas, to

concentrations less than 10 ng/m3 (variable particulate concentration)

b
' 162in ur an areas.

Mercury contributions from drinking water have been estimated at

less than 0.2 pg/person/day; the contribution from food can vary widely,

but has been reported to range from 9 fg/person/day in Brazil to 109 pg/

person/day in Japan. 162 Schroeder2l3 calculates a daily mercury intake

of 10?g from food and water, and a maximum of 760pg 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

d h
162

eat • ":"·90-.



T118 bes t kno\

Minama t<1 Bay and

TmpJ.e~3 of Dlc-:'thyl mer'cury poisonlng occurred :in

tgato. Poisoning occured as a result of industrial

release of methyl Jlicrcury and other mercury compou,ncls into Hinamata Bay

and the Agano RiveT follo'\ATed by accumulation of methyl mercury' in edlb1e

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

. b 162 M I" 700 ,.. tIl" . d .we~g _to ore tlan cases or me-ly mercury pOlsonlng were 1 entl-

fied in Mirramata, and more than 500 in Niigata by 1974. 249

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 Iraq and nearly 500 deaths were reported. 9

At the present time there is no ambient air quality standard for

mercury'. The adopted Tl.V-T1vA is o. 01 mg/m3 for alkyl mercury compounds

and 0.05 mg/m
3

for all other forms (as Hg). The tentative STEL values

3 " 3 2
are 0.03 mg/m for alkyl compounds and 0.15 mg/m for all other forms.

4 .6. ARSENIC

The health and enviromnental literature relating to arsenic and its

compounds has been reviewed by the u.S. Dept. Health, Education, and

Welfare,262 the National Research Council,160 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 tracheobronchial tree, or from the gastrointestinal tract. Arsenic

is distributed throughout the body.2l4

Schroeder
2l3

calculates a daily intake of 1000 pg arsenic (As) from

food an.d water, and a maximum of 1.4 pg (0.14% of the total intake) from

air.

Arsenic concentrations in air have been reported to be less than

0.02 pg/m3
in remote areas, and range from 0.01 to 0.16 pg/m3 in urban

areas.
160

During 1961-62 an air pollution survey in Montana reported an

atmospheric arsenic concentration in Anaconda, where a large smelter is

3 3
located, up to 2.5 pg/m (0.45 pg As/m average) compared to 0.0 to 0.55

33
jug/m (0.07 jug/m average) in Butte, where there are mines adjacent to

the city. 3Annual average concentrations of 0.001 to 0.07 fg/m were

reported for five other Montana cities. 154

Arsenic has been strongly implicated as an occupational

. 125, 146, 175 1979 h' 1 'A'carclnogen. In t e Envlronmenta Protectlon gency 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.

F .. 74 d h 1 1" d 'raumenl reporte t at ung cancer morta lty was 1ncrease 1n

26 of 38 u.S. counties that had nonferrous metal smelters. 100Heuper

reported excessive respiratory cancer mortality in three Montana

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

Newman et a1.
168

attributed the increased respiratory cancer mortality

~.g2-.



in Anaconda, 1:'1ontana to arsenic. air pollution.

At the present time there. is no ambient air quality standard for

arsenic. The current TIN-·,-·THA is 0.2 mg/m3 for arsenic and compounds,

0.05 mg/m
3

for arsenic trioxide, and 0.2 mg/m3 for arsine. (all as As).2

L~. 7. NICKEL

Nickel (Ni) :may enter the body through oral itltake, inhalation,

percutaneous absorption, and paretlteral administration.

S hr d 213. 1- 1: 1 ~ '1 . 1 f . k 1c ~oe er estlrnates t Jat tae tota dal y lnta ze 0 tll_C e is

600 pg/day from food and water, and 2.36/1g/day (0.39% of total intake)

is the maximum amount from air.

3Ambient air concentrations may be as high as 0.118 pg/m (New York

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

Metallic nickel is relatively nontoxic. Nickel salts are high.ly

toxic when adminis.tered intravenously or subcutaneously. Nickel

carbonyl, an organonickel compound, is highly toxic and symptoms may

occur ilnmediately or be delayed. Major symptoms of acute nickel toxicity

include hyperglycemia, gastrointestinal effects, and central nervous

158
system effects..

Nickel is a cownon sensitizing agent for allergic dermatitis.
6

Nickel carcinogenesis has been documented among nickel refinery workers

1 - 55, 104 C d 245 d 182in Wa es, ana a, an Norway.

55
Doll et al. 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. f.'iorta1ity from pulmonary cancer was 7.5

times the natlona1 average for those men who started working bet\veen 1900

and 1925; this dropped to only 1.3 times the national average for those

starting after 1925.

245
Sutherland conducted an epidemiologic study of respiratory cancer

at the Port Colborne nickel refinery in Canada; 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.

Altbough the carcinogenic role of nickel has not conclusively been

established on epidemiological grounds since workers were also exposed

h 1 h ~. 101, 118, 202 h h . d h bIto otiLer meta s, aut orltJ.:es: w 0 ave reVlewe t e pro em

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

216
products. Changes in the technology of nickel smelting and refining

ha 1:. bl d' . . h d h .. k f' .. 158ve proua y lmlnlS e t e rlS a resplratory carclnogeneS1S.

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



Ll· .8. POI'ULATION AT Rl SK

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 l)y a smelter operation in the Iron Range

or in Duluth.

The most susceptible populations are, of course, the chronically

ill, the young, the old, and those people in hospitals.

Approximately 8% of the total population in these counties is less

than 5 years old, and about 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 8ulmnarizes the number of beds in hospitals, nursing homes

and convalescent centers in the three counties. A smelter sited in

Duluth potentially couI~ have the largest health impacts, particularly

during bre.akdown 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

of State - 173
Office Demographer

'-·95-·



Table 18. Ntwl.'bcr of b(~ds in licensed and certif Led health care facl1ities
in Cook., Lake, and St. Louis counties, 1976.

hospital
CountL- Town beds bassinets

""""""'---""--- ..,....""'-----_._.,..",....~--.,.~.-

Cook Grand
Marais 16 6

Lake Two
Harbors 37 9

St. Louis Aurora 16 4

:BuIll

Chisholm 54 6

Cook 14 8

Duluth 1145 54

Ely 45 11

Eveleth 26

Hibbing 176 20

Noepming

Virginia 173 33

Minnesota Dept. of Hea1th149

nursing home and
convalescent centers

50

50

74

31

42

41

710

100

88

316

211

232

.- ~.96-·



CHAPTER 5. JvlODI17 IED GAUSSIAN HODEL

5.1. INTRODUCTION

The moc1ifiedgaussian 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 t6 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

meter, pg/m
3

, for 8°
2

, 80
4

, and nanograms per cubic meter, ng/m
3

, for

particulates and metals) and ground depos'itions (kilograms- per hectare,

kg/ha, for 804 and grams per hectare, g/11a, 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 Ian from the source.

The model utilizes Sl)ecific meteorological input data in the form

of 2L~-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).

-C]}-



Etthe.r ge.ometric or ar:Lt:hmeticmeans can he calculated. Other

distributions of the individual ,2L~~liour resul ts during the year can

also De determined.

Tne major features of the model include:

1) Atmospheric dispe.rs·ion: Horizontal plume spread is calculated

using a gau8stan equati'on. Vertical plume spread is calculated using a

DOX model in wni·cl1.. 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 802

oy' convers-ton 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. tIle 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) Precipitation 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 tneory underlying the major program segments.



.5.2. MODIFIED GAUSSIAN HODEL 1"LOHCHART

A flnwchart for tIle model is given in Figure 15~ and it should be

referred to in the following discussion (the appropriate sections of the

flowchart are tagged in the text by letters in parentheses).

Input data. (A) Index data include the number of sources (25,

maximum), numner of receptors (50, maximum), number of \.;rea.ther stations

(5, maximuIn), and number of metals (20, maximum).

(B) All species require inputs for dry·deposition velocity

(em/sec), washout ratiO', and ambient air background concentration

3yJg/m). 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 dry 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 requi.red positional geometry given

the location of the sources, the receptors, and the weather stations.

Since all positions are set, the various distances and weights are

-:··99.,...
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Dutcrnlne lime to reach recept.or for a
giVEn lfind speed. bypass source if lireater
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2000
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~._---- 900 loop. ovar clay.
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recaptor period or lut
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calculated once and stored. The source to receptor distance (XSR) and

the \vind angle from east (AHH) are computed for each pair. 'The \'veather

is calculated at one-half the distance between the SOlITCe and receptor

and YJeighted by th.e inverse distance betr\'<leen the receptor and the

weather stations. Other weightings were considered and inverse

distance was selected as the best.

(F) At tbis 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,

starting 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, ratber it is done on a day by day basis.

(H) The loop (2000) over the receptors begins. Within this loop

days not in the measured time period are eliminated, an inverse distance

average of the weather (1) 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 S02' S04' and the metals. The washout coefficients for

802 and S04 are first approximations and are recalculated later in the

program.

(K) Next, the innermost loop (4000) over the sources is made.

The actual ambient air concentration and deposition calculations are

made within this loop. ~lOI-



(L) The \-{eather half--way between the source and the receptor is

determined.

(M) The angle (AUX) between the source-recept.or line and the vvind

direction is found. If AUX is greater than 90°, the source is by-passed

(Figure 16).

FI RE 16. WI N lE

/

I'

/

)(
~

/' ..

I . f

/ / 'hS~~

/' AHW
/'

~

/ Source
/-

AUX = I AHW ~ ASR I

tor

(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) Next, the program calculates the plume rise, the pffec.t:Lve

stack height, and the vertical dispersion angle. The effec.tive 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

lctlometers of the source, and is bounded by the mixing height at farther

distances.

At this point, a brief explanation of the IIbox" is i.n 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

heigh.t a few kilometers from the source, and mixing (therefore,

pollutant concentration) is considered to be uniform from the ground to

the mixing height.

While traveling dOWLlwind, 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 fonn 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 angular

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

-:-.103-



ass.ume.s a gaussian profil(-~ w:tth~ the. maximum concentration a.long the

wInd axis, falling off to either stde. As the plume travels dm.;rm'l:Lnd,

the bell~shaped profile. lowers and broadens (R,8).

As the plume travels along, 802 is oxidized to sulfate (T), and an

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

Losses which are due, to dry deposition and wet scavenging are

calculated us.ing exponential functions. Clearly, oxidation and losses

are tak...-tng 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

~- d f· d . d 1 h bId b 21applied to tae mo i le gausslan mo eave een so ve y. Bowman

292after Wendell, Powell and Drake.

Losses for 802 and 804 are calculated in a boot strap manner. CD)

The program initially determines loss coefficients (wet and dry) for

802 and 804 using the best guess input parameters. (V) The 802 wet and

dry loss coefficients are then used to calculate an initial 802 concen

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 804 at the

receptor after losses.

Losses at the receptor are approximated by the fraction of time it

is raining per 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·-



calculating wet deposition.

CY) Netal loss coe£ficients~ metal concentrations; and metal

depositions are determined at the receptor in loop 52. These calcula

tions are straightforward, and do not present the complications that

802 does.

(2) Total 802 concentration at the receptor, which is the sum of

the concentration from CW) and tIle background concentration, is used to

calculate a new washout coefficient. At this point the 802 washout

coefficient and 802 concentration at the receptor have been refined.

(M) Next, the final wet 802 and 504 depositions are calculated

with the final 802 washout coefficient in a loop (1:.002) over the sources.

(BB) The deposition of hydrogen ion is calculated.

~C) The background concentration is added to the predicted

c.oncentrations and depositions; units are changed; and the depositions

and concentrations are summed over the receptor sampling 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 804 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 03. THEORY

at F.:tack

Plume transport and diffusion are determined by the motion of the

atmospheric boundary layer. Air motion at a given point is described in

terms of a turbulent cmnponent and a time mean value, the wind velocity.

Wind velocity increases with elevation while turbulence is usually more

intense at lower elevations. The scale of turbulence, however, increases

" hI. 242Wlt e evatlon.

Due to the complexity of atmospheric interactions, it is impossible

to accurately represent velocity profiles with a single analytical

expression. Several sLmple 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 is true for only distances of tens of meters above the sur-

face, the equation has been used to cover larger distances. This

. I" 1 bOlO d"" 242equation app les to neutra sta 1 1ty con ltlons.

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)p
1 1

(1)

where u
l

and zl are the reference velocity and elevation, respectively,

~la6-



p is an exponent dependent on su:rface conE tion and st~bility, and

z is the height at which u is determined.

, . . 2~.2, ..
'lln.s equatIon :LS, us.ed :In many plume stuc1:LCS and has been shown

to be effective in covering a wide range of conditions when the para.-

meters are properly evaluated.

The referen.ce values u
l

and zl are selected from 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

smooth open country range from 0.11 in unstable conditions to 0.33 111

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.

. 1 242areas, respectlve y.

The povter law velocity equation modifj.ed to include five stability

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

modified gaussian model as follO'tvs:

u 'u
l

[..0.003 (z/8)0.1 + 0.034 (z/8)0.15 + 0.091 (z/8)0.2 +

0.597 (z/8)0.25 + 0.275 (z/8)0.3] (2)

The reference height was taken as 8 meters and velocity u was

calculated at stack height z. The frequency distribution of the

stability clas.ses were based on meteorological data from International

Falls,60 and. stability class. exponents were taken front DeMarrais. 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.

-::-107-·



Plume rise is defined as. the elevation of the plume centerltne

above the st<:ick outlet as a function of the downwind distance from the

. 2L~2
stack. Plume rlB8 is determined oy characteristics of the exit gas

and the ambient atm.osphere. T~vo broad categories of forces affecting

plume rise are those of momentum and buoyancy.

The turbulence of gases as they leave the stack causes mixing or

entrainment with the atmosphere which dilutes both the up'\Vard momentum

of tne plume and its buoyancy. Rise induced by momentl® 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 vlith 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-

mente 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 of WDxmer 8.lnb:Lent aJr resillting in decay

of plume buoyancy. .Atmospheric turbulence IS suppressed and has Ii t tIe

effect on plume rise.

In neutral atmospheres the buoyancy of the plume remains constant

in a given segment of the plume, provided that the plume does not

radiate or absorb heat significantly or lose heavy particles. Since

neutral stabilities are turbulent, the rate of entrainment is increased

and plume buoyancy and vertical momentum are diluted.

If the atmosphere is unstable, the buoyancy of the plume grows as

it rises.

Plume rise equations- are both empirical and theoretical, and many

equations exist in the literature. The rises predicted by the various

formulas may differ by more than a. factor of 10 largely because of the

type of analysis and selection and weighting of data. 23

. fl' . B' .23,24 S 242ReVlews 0 p ume rlse equations are given J.n rlggs, tram,

156
and Moses and Strom.

Recent buoyant plume rise equations are simple one-term power law

~ 242 . h . 1 . bl f h fexpresslons Wlt exponentla varla es ate arm:

(3)

where ~h is the plwne rise above the top of the stack, X is the

downwind distance, U is the wind velocity, Q
h

is the heat emission rate,

K
l

is a constant dependent on other variables, and a,b, and care

exponents evaluated from theoretical or experimental considerations.

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

stack effluent data. Q
h

for a heated effluent is the equivalent heat

-109.,..



e111i8.s10n relative to ambi,ent air which, would produce the se-nne buoyancy.

vJhen'the effluent gas has. the same lT101ecular weight and specific heat as

air, Q
h

is, given 01':

c (1' = T)
P s

(4)

where c is the specific heat of air at constant pressure, T is the
p

absolute temperature of the ambient air, T is the absolute temperature
s

of the exit gas at the stack outlet~ and Q is the effluent mass
I m

emission rate. Q
h

may also be expressed in tel:TIlS of the mass denslty

differences between the ambient air and the stack gases.

The effluent mass emission rate, Q , is given by:
m

o - P A V
'Til S S S

(5)

where p is the mass density of effluent at the stack outlet .. A is thes ~ s

stack outlet area, and V is the effluent emission velocity at the
s

stack outlet.

Briggs,23 Bringfe1t,26 Fay et al.,64 and others have shown that

good values of a, 0, and care 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.

Th b I . f I f B' 23 f I ble uoyant p ume r~se ormu a 0 rlggs or neutra or uusta e

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 112/3 law" for transitional rise for considerable distances

downtvind when there is a wind, regardless of stratification. The

"2/3 law" states that plume rise is proportional t~ the 2/3 power of

distance downwind:
-110-



1\,',1' -- ] 6 ifl/ 3 U-1 v 2/ 3
01 r' .. 0 ,~; j\,. (6)

TIllS equation provides a c:.onservatJ.ve approximation for plume rise

under neutral or unstable conditions up to a distance of 3.5X*. At this

distance atmospheric turbulence begins to dominate plume growth and the

following equation applies:

The buoyancy flux parameter, F, in m4/sec3 is given by:

'F == g Qr / IT cpT , (8)
l P

where g is thE acceleration due to gravity, Q
h

is the heat emission rate,

P is the mass density of ambient air, c is the specific heat of air at
p

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 follO'iving form is used:

F = g V r 2 (T - T)/T ,
s s s s

where r is the stack radius.
s

Equation 9 was evaluated for use in the model giving:

-5
F = 3.75 x 10 Qh.

(9)

(10)

The distance X* at which atmospheric turbulence begins to dominate

plume growth in unstable or neutral conditions is evaluated by:

x~~ = 14 FO•625

x* = 34 FO. 4

for F < 55, and

for F > 55.
B

• 23,24rlggs

(11)

(12)

The distance of final plume rise is 3.5X*.

Briggs
23

concludes that X* may vary by ± 20% due to normal varia-

tion, and overall calculated plume rise may vary from measured values

by ±lO% for flat and uniform terrain, and ±4,0% for substantial
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topographic variations and large \Imter body influences.

For stable conditions Briggs 23
provides the following equations:

Llh ""2 2. L~ (Flu 8)1/3 (buoyant 1;,\l:Lndy) (13)

o ?l:' 83 . 75
Llh ~ 5 Ii' •~J / (buoyant calm) (ILl)

where S ts. a stability factor.

5.3.3. Diffusion.

The fi..rst diffusion model was' developed by Adolf Fick in 1855.

This model was based on the ide.a 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
d

• The basic equation239 is

given by:

dX/dt = K
d

v2 X, (15)

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:

x = {Q/4 TI r(K ,K )1/2} e2~{(-U/4x) [(y2/Ky) +
(x,y,z) y z

(z2/K )]} , (16)
z

where r = (x2 + y2 + ~2)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 dO\ffiwind

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 SllO\vJ1 that X

, a 239
and a pOIJ.Jer of x (llJ{ ).

proportioI1CJl to the wind speed

The mos,'t used approac.h to modeling a continuous point source is

the gaussian plume method. It is assumed that each paTtiele of contam~

inant moves in. a random fashion through continuous time and space,

independently of the presence of any otbe.r particle. Tbe result is that

vlhen a particle from a source of strength Q has been carried dm.vl1wind

for travel time, t = x/U, its probable departure from the x-axis must

be accounted for along wi_th all other particles. The general form of

the relationship is given by:

Xc ) == Q/U F Gx,y,z Y z
(17)

where U is the mean wind speed, and F and G are the horizontal and

vertical diffusion functions, respectively.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:

p (x,y) == (21T0 0) m-l exp (-1/2) { [ (x-x) 2/0 2] +
r :x y :x

[(y._y) 2/0 2]}.
y

(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:

x
(x,y) z)

= (Q/ 2 'IT0 0 U) .exp (_y2/2 (J 2)
Y z Y

expI- (z-H)2/2 0 2]+ expI-(z+H)2/2
z

....113-
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where 11 is the effective Source height, and 0 and (5 are the horizontal
y z

and vertical diffusion coefficients, respectively.

Applicatim.1.s and modification.s of the gaussian plume model are

d t d t_ T 250 ('1 1 232 d P ! 'I 178iscusse lD urner, 0 ace, an asqull.

The modified gaussian model assumes a gaussian distribution

horizontally, and a vertical distribution that is uniform and limited

by tl1.e mixing height:

X :=1 (Q/l2ir U C5 1) exp [-1/2 (y/ C5 )2](x,y,z) y y
(20)

where L is the height of the mixing layer, and (5 is the horizontal
y

diffusion coefficient.

The standard deviations (0 , 0 , 0 ) of the- gaussian equationx y z .

describe the rate of dispersion. It is assumed that diffusion in the x

direction 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.

246
Sutton developed a diffusion equation in terms of diffusion

coefficients, C and C , and a turbulence index, n, which depends on ay z

wind velocity profile in the power law form. Sutton's parameters were

redefined to abandon dependence on the velocity profile data:

C1 =: 2-1 /2 C (2-n )/2 (21)x y
Y' Y

()
-1/2

C
(2-n )/2 (22)= 2 x z

Z z

where nand n are two values of n associated with C and C .242
Y z Y z

Extensive field programs on plume diffusion have resulted in

many- expressions for 0 and (J ; a summary of these field studies is
y z

given in Strom.
242

These data cover a range of stabilities and surface
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conditions is generally valid.

configurations for 'Wllich the assumption of uniformity in atmospheric

The values of 0 and 0 vary witb
y z

turbulence, height above the surface, surface rougluless, wind speed,

sampling time over which the concentration is to be estimated, and

distance from the source. The parameters increase vIi th distance,

turbulence, fl.nd thermal instability; sl1xface roughness also results in

increases due to its effect on turbulence.

CurveS- of 0y and O'z 'wi th dis tance have been developed by

Turner232 , 250 based on the data of Pasquill. 177 Values of

G values are generally more accurate than
y

o and 0
y z

are estimated from the stability of the atmosphere \'1h1ch is in turn

estimated from the ,vind speed at a height of about 10 meters, and during

the day, incoming solar radiation, or at'night, cloud cover. These data

apply' to sampling times of about 10 minutes and relatively open country.

T 250. 1urner est]~ates tlat

G
z

' and that the more accurate 0
z

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.

C 1 31 . d . f h d d d . . darpenter et a.· 1. ent1_Y t e stan ar eV1at~ons 0 an G
y z

for six stability categories by potential temperature gradients.

155Montgomery et al. developed simplified equations for neutral condi-

tions and stable conditions prior to breakup.

143ments in St. Louis are reported by McElroy.

Urban diffusion experi-

H· d 105 d1n s reporte on

diffusion in the complex terrain in southern California.

S . L d S' 236 he 1 f d~ff i .ml.tlL an lnger present t resu ts 0 1. - us on exper1.ments

at Brookhaven National Laboratory.' 'Gustiness categories (B
2

, B
1

, C,
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and D with C being cloG8st to nE;utl~al I cher than sta.bility categories

were related to atl11o::;.ph-er:i.c turbulencL~ iJclSed on ",ind direction data.

S · 1 231 . I' f' ~ I d f . , di ff .• luger ~t 8..:-...... present a simp J~:·leCl met 10 o· estJ_matJ_ng __ ._ ·USlon

parameters 'based on 'various configurations of \vind 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 TIl Z ::::: 108 TIl

B2 0.4·0 0.91 0.41 0.91 2.5 3.8:x. x

B
l

0.36 0.86 0.33
0.86

3 .l~ 7.0x x

C 0.32 0.78
0.22

0.78
l~. 7 10 .L~x x

D 0.31 0.71 0.06 0.71 1.9 6.4x x

Strom
242

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 l/L, where L is the height of the

mixing layer.

V . 1. d' .. b d h S' S . h236 1 . h'ertlca lsperslon 1S ase on t e 1nger- mlt re atlons lp:

(5
z

= 0.33 xO. 86 (23)

and is described in Figure 17.

246'Horizontal dispersion is based on Sutton who relates the

dispersion angle to wind turbulence and the wind velocity profile.

DX == (5. = 0.3 (SDWH) xO. 85 = 2-1 /2 C x(2-ny )/2, (24)
y y
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where C is the lwrizontal diffusion coefficient taken as 0.42, SDWH
Y

1s the average standard de.viation of the wind heading over a 2LI~,hol1r

Period, and n = 0.86 Crigure 18).. Y -

FI 1 RTI l

HK

SOURCE

DYX DY

AnY = 0.33 XSRO.
86 ~ 0

z
DYX == HK + IXSR. '. AnY I IF (DYX > Hl'1AX) DYX == HHAX

DYM ~ HK - IXSR • ADyl IF (DYM < 0) DYM = 0

DY == DYX - DYM

DY = L, the box height

HK is the effective. stack height

l DIFFUSION

I

I
I

I
• I

,I
I

HORiZON
DXC

r---;;;~

~
\ I
\ I

\

\ '
\ I

•"

FIGURE 18.

SOURCE WIDTH

DX ;:1 0.30 • SDHH • XSRO. 86
== a

y
DXC = DX + source width
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It :l.s important to know .the dis,tance at which the plume tODc:1Jes

down or intercepts the ground in order to determine '!\Then the assumption

of uni.form vertical mi:xing becomes valid. Plume touchdown distances

\\Tere deterr{lined for several stack heights, heat eimssion rates, and

wind speed configurations. The sources that were used include Copper

Cliff, Falconbridge, and the hypothetical copper-n:i.ckel 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 Cliff superstack; at wind speeds of greater than about

27 km/hr the plume touchdo\!\Tl1. distance becomes less than 5 kID. The

touchdo\!\Tl1. distances of the two smelter stacks are less than 0.5 knl with

the exception of the main stack at 10 km/hr when a touchdown distance

of 1.4 Ian is computed.

5 .3.4. Oxidation rate.

R· hi 196 , d h l' l' If d' 'dltc e reVlewe t e iterature re atl.ng to su ur 1.0Xl e 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 touchdo\',lJl dls tallee.s.

heat e.:missiol1s r::ltack wind

Source m distance ill

Copper Cliff

Falconbridge

Smelter,
main stack

smelter,
fugitive
stack

6142

1350

236.8

3.1

380

91

60

50

10
20
30
L~O

50

10
20
30
40
50

10
20
30
40
50

10
20
30
LtO

50

5860
5860
4710
3670
2830

LI-24-0
1990

810
550
450

1360
440
280
230
210

160
1L~0

130
120
120

to less than 0.02%/11.1.'.30 Laboratory studies have reported rates up

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

b d ' h h 'b f ' I d'ff' I' 30o s-erve in t e atmosp ere eeause 0 - experlmenta 1 leu tles.

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

the chemical reaction of S02 in a mixture of air containing oxides of

nitrogen (NO ), hydrocarbons (He), hydroxyl radical (HO), hydroperoxyl
x

radical (H0
2
), and other species.

Rates calculated in laboratory studies are affected by many experi-

mental factors including concentration of 802 and reacting species,

irradiation 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 vmrCH SULFATE
FO&~~TION PRI~illRILY DEPE1IDS

1. Direct photo-oxidation
SOl")

L

-,,-1::.i.:::.g=ht..::..,_o-=-xy.:::.g_ep_~r\ H S04
- J 2water S00 concentration,

sufilight intensity

2. Indirect photo-oxidation
S02

smog, water, NO ~

organic oxidantg
HO

H
2

S0
4

S02 concentration, sunlight
intensity, concentration of
NO , liO, and organics

x

,I
F-l
N

?

3. Liquid phase oxidation

a. uncatalyzed oxidation by'
02 with and without NH

3

SO water2 ) H2S03
NH + H SO ' -oxygen
323 }

+NH
4 + -

S04

Wtl
3

concentration, pH
temperature

b. catalyzed oxidation
by 02 8°2

water, oxygen~

metal ions ;!
S04 concentration of metal ions,

temperature, pH

c. oxidation by ozone and
strong oxidizing agents S02 water 1 H so

ozone, oXldlzlng 2 4
agents

concentration of ozone or
oxidizing agent, pE

4. Catalyzed oxidation on
dry surfaces S02

oxygen, particulate. H SO
- ) 2 4 carbon particle concentration

surface area



Table 22. Reported 802 oxidation rates.

LABOHATORY STUDIES

1) direct photo-oxidation

2) indirect plioto-oxidation

o.
average:

range:
0-2.7
O·~100

3) liquid phase oxidation

4) catalyzed oxidation on
dry s-urfaces

FIELD STUDIES

6--150

none reported

0·,=200
most values in the

range: 0-10

Indirect oxidation of 802 by singlet oxygen, ozone, NO
x

' and CH
2
0

. . "f' . h 1:.' ,. 30, 46, 48, 129 This not Sl'gnl lca11.t 111. t e amuJ_ent envlronment. e gas

phase oxidation of 802 by HO may be the most important homogeneous

sulfate formation mechanism. Reaction rates of 0.4%/hr in c1ea.n atmos-

30pheres to 2.7%/hr in polluted atmospheres have been ca.1cu1ated. More

information is needed, however, to quantify HO concentrations in the

275
ambient atmosphere and in industrial plumes. HO

Z
and CH

3
0

Z
are'

thought to be important in the gas phase oxidation of S02; however,

experimenta.l studies are limited. Reaction rates of up to 2%/hr have

30been postulated for polluted atmospheres. Oxidation rates of up to

3%/hr in polluted atmospheres have been calculated for the ozone-olefin

42
system.

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

for S 41, 43, 147, 191, 198, 237, 299, 300
02-smog systems.
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A synergistic effect has been observed

oxidation of 502 involves. the diffusion of molecular 802 and other gases

into a water droplet where the gases may encount.er nucleating aerosol

particles. Oxidation then proceeds through the process of hydration,

and su~sequent dissociation of the dissolved gases and oxidation of

sulfite or bisulfite ion.

The. results reported in the literature for the oxidation of S02 in

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

9 f 1 11. 11 fl' h b . h 37, 183tratlons 0 cata_yst t an norma y ounc 1n team lent atmosp ere,

requiring extrapolation to ambient levels.

Oxidation in the aqueous pha.se has been found to be sensitive to

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

NFl 9. d CO . 12, 25, 79, 117, 184, 2193 concentratlon, an u 2 concentratlon.

Oxidation rates ranging from 0 to 15%/hr have been reported for the

1 d ·d 9 f SO b 0 (. h d . h . ) 17, 148, 219uncata yze OXl atlon o' 2 y 2 Wlt an Wlt out ammonla .

Ammonia, although not a true catalyst, is important in the oxidation

reaction because it maintains a high pH, and forms sulfate salts which

75lower solution vapor pressure.

Metal catalyzed oxidation rates for S02 ranging from 0-90%/hr have

12 25 36
been reported. ' , Dissolved manganese and iron are the most

efficient catalysts; vanadium has been shown to be au inefficient

1 32, 72, 117, 140
cata y,st.

between iron and manganes:e, suggesting that plume oxidation rates may

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

1: 2.2. 12 , 117. ueeu observed to stop at a pH of
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Oxidation of S02 by ozone at a rate of 12.6%/r has been reported. I83

Plume oxidation by' this mechanism is potent important) particularly

oxidation on

at distances farther from the source, where ozone concentrations have

not hee,n deple.ted 'by reaction with NO .16, 18/+

Overall, aqueous phase oxidation rates ranging from 0 to lSO%/hr

I T_ d 72lRve ueen reporte .

surfaces--The heterogeneous solid cata-__~_-" ~_..~. ~_~_.:t_~~~ ~

lyzed gas phase oxidation studies reported in the literature lack reac-

tion rate and/or mechanism studies relating dry hf=.terogeneously cata-

1 d 'd' } . 172yze 802 OXl atlon systems to atmosp lerJ.C processes. These reactions

do not appear significant when compared to aqueous phase oxidation

47systems. Hanaganese, 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. Field studies: Levy et al. 129 reviewed the field studies of

80
2

oxidation in plumes. Oxidation has been widely investigated for

power plant plmnes, 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. No

single factor is dominant under all conditions.

Nost investigators believe that either indirect photo-oxidation or

liquid phase oxidation of 802 in plumes and the atmosphere are the most

. h· 46, 133, 169, 170, 295 Th f h 1important mec anlsms. e nature 0 t e p ume

and existing meteorological conditions are also important.
52
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For example, gas phase oxldatton by lIO radical,may be important

during the &ull1rner months when UV fluxes, temperature, and r~lative

Immidity are greater because these conditions favor no prod'll.c tion.

Conversely, liquid phase oxidation likely predon'linates in the \Vinter

when conditions do not favor indirect gas phase oxidation.

The relative impoTtance 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 t'l7hich predomi.nates 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 ho~rs, which

favor indirect gas phase oxidation; conversely, these mechanisms become

slower or less important at night. The relative importance of the indi-

vidual mechanisms in a plume may also vary with distance from the source.

Oxidation by HO or ozone may predominate farther downwind while cata-

1yzed-uncata1yzed liquid phase oxidation may be more important close to

46
the source.

In summary, investigators have not elucidated the complex chemical

reactions of S02 oxidation. Field investigations have shown that

humidity, sunlight, temperature, catalyst concentration, and catalyst

• f • the o·xl·datJ·.on process. 85 , 169, 170, 281type are lmportant actors ln

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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"l,l1h11e others show iI1Ct'CCiS-lJlg or decrea.:dng t:rends in ox:ldat:ion

t
134, 295raes. Problems in. plume field study methodo.logy (in,strumenta-~

OXR

OXR

tioll, sample collection, rate c.alculation, and laboratory analysi.s)

I 0' 1 3 1J.lI, 134, 169, 170,295,298lave not een reBO Yea.

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

for power plant ,l urban, and smelter plumes; most value.s are in the range

of 0 to 10%/h1', and average values in thi.s group are about two percent

1
45, 52, 70, 71, 85, 133, 169, 170per Jour.

defined experimental data ba.se which describes the complex 802 chem.ical

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 dioxide to sulfate conversion rate is built into the

model as an exponential expression based on the data of Lusis et al. 135

Reaction rates vary from about 5%/hr close to the source to about

O.6%/hr after 2 hours of plume travel. After 2 hours plume travel the

reaction rate becomes negligible at O.006%/hr. The rate after 2 hours

is probably too low, and should be adjusted to about O.6%/hr.

-4
~ 0.025 x 10 IF (~les$ than 2), then

~ 0.625 x 10-4 + 1.25 x 10 exp (-1.45 - 0.45 T)

where OXR is the o){idation rate in .parts/hr, and T is the plume travel

time in hours.
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present as complexes with Fe (III) , CuCII), Zn(II) ~ and possibly Pb(II).

The authors also reported that 10% to 30% 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

ana.lysis. '
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5.3.5.

Trace constitlH::~nts in the atmospheTe. may be removed by tInce. luain

proce.S8ess: 1) chemical trans·formation into nel;l substances ~ 2) dry

removal processes such a.s gravitational depostion and sorption at the

atmosphere-earth interface, and 3) wet removal or precipitation scaveng-

• 29LI·
1ng.

This section focuses on the wet and dry removal mechanisms.

5.3.5.1. pry depos_ition: Particles transported through the atmosphere

may be deposited directly onto vegetation, soil, water or other surfaces,

and gases ruay be adsorbed onto these surfaces.

The mechanism of particle deposition is a complex function of all

possible forces acting on a particle including Brownian motion, diffusio-

phoresis, eddy diffusion, gravity, impaction, interception, and electri-

221
cal charge effects.

Investigators differ on the mechanism of particle transport in the

. 76 220 234reglon close to the surface.' , Three basic tbeories have been

proposed to describe the deposition of particles from turbulent air

flow. 76Friedlander and Johnstone proposed that the deposition process

could be described by eddy diffusion up to a point near the surface

followed by free flight due to particle momentum to reach the surface.

Sehme1
220

proposed that the turbulent deposition process could be

described solely by effective eddy diffusion. Slinn
234

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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N (mass. deposi ted/areal time)

Vd (length/ time) . X (mass !volume) (26)

where Vd is' the deposition veloc=i.t:y, 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 em/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

d ' 221stu leSt The deposition velocity depends strongly on particle size,

wind speed, and deposition surface. Chamberlain35 found that Vd

increased by 50 to 100% 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

234order to explain their transport to the surface. 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-

1 ' h '1' d' 'b ' 234c e uSlng t e partlc e Slze lstrl ut10n.

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

the canopY' enhances the collection of aerosols. Slinn
234

estimates
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that a deep

at the same rate.

forest canopy will remove all Slzes of particulates

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 summa.ry of mass median

particle diameters and deposition velocities for selected particulates.

The primary source of field data was an excellent study of deposition

32
at remote sites in Great Britain by Cawse.

Cawse
32

determined the deposition velocity of individual elements

at seven sites in Great Britain for two years. The deposition surface

was a l:matman 5l~1 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 closely 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~22l Sehmel et al.,224 and 8ehmel and Sutter. 223 Deposition

velociti~s 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 0.01 em! sec has been

shown for particles of about 0.1 to 0.3 microns in diameter. For total

1 d · d k" I' 238 dparticu ates a mass me 1an iameter was ta en from StatnlC( s ata
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Table 23. Mass median size and dry deposition velocity data.

SO~.

Cu

N:t

mass median
diameter microns

0.65 Cawse(1974)
0.7 Dovland &

Eliassen(1976)
1 to 1.2 Kramer(1976)

1.5 Cawse(197L~)

1 to 3 Kramer (1976)

1.8 to 5.9 Kramer(1976~

dry deposition

0.1 grass Sell111el & Sutter (197~.)

0.02 water Schmel & Sutter(197L~)

0.1 snow Dovland & Eliassen(1976)
0.025 to 0.1 Garland(1977)
0.3 to 3.0 Slinn(1977)

<0.4 to 2.0 Cawse(1974)
0.02 to 0.40 water Sehmel &

Sutter(1974)
0.1 to 0.25 grass Sehmel &

Sutter(1974)

0.03 to 7.0 water Sehmel &
0.18 to 0.5 grass Sutter(1974)
1.0 to 3.0 Pierson et a1.(1974)
1.0 to 4.8 Cawse(i974)~

Pb

Fe

0.6
0.56

2.5
4.0

Chamberlain(1976)
Cawse(1974)

Cawse(1974)
Chamber1ain(1976)

0.2 Chanillerlain(1976)
0.17 to 1.4 Cawse(1974)
0.16 snow Dovland & Eliassen

(1976)

0.36 to 4.1 Cawse(1974)
1.2 Chamber1ain(1976)
1 to 3 Pierson et a1.(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 Sehroel &

Sutter (197ft·)

Cd 0.9 by analogy to Zn
Cawse(1974)

0.18 Cawse(1974)
0.02 to 0.065 grass Sehme1 &

Sutter(1974)

Hg 0.1 National Research
Counci1(1978)
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on trace metals from a copper muelter and reverberatory gas streams.

G ] d 81 . d l' ]. d 1 PC 1 •Jar .an reVlewe tle .lterature an suggesteo a mean 0)2 OCpOS1-

tion velocity of about 0.8 em/sec for large areas of Europe. Exper~~

mental measurements ranged from as high as 2.2 em/sec over Lake

O . 294 0 'L / . r. 83ntarlO to o. em sec over plne Lorest. Limited data are available

29L~
for the snow season; Hhe1pdale and Shaw report a deposition ve.1ocity

of 0.05 to 1.6 em/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

at the surface. Slinn
234

shows that for most gases the dry deposition

rate is limited by interaction with the surface. For simplicity,

sorption at the surface is usually assumed to be irreversible. Table 24

presents a summary of some 802 dry deposition velocities reported in

the literature.

The modified gaussian model is' a source depletion model; that is,

the deposition of pollutant i& accounted for by reducing the source

strength. througn. the vertical extent of the plume. In reali.ty, 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

gaussian model because of the additional complexity and cost.

The source depletion model has been shown to consistently over-

predict tne surface air concentration and the deposition at downwind

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

dry depositi.on

0.5 to 2.6
0.5 to 1.6
0.16 to 4.0

0.36

0.3 autumn
0.8 summer

0.8

0.55

0.85

0.8

0.1

grass
snmv
water

wheat

grass

short grass

grass

snoVl

Whelpdale & Shaw(1974)

Fowler & Unsworth(1974)

Shepherd (1977)

Owens & Powell(1974)

Garland ~ ale (197~·)

Garland et ale (1973)

Garland (1977)

Dovland & Eliassen(1976)

from the source.
107

At all distances (up to 100 km) modeled by Horst
l07

the source depletion model overestimated total deposition between source

and receptor and underestimated ambient air concentrations. Draxler

and Elliot
57

adapted a finite difference ruodel to simulate the effect of

diurnal stability variation and dry deposition on plume depletion.

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

res.idence times of the surface depletion model were about a factor of

two greater tnan tne source depletion model. The differences between

the two models' were greatest for large deposition velocities and low

mixing rates'. The staEility at time of release was one of the maj or

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 cons.tant neutral stability.

5.3.5.2. removal In Dlclny CClseB pollutants may be deposited in

nearly equal amounts by wet and dry deposition processes. Estimates of
I

the total mass, of atmospheric particles reulOved by dry deposition range

f ~ 50%63 - 33%18 - 20% 20110m 0 to Q too. However, the wet deposition process is

usually the most efficient" and more likely'to result: in acute levels

of pollutants ,,,hich 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 deta.iled meteorological information is also a problem. Since an

intense storm can deposit a large proportion of its soluble pollutants

within minutes, it is important to accurately predict the time and place

of the storm's onset.

Most models of pollutant scavenging are 10garitbnlic:
2l8

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.

(28)eX=X
o

Considering only wet removal and neglecting S,

- At

where X is the pollutant concentration before scavenging, and X is
o

the concentration at time t.

The value of the washout coefficient ( A), which results from

integrating over all s.izes of pollutant containing hydrometers, is

difficult to evaluate. The removal expression is generally applied to

",,133-



a surface layer of air. Tl1is provides a crude approxbnation unless the

surface layer encompasses the entire vertical extent of the region

being scavenged.

S d D 218 . d I l' d f .cott an ana provle an a ternate metlo or computlng wet

removal which relies on a direct calculation of an average 'i;\Tet 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 modified 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

I d d h I d d d b d
_218

c ou ,an t e convective c ou ; are consi ere y Scott an Dana.

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

~hase mechanisms with gentle uplift and long times available for conden-

sation and coalescence to precipitation sized drops. Pollutant trans-

port 1's' as.sumed to take place through the sides of the storm.

In the convective cloud strong updrafts- produce large supersatura-
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tions and liquid water concentrations which enable co~bined 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 t.o be responsible for most of

. 138the precipitation from layer type clouds over the contlnents. This

cloud type is 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 northeast.ern

l1innesota 7 but the convective storm is responsible for showers during

the summer.

S d D 218 d . . f ] b dcott an ana eY1Ve an express10n _or wet remova_ ase on

the conservation of mass:

di ./d t :::: (j C) - (j C) / (z - z )
1 Z Z 0

o
(29)

where j is the precipitation flux (mass of H20/area/time), C
i

is the

pollutant concentration of the precipitation water (pollutant mass/

mass of H
2
0), Xi is the average pollutant concentration in a volume of

air, and z-z is a colullu1 of air extending from height z to z.
o 0

Because detailed vertical profiles of precipitation and pollutant

concentrations are not available, the use of wet removal expressions

is restricted to a layer of air that extends from the surface to a

h h h d d fl f 11 ' 218heig t were t e wet, ownwar ux 0 po utant 1S near zero.

The concentration of pollutant in precipitation, C., is also
1

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

= C" P . Ix. C 0)l' a1r l z= , (30)

where Wi is tne mass concentration of pollutant in precipitation/mass
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concentration of pollutant in air, C. is the mass of pollutant in water,
J.

X. is the mass of pollutant in. air, and p is the density (;f air
1 air

(gm/m
3

) .

Substituting,

dX. / dt
1 ..... j H X. ( 0) / (P. (z-z) .1 z~ alr 0

(31)

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

tration, X., in a volume of air to the ground level concentration,
1

Xi(z=O) . Assuming that X, ::::: a X,. ( 0)' then:
1 ]. z=

(32)

where

and == A • X. ( .0)
1 1 z=

A .= j W. /(a \. (z-zo»)'
. 1 1 alr

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

rate equation with an exponential solution:

X. = X. ( 0) e. 1 ]. t=
A·(t-t )

I 0 (33)

(34)

In modeling the scavenging losses, the rainfall flux, j, is

determined from meteorological data and the relationship:

j = PH 0 J
2

where the rainfall flux, j, has the units gm/m
2
/hr; the density of

-3 3
water, PH 0' has the units 10 gm/m; and the rainfall rate, J, has

2
the units rom/hr.
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Substitllting, the b.as.ic f~xpression for the vlashout coefficient,

A., llOIi! beCOTrles:
1

A.. ::=PHOJ1~./(ap .
1 '2 1 all'

(Z-2 )).
o (35)

218
are determined from Scott and Dana.The parameters a and z-z

a

The washout ratio, lV., of particulates depends on aerosol diameter, but
J.

since particle size distributions were not available washout ratios

determined by cawse
32

in field studies were used for particulate metals.

For sulfate, theoretical values of the washout ratio which depend on

217
the rainfall rate and type of storm were used. The washout ratio of

94 95
802 \<Tas based on equilibrium concentrations of S02 in water. '

The expressions for the washout coefficient which were used

in the model are developed in the following sections.

~et removal of sulfate--The concentration of sulfate in precipita-

tion is the result of several processes (Brownian 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. In

addition to being draW11 into the 'cloud from below, sulfate may be

generated within the cloud and precipitation water through the oxidation

f T b b 8 217 h' 1 do 8°
2

" dowever, 0 servationsy cott suggest t at In-c ou

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.

-.:-137-



Scott's model for 'vet removal of sulfate neglects belmv cloud and

in-cloud ca.pture of "dry" sulfate. The model wIdch is based on the

Bergeron cloud assumes that in the portion of Figure 19 above the

cloud base, the rimming zone, cloud droplets are nucle,lted on sulfate

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, z-z , is obtained by Scott and
a

218
Dana as follows. The rilmning 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

rlirrming zone, ~z, is estimated from the fall speed of a typical

collector particle and frorn the time required for the particles to

grow to raindrop size:

~z ~ 744 J
O.105 (meters),

where J is the rainfall rate (mm/hr).

(36)

The riruning zone is generally 750 meters, and weakly depends on

precipitation. The distance from the ground, zo' to the cloud base,

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:

z.....z
o

= 300 + 744 J
O.105 (meters).
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Using this definition, the upper level wet pollutant flux would be

zero, and the flux divergence over the entire column of air extending

from the ground to the top of the rimnling 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 rDrrming zone

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

precipitation rates.

The convective stonn, 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

concentrations of sulfate can result. Although the convective cloud
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does. contrihute. to Sl..l11Jnte.rtime prec.ipitation in Nt-nnes.ota, it' s complex:L~-

ties are not well understood, and it is not c.onsidered further.

Scott and Dana218 furt1.1er simplify- the expression for wet removal

by' parameterizing the sulfate concentration in the precipitation "later

reaching the surface in terms of the sulfate concentration being drm.;rn

into the base of the cloud. The final concentration of pollutant in

a collector particle passing through the rinrrning zone is given by:

c = C (1 - 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 removal of sulfate becomes negligible.

The liquid cloud water concentration is parameterized in terms of

the precipitation rate:

m= 1.56 + 0.44 In J (39)

Using theoY8tica1 values' of the was-hout ratio derived by Scott2l7

for J less than 2.5 mm!lir and greater than 0.13 nrra/hr, a surface water

concentration of sulfate, C, in gms of sulfate per gm of water is

determined:

C ::;) 0.46 x (SO) J-0.27
'g 4 (40)

3
where X

g
(S04) is the ambient air concentration of sulfate (gm S04/m 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, X ~ surface air concentration of sulfate and a = 1.
g

-140-



0.73
LI 60 X (804) J / (z-z ) ,

g 0

The. wet removal rate for sl:l1fate is the.n by:

dX
S

0
4
/dt :::;

~S04 = 460 jO.73/(300 + 744 JOo105).

The above result (equation 42) for the washout coefficient

(l,2)

applies to both ground level rain and snow conditions in the modeling

simulations.

treated as an irreversible process vnl1ch is a function of the rate of

encounter of particles by precipitation. If particles are wettable and

small « 1 micTon) they can act as nuclei for the condensation of cloud

water. Particulate drop evaporation is not considered in the modeling,

and unwettable particulates could still be removed by impaction below

the c1oud.

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 modeling for metals is obtained

32
from the washout ratios of Cawse (Table 25) and equation 35:

A. = 2.86 x 10-3 J T W./ (p (300 + 744 JO.l05) , (43)
1 1

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

a tmo spher.es •

Because of a paucity of information on removal efficiencies in

rain and snow, the scavenging of particulates during the tl>JO seasons

is assumed to be the same.
.,..141.,..



Table 25 £ VJa.shout ratios, fo:[ particulates us.ed in the modified
gaussian model.

washout ratio

particulate

Cu

Ni

As

Cd

Pb

FIg
a 3L}

Cawse

b C i 1162National Research ounc~~

265 (by

1150a

625
a

410a

325 (by

315a

50000
b

aIla10gy to Fe) a

aanalogy to Zn)

Het 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 a 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

h . b d f II' . 1 ,235to anot er speCles or y rops a lng lnto c ean alr. 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.

233 81 94
8linn, Garland, and Hales agree that 802 gas dissolved in

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
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802 tn the rain water.

After 30
2

dissolves in water it fOIIDS sulfurous acid which

partially dissociates:

SO
2 (gas)

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

in rain, the 802 solubility is reduced.

_R_e_m_o_v_a_l__o._f_·_8._0_~,.__~~.s.__n_o,_w--In the case of 802 scavenging by snow it is

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

particles capture cloud droplets in the rimming zone. The dissolved

80
Z

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

enviromnent. As the cloud droplets are collected, they freeze rapidly

and have no opportunity to adjust to new equilibriwn values as they

are transported to lower levels in the cloud. Since the wet, downwa.rd

flux of 80
Z

through the upper boundary of the rimming zone is negligible,

the 80
Z

removal rate by snow is determined by evaluating the pollutant

flux at the ground. The S02 removal rate may be expressed by:

dX (S°)/d t j C(SO ) / 6z ( 45 )
2, Z

where X(SOz) is the average atmospheric S02 concentration, C(80
Z

) is

the mass concentration of 802 in snow, j is the precipi.tation flux,

and b.z is the fall di.stance for snowflakes.

From Scott and Dana,2l8 I1z = 300 + 744 J
O•105 where J is 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 (l - exp (-,Zm) ),

.,.;143,...
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\V-here. C is the V81:tical av(~rage of the, 802 WEtter concentration in the

rinmi.ing zone, and i;l is the vertit:al average of the cloud water c.oncen-

tration.

Letting (3' equal the arithmetic average of the equilibrium concen·~

tration at the ground, C(z~O)' and at the top of the rimming zone, then:

C = 0.5 lCso (z=O)] II ~ exp (-2m)] ,
2

From the previous discussion:

C = w. X./P. .ill alr

substituting and collecting terms,

(!~7)

(48)

dX/dtl = - PH ° J WSO XSO (1 - exp (-2m»/
SOZ snow 'z 2 2

(2 Pair (z-zo»' (49)

and

A
SO

I = 1.42 x lO~-3 W
SO

J T (1-exp(-2(1.56 + JO.44»)/
Z snow 2

(P (300 + 744 J
O. 105»). (50)

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

coefficient.

Removal of 802 by rain--The model for 80Z removal by rain assumes

that snowflakes, as before, accrete cloud droplets containing dissolved

S02 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 ZO. The scavenging height is again represented by the

distance, z-zo' while the freezing height is given by zf - z •
a

The only change in 80
Z

concentration in the upper box results from

a d0W11ward flux through the freezing level.
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The amount removed is given by:

dXSO /dt I., :=: '"", j (. ) C( )/ (z-zf)'
2 lee Zf Zf

(51)

Both the precipitation rate and the 802 concentration in snow are

evaluated at tEe freezing level.

Removal due to rain oelow- the freezing level is given by:

'where j (z ) and C(z ) are ground level values. BeloVJ the freezing level
o 0

it is assumed that the S02 concentration in the drops is determined by

establishing an equilibrit~ concentration between the dissolved and

airborne S02'

The removal rate by rain is determined as a weighted average

over bo th Boxes:
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(53)

Simp13~fyj:ng,

d~~O /dtl ~ =-
L> 2 'Lalli

and

(54)

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, W., in both the rain and snow expressions is
l

h b I , f SO" 44, 94calculated in a subroutine from t e solu i lty a ~- -2 ln ralnwater:

C = C /H + 0.51 ~ IH+] + (lH+] + 4 K. C )/H) -1/2
aq gas ex ex 1 gas

(56)
+where IH] is the hydrogen ion concentration from background sO,urces,ex

C and C are the aqueous and gaseous concentrations, respectively,
aq gas

of 802 , and K
1

is the first dissociation constant of 80
2

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

• 1:._ f' f If' d' "'d 80,90,130,243ln tue. presence o' rainwater arm su urlC an nltrlc aCl S.

Hydrochloric and weak acids may- also contribute to the acidity of

. .. . 9-0, 124
preclpltatlon.



+The depo&ition of H is calculated in the model based on a back-

+ground l-l c.oncentration in pn:;cipi.tation measured in thefielcl,

dissolved sulfate a8 calculated in the model, and the dissociation of

\ ~ .' 45, 95
dissolved 802 In raDL

IH+Jtotal :::: 111+Jbkg + 1/2 1S02J + IHSO;Jdissolved (57)

Background hydrogen ion c.oD,c.entration is approximated by equating

it to the total fl"ee hydrogen ion concentration; that is,

(58)

The background mean pH in northeastern Minnesota was reported

b 4 7 b E · . 1 ] 59to e '. Y lsenrelC 1 et a._..:,..

Wet deposition of sulfate calculated by the model can be expressed

a~ a concentration by:

ISO:] = 1(4.1 " 10-
6

) (SO4dep)] / (Rr MWSO4) , (59)

where 80
4dep

is the sulfate deposition in lug/ cm
2

, R
T

::i,s the rainfall

amount in inches, M\ySO is the gram molecular vleight of sulfate, ISO~)

4 -6
is the sulfate concentration in moles/liter, and 4.1 x 10 is a

concentration conversion factor.

Assuming all of the sulfate contributes to acidity:

(60)

The solubility of 802 in water varies as a function of concentra-

. d ... 'd' 94tlon, temperature, an preclpltatJ.on aCl lty.

reactions are:

The dissociation

K + -
80 2 (aq) + H20~ H + HS03 ' (61)

and H
O = 180

2J /1802Jg aq

Kl ~ IHSO;J IH+Jtotal/fS02]aQ
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\\TherE~ flo and K
1

are the Henry 1 S la.w and dissociation cons,tant:=;, re:::>I)e(>~

tivel¥ (Henry's constant is calculated in the suLroutine). The second

dissociation COIl:::rtant is assuUlc'.d to be negligible.

The total acidity from the dissolution of aqueous 802 and outside

sources may be derived as' follovTS:

(63)

then,

I H+J - IH+] + 1/2[80-Jtotal - ~bkg 4 + x.

Substituting equations 62 and 63 into 64, solving, and simplifying:

D-r+Jtotal == b/2 ( 1 + (1 +- (4 Kl [80
2
]g)/ (b

2 Ho»~1/2),

-I- ==
where b ::: IH Jbkg -+ 1/2[804J.

Total [H+J in moles/liter is then converted to deposition by:

H+ -3 [H+J Rr. (66), dep 2.54 x 10

2
then converted toThe hydrogen ion deposition, g/cm , is pH by:

+ (67)pH ::: - log IH ].

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 Q., mass of i emitted per unit time.
1

~ .Ja
In this coordinate system a series of wind vectors lui (r,t) are defined
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80 tbat the is parallel to the vector, the If-; cross'~

wind to the VGcto'c, and the z-axis 1s vertical to the vector

The parcel's length, dx, is determined by the wind speed:

dx c ul ,t)dt ~ u dt.

Je 21).

(68)

The mass of polluta.nt i remaining in t11e parcel at time t tn tts

travel is. knmvn as the effective source term, Q, (t), and is related to
1

the pollutant' 8 concentration, X. (1', t), by a vertical and crossvJind
1.

integrCltion:

Q. (t)
1

and

(II x. dz dy) dx ,
1

(69)

. 00 00

Q.(t)/udt:: I dz I dy X.(r,t).
1 Q""oo 1.

(70)

The effective source term, Q.(t), can be applied to all the conver-
1 .

sion and deposition relationships which were determined for pollutant

concentrations.

For nonreactive pollutants, such as tot.al particulates and metals,

the changes in Q.(t) are due to dry deposition and wet scavenging, and
1

these losses can be approximated by first-order rate expressions. The

time dependence of the effective source term for non-reactive pollutants

is given by:

dQ./dt :: -(V./~z + {A}) Q.,
1 1 1

(71)

where V. is the dry deposition velocity of pollutant i, ~z is the plume
1

thickness, and {A} is the washout coefficient of pollutant i which

equals A. during precipitation and 0 when there is no precipitation.
l .

The solution to equation 71 is:

Q.(t) ==l Q.(t ) exp (.,..V./!:-'z + (A.) (t-t ).
1. 1 0 1 1 0

(72)
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It is assumed that dry deposition continues at the same rate whether

In reality, it is likely that-dry deposition

or not it is raining. This assun~tion requires verification; opinions

have ranged from no dry deposition during rain
193

to the same rate as

d d d "· 292un er ry con ltlons.

continues during precipitation events at an altered rate.

For reactive species, like sulfur dioxide, chemical conversion must

be considered along with wet scavenging and dry deposition. A first order
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model with. rate=:; constant k is (U;Sl1lJH~d for the oxidation reactIon.

The. coupled equations for sulfur dioxide and sulfate

resulting from these processes are as follows:

(73)

and

(74)

\'lhere the subscripts 2 and 4 refer to S02 and SO~., respectively.

Solutions to these equations are:

(75)

QL
1
( to) exp [- (VL/bz + {A~} ( t - to) ] + Q2 ( to) K

[exp [- (V 4/bz + {A4} (t-to)] - exp[-(V2/bz + {AZ} + k)

(t-t )]] , (76)
o

In. order to determine the atmospheric concentrations, X., as a
1

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 the model which required the

broadest assumptions. Data on the geographical distribution of precipita-

tion was limited. Hourly observations of precipitation events at four

meteorological stations (International Falls, 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, T (W), for each
p

weather station, 'W, for each daY' in th.e sampling period •

.,..151-·



The da:U.y duration of pre.cipitation, T (S'~R), for each day t s, - p .

traj ec.to:ry be.tW12,en th(~ f30urC_6 a:n.d recQ.ptor is the avera.ge of l' (H) frmH
p

the four weather stations 'using the inverse distanc.e 'vleights assumed for

the wi.nd.

The geometry of the storm is then assumed to be a band which follows

the average wind for that trajectory as sho~m in Figure 22. This

localized moving storm is one of three geometries which were visualized

f
1.. 21or tILe storm. The remainj~1g models include a generalized storm

which assume the storm occurs at all points from the source to the

receptorS' 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 precipitation scavenging, and

therefore minimizes the wet deposition at any given receptor.

The effective source tel~l, Q.(t), can then be separated into wet
1

and dry terms: Qiwet(t) for time Tp(S-R) during precipitation and

Qidry(t) for the rest of the day. Qiwet(t) is calculated by setting

. {A.} = 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'd (t) is calculated by setting {A.} = 0 for the entire trajectory.
]. ry 1

Table 26 gives the resulting expressions for the effective source

terms for 802' 8°4, 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:

1/24 (T (S·-R) Q. (t) + (24-T (S-R») Q. d (t) ) .p ].wet p 1 ry
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Table 26. Effective source terms resulting from the localized moving storm modele

Species Formula for Q-! _. (t) j = dry j = \Vet
.I.:J

Q
2

(0) exp (-K
2j

t) K - V /2,dry - 2 ~z + k K2 ,wet V2/~Z + k + A
2

8°4 Q4 (0) exp C-K4j t) +

(3/2 Q2 (0) k/~Kj) x

(exp (-K
4

. t) - exP (-K
2

. t) )
J - J

KlJ. - V /. ,dry - 4 ~z

6K. == K2jJ

K4 ,wet

K, .
l-.tJ

Vq/6Z + A,
L~

K. = V./~z + A.l,wet l l
Ki,dry = Vi/~zQ. (0) exp (-K.. t)

~ lJ

21
BO'W"'TIlan

I
~ metals
V1
w
I



l

S to r m Len 9 t h
...),

tulTp (S- R)

5.3.7.3. Receptor concentration: The totalatomspheric concentration

at a given receptor can be approximated by the sum of the partial

concentrations contributed by each point source (weighted by one-llalf

the irrverse source to receptor distance) and the background concentration:
n

X. (R) =: L 1 X. S (R) + X. bI ( 79)
J. s= l l (g

where XiS(R) = Q(x/r) ¢(x,y)/u~z.

As discussed previously, the background concentration which should

not be influenced by point sources is difficult to pinpoint. The back-
I

ground concentration, X
ibkg

, 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. Recep tor deposition: The depos:i tion expressions can be derived

from the wet and dry fluxes as follows:

deposition ~ (flux) ~T) ::: (V. + {A.} ~z) X. ~T.
l 1 1
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arnblent air' t,ac
for the

model validation"

Tabl 29. tion
cone en. tr'C! tlons

Dry

SO,) rain otl8 Gar'land (1977) 3/1'7>:: 1 Huhn (1978)
{-

snow 0<12 ~lhel Shav'l (191 J·l)

3°4 otl1 Garland (1977)
.. ~~6

Huhn (1978)2"OOx10

Cu 2,)0 Cawse (197 LI )
~q

Huhn (1978)- run 6,,23x10 ~

Cu ... run 2 1"Oa 3t100x10~9

'.4
_0

Ni Cal"rse (1974) 2<l13x10 .! Huhn ( 1978)

Pb 0,,3 Cawse (1974) -8 (1978)2"OOx10 Huhn

Fe 1 cI 1 Cawse (1974)
-7 (1978)2,,60x10

aRerun of copper using one-half the original dry deposition
velocity and ambient air background concentrations"

Table 3a_ Sudbury region meteorological stations and
coordinatestl

.4Qot"'dJ,D~

Longitude Latitude

S8 Marie 8ll" 3333 46,,5333

SUdbury Airport 80,,8000 4646162

Timmons 8',,3333 48,,5000

North Bay Airport 79<14333 46,,3333

Gore Bay 82,,4661 45,,9000
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FlURE 23. SUD BUR Y RECE RS
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weather
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6,.2 2, 3~
. 121During 1973 74 Kramer operated a bulk deposition

sampler network of 33 3tations~ Eleven of the stations (Figure 23) were

selee Led for' the model validation based on oompleteness,

representativeness, and location in relation to the sources~ Receptor

coordinates are given in Table 28.

Table 28. Sudbury Receptor Coordinates

I:2ngituc1e Latitude
...."......._---

Skead 80 ,.7520 LI6,.5830

K111a1'>ney 8L 4470 45,.9990

\~indy Lake 81,.lt660 1t6 11 6150

Gore Bay 82115700 1t5",8810

Gogama 81,,7270 47~6750

SS Harie 84 .• 2500 46,.5050

Espanola 81,.7680 46~2550

Chapleau 83~4000 47·.8333

Timmins 81·.36)'+0 48~4770

Sparrow Lake 79,.3838 44~7980

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 and precipitation

were obtaIned from five first order weather stations covering

2approximately 150,000 km 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.
,...162·-



superstack (380 meter ) at the Cliff smelter; prior to October

1972, a shorter stack was in use~ In addition to the two major sources at

Copper Cliff and Faloonbridge, a third smelter was at

This source was' not included in the analysis beoause 802 and 304 emissions

fr'om this smelter Here 10\..J v·Then oompared to the other two fJOUrCes and

metal s emissions data "'Jere not availabll~., Emissions data and other input

parameters for the Copper Cliff and Falconbridge smelters are given in

Table 27.

Table 27. Sudbury Point Source Emissions Data, 1973-74.,

~. .Q.Q1LR§r £J...tf.f.

longitude 81.. 0667 80 .• 8333

latitude 46.,4667 !~6.5667

. stack height (m) 380 91

heat rate (cal/sec) 1.66 x 108
3·.65 x 107

exit gas flow rate

(m3/sec) 2832 167'44

exi.t gas temp (DC) 149 154

3°2 (g/sec) 36460 7280

8°4 (g/sec) 333~2
.-s .."1 ____

TSP (g/sec) 278,.8 222~1

Cu (g/sec) 12.,04 10~65

Ni (gl sec) 10~10 14·,35

Pb (g/sec) 5~90 1 ~ 62

Fe (gl sec) !~2 ~ 2 9~37

Stevens240
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the Trans-Canada Highway~

The 8stablii3hment of m:ines and i3n1t:l ters in the Sudb\..wy Bcli:3in \'/hic1'1

contains one of the world's major deposits of nj.ckel and copper dates back

to the late 1880fS~

During the 19!1O I s the Sudbury mining and smel ting complex contributed

t 92 CJf f t" f 1 d I • k 1 22abou /0 0_ 11e ree wor.L s DIC re.L Although Canada's production has

declined to 43%, nic ke1 mining and smel t:Lng operations ~1till oantrib ute

d>') r::: b'11' . 11 ttl. C d',- 22..pL-.:> 1_L.1.10n annua..L...Ly 0 .ne ana Ian eoonomy,.

Decades of smel ter emissions f1'om the Sudbur'y oomplex 1 Canada's

largest single source of sulfur- dioxide, have resulted in a landscape so

22
barren that U.8 .. astronauts trained ther'e for moon ~",alks,.

6During the period 1973-75, the Sudbury smel ter em:Ltted about 3-.4 x 10

1-' t f' .t::' d' . d 240
me~rlC ons 0 SU..LIUr 10Xl e .. This figure is about 3% of the total

t t . th . d 266suflur dioxide emissions in he Uni ed States durIng e same perlo ..

Emissions from the smelter complex impact the vegetation, soils, lliJd

surface waters of the area through precipitation scavenging and dry

deposition of stack emissions, surface leaching of ore outcrops and ,acid

runoffs '4 Some of the envir'onmental effects which have been reported in

58 14!~, 145
the SUdbury area incl ude: 1) sulfur dioxide vegetation damage, '

2) elevated sulfate levels in SOils,91 3) elevated concentrations of

t 1 t'" ..!W, 109 4) . dme a..LS, par ~cu~ar~y copper and Dlckel, ~n soils, ~ncrease

acidity of lakes,13 5) decreased fish and algal populations in sensitive

1 k 13, 296
a es '. Elevated nickel blood levels have also been observed in

24!~
Sudbury residents~

6~2~2~2~ ~QYrces: The major point sources in the SUdbury area during

1973-74 were the two large copper smelters at Copper Cliff and

240
Falconbridge~ This time period includes the operation of the
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results may be due to compcnsa

model Id each of the model units would be verified tly;

l'lCHJ12Ver'? ttd.~3 1S u:3ually om:i.tted bCCcnJ~3e of tlrne expen:3o, and log:L~)tic;:;-;,.

This section discusses the verifioation of the modified gaussian

model, compares the modified gaussian model to two other models, and

presents the results of a sensitivity analysis~

6,. 2" HODIFIED GAUSSIAN I\fl0DEL VEHIF'IClrrION

6,.2,.1,.

Ideally, the modified gaussian model should be verified using field

data colleoted in the copper-nickel study region making it a site specific

model for theregion~ However, the ambient air quality and deposition

data colleoted in the study region were designed to characterize the

region, ffi1d were not suitable for model verification~ For this reason the

modified gaussian model was verified using deposition data for the period

1973-74 collected by Kramer 121,122,123 in the area surrounding the

Sudbury smelter complex~ The data collected by Kramer were part of a

coordinated aiI.'~'Hater study initiated in order to establish the

cause-effect relations of increased acidity, emissions and transport of

poll utants in Ontario \l

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 fr'om distant

121sources ..

northern Ontario about 50 miles north of the Georgian Bay, at the apex of

a triangle approximately half-way between Tor-onto and Sault Saint Marie on
.,..159.,..



flolrJi3 cl ue to :3Lc] c ks, bu:L vehicles aud terrain obstacles, 2)

atmosphere and the accuracy of the input information~

flows over surfaces different from those in the basic experiments

t1'1c1 uding vJat:er, forests, cities c}nd rough terr'ain, 3) cLisper'sion in

extremely stable and unstable conditions, 4) dispersion at great downwind

distances, and 5) buoyant £'1 uid flows 1ncl uding pOHef' plan t pI urnes 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

252Turner provides

a critical review of atmospheric dispersion modeling and disousses model

evaluations and comparisons~

Some specific sources of error and problems in modeling incl ude: the

use of a single stability condition to characterize dispersion, treatment

of plumes near the mixing height, diurnal variation, vlet 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 level and do not simulate conditions at

stack height~ Wind speed increases with height and wind direction changes

with height '.

Errors in input data include coding errors, emissions estimates

errors, souroe 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
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CI-IAPTEH 6., MODEL VF~HIFICI\TION

6~1~ ACCURACY OF DISPERSION MODELS

SENSITIVITY ANALYSIS

The American Meteol"ological Society t s Committee

Mathematical models are widely used to predict ambient air pollutant

ooncentrations and deposition to the ground. These moch::ls 1.'1h1ch b.ave

level s of unc.;ertaintie~3 attached to them ape 81 so used to determine

whether or not air quality regulations will be achieved

During the 1950! sand 1960! s experiments "'Jere Gand uetect to calculate

the disper'sion of pollutants at distances less than 1 km from the soruce

for short aver'aging times of minutes to hours under idealized conditions

1198 '178of uniform terrain and meteorology~ " The precision of

dispersion models which use experimental data bases such as the

Pasquill-Gifford dispersion curves in ideal oircumstances (uniform

terrain, steady meteorology, carefully measured source and ambient

parameters) can be quite -good~ For example, the observed maximum downwind

ground level concentration val ue should be expected to be Hi thin 10-20% of

the calculated value for a surface-level souroe and within 20-40% for an

178elevated source, such as a tall stack~

When dispersion models are applied to "real worldu problems an

accuracy within a factor of two is frequently estimated for routine

d " " t' 112mo e~lng apP~lca lons~

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

markedl y different from the experimental conditions on Vlhich the model was

based~ Some of these exceptional situations include: 1) aerodynamic wake
.,..157 ....·



1 1 1 1 f
193

TIe numeric8: moe e: 0 Ragland requires 28K for a si.ngle n011=

reacting pollutant and 40K for the 8°2/8°4 reacting specles; computing

time was about 9.7 sec fOl~ the single species and 20.1 sec for the. 8°2/ 80
4

species. The computer \vaS a UNIVAC 1110. These data are taken from the

simulation of a single SOtIrCe, a single meteorological station using about

6.5% of one year's data) and a box trIat was 13 x 17 x 6 vJith f...X,f...Y:= 9655

meters, f...Z = 50 meters for the lower 3 boxes, and f...Z~ (ZM-ISO)/3 for the

upper 3 boxes where 21'1 is the height of the inversion layer. The time

step input is 10 minutes. Concentrations and depositions were calculated.

14
Data were also provided by the Minnesota Pollution Control Agency

on an annual model (CDM) and an hourly model (RAM). CDM required

11,850 sec and l35K 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 cleposLtion for a given period of time AT, on the a tmos oo
'

pheric. .conc.ent:ccl tiOD.:; the dry depo::,i t:.Lon velocity, the precipitation

scavenging ratE'. (if it is prcc.ipitatine), and the thj_ckne.s of the plume.

The de.position at a given rec€C'.ptor can also be separated into the \,·/8t

~nd dry conttibutions from the sourc~;

n
D. (R):= L1 [' (D , S (R) + D. Sd _ (R» + D. b1 ].

J. S=". 1. '\>Je t: lTy 1 - cg
(81)

Wet deposition at the recE~ptor is calculated by reaveraging the

daily time of precipitation, T , using the source to receptor distance.. p

Since the scavenging rate constant (washout coefficient) of 802

depends on the total 502 concentration, the deposition calculation is

made after the 802 concentration has been summed over all tIle sources.

If deposition or concentration periods larger than 24 hr are

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 Cyper 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 regional runs or individual smelter runs

(9 pollutants) can he converted to monthly summaries using an average of

100 sec and l55K core.
-155-



The f:Lr~3L order' :.'.\tat.lon::..: recOi'd vJ:Lnd dJecction ( ) and Hinel

speed (mph) on an hourly basis, pitation is recorded every six

hoursw Precipitation is also zed by type as rain, t~understorm

rain, fog/mist, or snow~ Rainfal] less than 0.01 inches in a 6 hour

period is reported as trace~

The hourly weather data were processed in terms of daily averages for

the weather tapew Wind direction at due east rather than due north was

taken as zero degrees, and Hind direction incr-easE)s counter=,cloc lG.vise from

due east~ The vector average wind direction in degrees to the nearest

o11 w25 and wind velocity in meters per second were calculatedw Standard

deviations of the wind velocity and wind direction were also computed~

Trace rainfall was set to O~005 inches of rain per day if measureable

precipitation did not fall during the remaining 18 hour period. Rainfall

duration vJaS reported in hours and did not incl ude trace period:':i ..

Rainfall rate in millimeters per hour was computed by dividing daily

precipitation in millimeters by rainfall duration in hours,

the modified gaussian mbdel requires the following input parameters: dry

deposition velocity, 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~ Kramer 123 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, Here sampled on three
-165.,..



occasions dur' J aWJary and Fcbr'uary 1 '1975. Kl"lamer" ei3 tima ted partlcl e

,Cl.)l' "'z ,:;} r(31.111: ,.'" ,q ()f 3 2 h? fc' F 'I 8 h 9V 'L''-'~ • ..,_.-.) .• ..J/dm"' II' :e, .• e~J .•.

1-1~2pm for S04~ Kramer's ranges of particle sizes and th~ data of

3° 81 °94 2°3Cawse'L and other investigators ,L , _c. were used to estimate dry

deposition velocities~

Defining the amblent air background concentrations is diffioult,

partioularly since this parameter dominates in those cases where stack

emissions are low, or at long distances from the soruoe~ For the SUdbury

case, the background values are regional background concentrations

. 108 d D B 1 • 1 1 • 10prov ided by F.. Huhn an '4 a..L Sl.l...!.l8·o Although the Ontario Ministry

of the Environment does maintain a high volume network around Sudbury,

Timmons, and Sault Saint 1'1arie, these samplers are source oriented and are

not suitable for the verifioation ..

The meteorological parameters which drive the model are total daily

rainfall and duration, rainfall rate, average daily Hind velocity and

direction, and standax'd deviation of the \-lind speed and direction·o

The equation for mixing height for the Sudbury Region was derived from

the seasonal data of Portelli 187 at Sault Saint Marie.

HM1X:: 1~000 + 0·~510 sin ((IM-3) * 0.. 521~)

where HM1X is the mixing height and 1M is the month ..

(82)

Although 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 423 meters in December and 1088

meters in June .. 187
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Kramer 121 measured the Lion rates

of :'3uJ.fate ~ copper 1 nlckc1 ~ lea.d, 1r'on and other in central

Ontario for the period 1970 to 1976~ Kramer determined that the

deposition of sulfates, total iron, total nickel, and total copper were

highci3t in the immedla te Sudbur'y area c:md deer'cDsed Hi th distance from the

source~ A material balance of emitted versus deposited material showed

remova.ls of 100~; for iron and emitted sulfate, 0.63% for' total sulfur, 69%

2
for nickel, and 42% for copper within 3900 km 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»S04w Deposition

rate contours generally followed an elliptical pattern along the

prevailing wind direction (southwest to northeast) during precipitation

events '.

Deposition data fr'om 5/73 through 12/74 Here used to verify the model,.

Kramer 121 collected deposition data at monthly intervals using bulk

deposition samplers~ The samplers were simply 1~2 x O~3 meter tubes

covered with a polyethylene bag for sample collection which had previously

been washed with 2N HC 1 and distilled water .. 120 The samples were anal yzed

using an atomic absorption technique for Cu, Ni, Pb and Fe and photometric

titration for 804'4 Th(~ analytical reproduoibility and detection limits

for these s peoies are given in Tabl e 31.
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Table 31. Anal ytlc.al reproducibility and d(;b::lct,lon lindt:.:: :COl'"'

SOL~' CUy N1 1 Pb and Fe

Total SOL~

Total Cu
Total Ni
Total Pb
Total Fe

120
Kramer

.:t:.5 ppm
± 5%
.:1:< 5%
.:t 5~~

.:t 5%

o 5 ppm
1.. 0 ppb
1~O ppb
1 0 ppb
1·.0 ppb

120Kramer - found that HN0 3 blanks for copper (15 pg/l) and lead (7

pg/l) were high, but iron (3 pg/l) and nickel (O~6 pg/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

1 k 120concentrations of metals fall within the range of the b.J_an's·.

blanks pose a problem only for copper~

Other possible pr'oblems vli.th the measured da.ta incl ude sample

High

evaporation, algal growth in rain samples which depletes metals and

nutrients, ffi1d adsorption of metals to container surfaces~ Samples were

screened for algal growth and gross contamination before allowing further

analysis ~

6.• 2~ 2~ 6~ E.r.!W.i..Qted~posj:.ti_Ql1L The modified gaussian model was used to

predict the deposition of sulfate, copper, nickel, lead, and iron for the

same sampling periods 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

calculated values~ Differences between the pairs of data (Ho : UD = 0; HA:

UD i. 0) were tested using the "student's t-test" at the 0.05 level •
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Table 32 3ummcU':Lze~3 Lhe mC;J.~·)ur·ed and tcted statistics for each

element over all the sites Rain was included in the anal to

determine how good the model estimates the (:It tbe receptor;"i.,

Table 32. Summary Statistics, SUdbury Verification.

No mean ::;td T P
s obs '. meas meas eLL ff '. el"cor' value value

SO~ 161 3. 15 2,.89 2,~ B6 L68 ,.26LI ,,251 1,{ 05 ,,296

Cu 165 6,,68 16,.5 7,,59 8" Ll~ -9,.80 ,.782 -12.5 0

Ni 150 4" 13 l~" 56 3~ 3LI 3,~ 07 -,.434 ,,236 1,,8)i ,,068

Pb 178 18,7 12,.9 15,.4 7,.14 5,.80 1<a19 4,.87 0

Fe 177 172 180 14,. 1 6,,07 -7,.95 14,.0 -,,57 ,,572

rain 180 5,.21 5·,99 2·.35 2,,13 -,,779 '~ 156 -5~ 00 0

Rerun of copper adjusting dry deposition velocity and backgr'ound

,Cu 165 6,,68 6,.67 7,.59 3,,85 . "011 ,.590 .~020 ,,985

The overall summary ShOHS that at the 0.05 level the null hypothesis is

rejected for lead, (P=O), rain (P=O), and copper (P=O) and accepted for

sulfate, (P=~296), nickel (P=,,068), ffi1d iron (P="572),,

The disappointing results for copper are probably due to the high

variabilil ty in the measured data which can be explained by the high blank

values in the analysis; about 75% of the measured values were at the level

of the blank. Copper was rerun to get a better f1 t by adjusting the input

values as follows: Dry depositlon velocity was reduced from 2em/sec to 1

. -9 -9em/sec, and the background was ,reduced from 6~23x10 to 3~OOx10 pg/m ~

These corrections resulted in 'a near perfect correlation, P=~985,

showing that the model can be made to fit the data; however, since the
-169.,..



variability in tile mea:3urcd data is lrLgh, it 1::.: not ful to

~;ub::;titute the r'evj~3ed input parameterl3 for the or'iginaJ 11best. guess II

Al though lead blank va1 ues Here al :30 sornewhat hJgh, '7 flg/l, 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 is that lead is emitted

by other sour-ces in the ar>ea, primarily transportation related sources·~

Although the null hypotheses is rejected for rain, the measured VB

calculated val uss look good" About 16% of the pair's had rain vol umes that

differed by more than .:i:50%.{ It is likely that if these values Here removed

from the data set the mean difference would be minimal" However, these

pairs were not removed from the analysis'because it is not knom1 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 vIhale is underpredicting sulfate and lead and

overpredicting iron copper, nickel, lead and rain~ The sensitivity

analysis shovm that the adjustments in background or dry deposition

velocity can pr'ovide a near perfect fit .•

Next, each of the sites were eval uated using the "t-test If 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·.

Some of the sampling site differences can be explained~ For example,

it was discovered that the site at Espanola i~ located about a block from

the pUlp and paper plant, and r'ecel ved the impact of local truck traffic

which was not included in the emissions inventory~ This, of course, could
.... 170.,..·



TABLE 33. Student's T-test for receptor locRtions. Sudhury validation.

SO4 Cu-1 (or1ein.:lJ input data) Cu-2 (revispd inpu t rh t;l)

me;:m std T - -- --P-.----m~:;;------;td-·~---T-----P----~~---~J--------T----- --[0----

Location cliff error value value diff er.ror value value diEf error. vnJ '.le v;, im-
---- -- ------------_.._-
SS Harle 0.0856 O.lf05 0.21 0.836 -H.80 2.77 -5.3£f a -3.q9 1.12 -3.10 0.008

Windy L. -2.49 0.677 -3.68 0.003 -15.7 2.55 -6.17 0 -3.98 1.71 -2.12 0.0J~

Gogama -1.72 0.433 -2.59 0~025 -12.3 2.89 -4.25 0.001 -1.11 1.37 -0.200 O.43~

Ch3pleau -0.515 0.540 -0.96 0.358 -8.06 3.70 -2.18 0.048 3.70 3.11 1.19 O.~5S

Killarney -0.559 0.392 -1.43 0.174 -9.78 1.90 -5.14 a -0.631 0.991 -O.G~O O.53~

Gore Ray 0.125 0.380 0.330 0.748 -6.77 2.28 -2.97 0.013 0.054 1.10 0.050 O.

Sparr,,\\! L. J.55 0.594 2.61 0.018 -9.38 1.58 -5.93 0 -1,36 0.717 -1. 0 0 :J78

Temagami 0.0088 0.473 0.020 0.935 -6.85 3.69 -1.85 0.083 3.95 3.93 1.00 0.3:2
J

J--l
-.....I H;;ttawa 0.947 0.910 1.04 0.315 -10.5 1.19 -8.84 0 -1.22 G.h20 -1.96 O.OSh
f-I
1

Espanola 4.54 1.60 2.85 0.013 -6.67.1.65 -4.04 0.001 1.61 0.891 I.S0 n.OSl

Ti~nons -0.727 0.430 -1.69 0.125 -5.90 2.79 -2.11 0.054 3.31 1.93 1.72 0.JI0

all sites 0.264 0.251 1.05 0.296 -9.80 0.782 -12.5 0 0.011 O.sqo 0.985 O.9RS



TJ\UL'E 33. (contlnlwt!).

Fe Rall1 r~i Ph
-'--·-----;.;:~-I;_-- ·!'Itd----·-;r-'-----P-----;e:;n- -. '---R'·,I------~f _.,.- .. -p' ---- -- -l~·,_:,;;i-- - ----'s·t,j----- ._-.,(: .----- . r --. - -1~t';l~; - -_. 's-tX· .--- -- r
Locntfuu ilIff error vnlllc V<llup. tlllf '1'[1111" v.,I!H! v;tll1~ tllrf ell'IIt' v;tI'1(- valllr- <tIff f>rrOr v:li.tlt'
__• .__• • . •• •.• _. _. _ .. J....-. •••

!'
v"llJe

Sl'Made

I<Il11<ly f..

C:ng<11n:'l

CIt,1pl'-l\\I

KtlJnrllf'Y

(:orc nay

Spllrrow I..

TI~mngmni

M;'lltll""

F.F1pallol!l

Tlrnmon!'l

n11 sile'9

I
t-A

"N
I

-28.2 :lA.l

-89.9 17.1

-IR.! 19.7

10.9 40.0

-67.6 19.fl

-J5.J 21.8

-54.2 18.4

-17.11 12.6

-111 14.7

186 '18.5

212 111

-7.91 14.0

-LOO 0.330

-5.26 0

-0.920 0.373

0.770 0.454

- J. t.2 O. 004

-2.5/, 0.023

-2.95 0.009

-1.15 0.270

-7.65 0

J.R) 0.002

1.91 0.007

-0.17 0.572 ",

-O.fl:?2 0.43/.

-0.995 0.320

-1.0L 0.441-\

-1.00 0.540

-O.ML! 0./111£1

-1..19 0.245

-o.012a 0.460

-l.Sl 0.592

-1.01 0.564

0.9/11 O.3H7

0.863 0.88)

-0.179 0.J56

~..,

-I.B<J 0.076

-1.11 0.007

-2.76 0.041

-1.R6 0.01-\6

-1,1.0 0.1 flO

-5.67 0

-0.010 0.971\

-0.255 o.on

-L79 0.091

-2.44 O.OlH

0.9130 0.:145

-'l.OO 0

-l.OS O,f,lfJ

-Z.f)} 1. JR

-0.(,)4 a.H20

-l.05 0.473

-0,.:1! 2 0.7"1

-.09'11 O. 'i 13

-0.0'\17 0.534

-1.5h 0.754

-0.2! I 0.050

2.0'i 0.569

-O.O';l 0.435

-[,.v, 0.:')0

-1.f,n 0.1L:'

-·1./,7 O. If,'l

-0.770 OJ,S')

-2.22 0.0/,'/

-/1 .70 O.(,ilO

O.IHO O,R.'iH

-0. IOO 0.975

-7.\17 0.0';7

-0.330 0.750

lJd 0.00 ~

-0. J 20 (1.909

-1.B4 0.0(,8

'4. ()9

I).(,ql:!

].73

10.1

H.i)l

a.llb')

7.52

1.2)

I. Sf>

J(), J

12.1

5.80

4.62

2.07

J.n

5.87

1.'12

1. li2

3.0:-1

1.P.3

2.R?

1.17

R.D

L 19

1.02

0.140

0.<'50

1.71

2,1,5

O.2f,r)

2./'[,

0.(,'10

0.1)50

5. !:3

.",9

4.87

0.175

o. j/a

0.'100

O.l()f)

0.026

O.Rnl

0.026

0.525

f).52;

o

O.E~n

o



be a ulatcs~ The measured values are

l~1n the calculated values for each element the £'1 pun for copper'

and the variation can probably be ex

the sampler' ,,\

lned the local source impact on

The sampler at Windy L~ may be subject to a canopy effect in whioh the

vegetation effectively filters pollutants from the air~ All measured

metals except Pb were less than the calculated values supporting the idea

of canopy filtration~ Differences betweon close and distant sources were

investigated, but no clear pattern of model performance with respect to

distance could be identified~

After the mean differences \\lere oalculated 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 values of

sulfate, nickel, lead and rain are within 200%, or a factor of two, of the

measured valuesw Iron is slightly higher at 300%~ The results for copper,

721% for run 1 with the best guess input parameters compared to 206% for

the run ''lith revised input values, ShovlS 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 sun~ary, at the 95% confidence interval the modified gaussian model

bas predicted sulfate, nickel, lead, iron and rainfall to wi thin a factor'

.:..173-·



of two at the gOth The results for copper stress the need for

accurate measurement data for [nodel verific21'cion"

TabIe 34, Summary of prec:i.~3iDn. bounds, Quantile Test"

Statement:

Confidl~nce

Inter'val:

X% of the Calculated values will be within Y% of the
mea~3ured val ues '.

The figure~ given represent the 95% oonfidence
tn tervalan X'1

LEi Ay..~ UJ1 l~fl .Ul1 Ll;t !lY~ Wi
3°4 112 156 233 79 93 122 69 73 89

Cu 1 580 721 1100 393 1.11,17 464 252 343 1~1.18

eu2 153 206 387 88 115 155 66 82 104

Ni 124 168 320 75 99 1116 56 68 91

Pb 87 118 201 76 81 89 66 72 '77

Fe 224 303 421 127 178 237 88 110 151

Rain 77 93 126 49 61 79 35 !~4 52

10 . . 1 input parameters, "best guess"r1.gJ.na..l.

2Revised input parameters

6,.2 .• 2.. 7·, Mea~ured ambi~t air quality: After verifying the model \-lith

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 S02

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 S02

data for five sampling stations in the Sudbury airshed.. Data for Rayside,

Burwash, Penage, Morgan and St~ Charles were obtained from the Ontario
.,..17 L~.,...



of' the Env1r'onment for tlH:': oel

Figure 2Lj U}lOVlS the in relation to the sources, and Table 35

gives the source to

receptor~3 from ea~:;l:..

distance:'J and directions of the

The measured data were collected using Davis conductivity instruments~

The monitors were located to avoid interferences in the measuring cell

which responds to any specdes that
'188

ionizes in water~ The lOHer

detectable limits of S02 conductivity instruments (Scientifio Industries
'J

Model 67) has been reported at Ow01 ppm (26w2 ~g/m~) with an overall
I

f 5%' 226
aocuraoy o· .:1:. u '. One-half the lower detectable limit J 13~1 pg/m3, was

substituted for reported zero values~

6~2~2,,8., The modified gaussian model was

used to predict ambient S02 concentrations at the fi va receptors for

January-Deoember, 1974 ..

Table 35. SO reoeptor-source distances and angular direction of2
receptors from east

Distanoe from Degrees Distance from Degrees
Copper Cliff, km from east Falconbridge, km from east

St~ Charles 50~4 - 12 38,.1 - 314

Rayside 14 .• 4 97 19·~ 9 171

Penage 30.,2 -136 50·,9 -1 J~ 1

Morgan 22.,2 127 31 .• 8 168

Burwash 30~ 8 - 56 36~ "( - 91

--175'""
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lVleasured clud pr'edic LF~d mon and maxirnum 2 I-I flOUt' COllce'nt-r'a Liol·1S

along with measured to 1c~ted eOllC811traL1oi.l ratios are in, Table

36. Ra.tJos foe the monthly ;;lver'Clges range frmn o,,2E3 to 3,.11 at Penage,

0,,30 to 1~1 at stw Charles, 0~31 to 3~1 at Burwash, 0 34 to 2~7 at

and O~09 to 1w1 at Rayside~ When the monthly concentrations are averaged

for the year' the ratios are 0,,49 at J?enage, 0,.70 at st,. C118x·J.e3, 0.. 811 at

Burwash, 0~64 at Morgan, and O~27 at Rayside~ The maximum 24 hour

concentrations shol-J gr'eater variiabil:i.ty with ratios of 0,.12 to 5'.19 at

Penage, Ow06 to 0~64 at St" Charles, 0.. 12 to 2~6 at Burwash, 0\1028 to 0'.190

at Horgan, and 0 '403 to 0,,85 at Rays.ide '. Eighty per>cent of the h.ighest

predicted 24-hour averages are within a factor of 10 of the measured

val ues and about 65% are Hithin a factor of' 5 of the measured val w::;s "

About 95% of the pr>edicted monthly means were within a factor of five of

the measured val ues; about 801~ are Hi thin a factor of 3, and about 60% are

within a factor of 2%'.1

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 weather stations rather than being

recorded continuously,. W11en these data were transferred to the weather tape

o
the data \<Tere recor-ded as one of 32 compass points (increments of 11,,25 )

rather than to the nearest degree~ The wind direction data were also

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

252
superstack~ Another important source of error could be the input

backgrond concentrations~ The overall error in the 24-hour values would

be reduced \vhen backgr'ound concentrations are not included as in the case

of evaluating the impact of the sources themselves~ Other problems
-177~



Table 3b. Measured and predicted monthly mean and max~m~m 24 hr
502 concentrations in Sudbury Ai shed, pg/m-

._~QJ:.ll.L1J,.Y__.lr;!'~.lLg_2J]~Jl1l:.2.L~lL.--...-.~. __llllLr.~r~L:~"2..t1._.Ju:"~:;;JlQ..;..aJ;LfJ..t;j.S!Jl

meas'Jred pccc\icted ratio rn e 21,[1 I) f' e d predicted r'::l t i 0

l.1.Q..OJi..tl --~~-_.. .".,.. ...,.,.---.._"..-=-""'._---~ .LtLLEJ...,._ ----_._-" ~~-.._- Jl:i.L.LL-

Jan 23.6 83.9 0.28 183 S 36 0.22

Feb 34. 1 100 0.3 l !, 210 1685 o • 12

*Mar 13.1 9 .. 0 1 .. 5 78.6 132 0.60

Apr 28.8 61 ,11 0,117 262 521 0.50
+l

May 13.1 16.6 0.79 131 322 O.lj 1
f

'78,6Jun 13. 1 11 .27 3,1 13.2 5 .. 9
f!

Jul 13 • 1 3.98 3.3 52 .. 4 10.1 5.2
ll·

Aug 13.1 5.52 2.4 15 '7 277 0.57

*Sept 13.1 3 .. 85 3.4 13 • 1 6.13 2. 1
•Oct 13. 1 5.03 2.6 25.2 37.0 0.71

Nov 21 .2 72.3 0 .. 29 314 835 0.38

Dec 26.2 95.4 0.27 151 673 0.23

Annual 18.8 38.4 0.49 139 1\ 46 0.31

1I
for montnly xean measured concentration and illaxim~m 24 tr concentration

less than LDL; one-half of LDL for 50 2 conductivity instr~ment3 substituted

fOI' zero val '..lea.

~~
__t!J..Q r, t tl.~~'1.Q!i.ll1r~, t ion --Jl!m.5LA.LlLlli.Q~r:._Q.QI~t, r ~ UDJl
meas~red predicted ratio measured predicted ratio

!i.Qill..b. ( M/ P ) Ll:LLLL.

Jan 13.1" 27.5 0.48 7 8.6 326 0.24

feb 26.2 35.9 0.73 78.6 420 O. i 9
II

~a r 13,1 15.6 0 .. 84 52.4 203 0.26
1I

Apr 13. 1 I~ 3 , 5 OdO 52.4 871 0.06
11

May 13.1 17 .4 0.75 52.4 101 0,52
*Jun 13.3 7.22 1 .8 26.2 95 0.28

*Jul 13 d 18.3 0.72 52.4 176 0.30

*At.lg 13. 1 11.4 1 • 1 78.6 123 0.64
*Sep t 1 3 • 1 17 .5 0.75 78.6 270 0.29

"Oc t 13. 1 20.8 0.63 52.4 126 0.42

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 O~'{80 65~5 297 0.22

*for monthly mean concentr3tion and maxim'J:D 24 hr concentration less than

LDL; one-half LDL for 0° 2 cond'Jctivity instr'Ji:1ents substituted for zero

values.
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Table 36. (cont.in'Jed)

___~~l:l~..nLbJ-Y ...J:;'.!'...i".lL ~;S-::;-~Ii'_[',-_LUL~j.J; ...O..~
llleaSdred pl'(;dicted r? t i (i lJ1EaS ... rcj precict.ed 1"21 t j 0

11~JL1.A1 ----_. ~--~'."""""'~...~ J.KLL1_. ~.:J:J~

JOin

feb , 31 130 ,.0 9 113 1737 0.54

t"1a I' 26.2 35.9 0.73 157 230 0.68
Apr 26.2 375. 1j 0.78 78.6 I.j 09 o. 19
Hay 26.2 il2.8 o.6' 78.6 661 o Q 12

I
Jun 1 ; • 1 7 .61 1 .7 26..2 !I!~ • 6 0.59
Jul 26.2 8.51 3 • , 157 60.2 2.6

Aug 26.2 254 1 1 .0 ., 8.6 232 0.311

Sept 26.2 84.4 0,,3' i05 535 0 .. 20

Oct 26.2 26.9 0.97 105 158 0.66
No v 26.2 , 5.7 1 .7 105 178 0 .. 59
Dec '26. '2 il1.8 0.63 78.6 41 1 0" 19

Ann"al 3 1 •.1 37.7 0.84 159 388 o• Ai 1

t
fer monthly mean concentration and maxim~m 24 hr concentration less than

~DLi one-half for ~DL for S02 conductivity instruments ~~bstit~ted for zero

val~es.

measJred predicted f'a ti 0 measured precicted ratio
~ U';U) J~lLt.L

J~n 26.2 JJ 0 • 1 0.65 105 625 0.17
II

F~b 13. 1 2303 0.56 52.1l 353 0 .. 15

Mar 26,2 12.3 2 .. 1 157 .. ' 175 0 .. 90
fi

Af\r 13. , ~.86 2.7 26.2 < 34.2 0.77
I

May 13. , 19 .. 1 0.69 210 233 0 .. 90
tI e

J'Jo 13. 1 23. 1 0.57 13 .. 1 298 0.044
tI

,
J'Jl 1 3. 1 7.. 37 1 .8 52. 11 115 0.46

•Aug 13;, , 15.5 0 .. 85 13 , 277 0 .. 117
•Sept 13 .. 1 21 .. 9 0.60 26.2 11 57 0.057
• •Oct 13. 1 25,,0 0.52 '3. 1 463 0.028

Nov 26.2 60 .. 4 0.43 78.6 940 0.084

Dec 26.2 73 .. 0 0.34 78.6 1706 0.046

Annual 17 .. 5 27.2 0 .. 611 78.7 JiGB o•17

• 211 concentration thanfor montnly mean concentration and maxim'JID hr less

LDL; one-half of L01- for S02 cond'Jctivlty instruments s~bstit:aed for zero

valIJes.
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Table 36. (conlin'Jed)

Ril.:L;;i...,i.,si e

.ffil\i_i.Jll:'L\Q._2JL...bJ:~i..D:_nj:..Gl.U~lJ._.....''1J.Qlllh.J..:L_fI1._f;.iLD....._~.r;.£ ..:l.t1.:.£l.t1..s'&
-..,,--~._--

fneasi.u'ed predicted ratio measured pl~edicted r'a t i 0

,H.Q.nJ:..h ----- iJ1.Lf..L ..ll1.LEJ._

Ja n 36.7 3 5 ~ 5 1 .0 262 310· 0.85

Feb 18d 5 11. 1 0.34 105 509 0.21
Ma r 21 •a 37 j 5 0.56 157 528 ada

~

Apr 13. 1 12.2 1.1 52.4 113 0. 116
*~1a y 13" 1 5 0.5 0.26 52.4 754 0.069

Jun 13.1 32. 11 0.40 105 263 0.40
*Jul 1 3. 1 26 .. 8 0.49 52.4 3 118 0.15

Aug 13.1 56.1 0.23 78.6 613 0.13
Sep t 13 .. 1 54.5 0 .. 24 52.4 616 0.085
Oct 13. 1 141 0.093 78.6 1087 0.072
Noy 13.1 132 0.10 78.6 2363 0.033

if
Dec 13.1 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 maxim~m 24 hI" concentration less than

LDL; one-half of LDL for S02 conductivity instruments sUbstituted for zero

values.
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:lncl ude the :Ln~3 trurnen ta tton u.sed to col1ec t U1(.:"; da la c1l1d Ull~ pr-8C tlee of

record zero values for measured data instead of a less than value~

Al though the amb:Lent air vcJlidation is not conel w3i vo because of the

limited data base, it does appear that accuracy bounds on single 24-hour

events are lcu~ger than for monthly or' annual aver-age;::.;., Accuracy for

24-hour events may range from a factor of two to a factor of ten~ The

model is over=predicting the monthly mean and maximum 24 hour ambient S02

concentrations at distances less than 50 km fr'om the sour'ces ...

MQdj)f~dJIgJ,.ll;}lli.?J:LJ19dt~~..L 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 tvlO in rout-ine applications \I 3 The

comparison 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 802 concentrations were obtained on 5 selected days at 5 and

10 ~n downwind from the smelter source using both the standard gaussian

mode1 61 and the modified gaussian model 4 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 \I Predicted concentrations from the two models are within

about 50% of each other'.\

~~ The modified gaussian model was also compared to a model which

numerically integrates the species continuity equation (referred to in the
-181-·



model clXld the
emiss1_ons

for selected

between the standard

runs,

Table 37.

Distance
from
source Standard tvJodifled

10/28/76 5 All 35 1 ,,2
10 22 19 1,,2

12/20/76 5 1~5 56 0,,8
10 33 30 1" 1

11/6176 5 36 61 0<159
10 22 34 0<165

1/15/77 5 49 57 0</86
10 32 32 1 flO

2/28/77 5 43 38 1.11
10 34 21 1,,6

~-

wind wind mixing height p

~ ~9D. '§Q.~s19
km/hr

10/28/76 SSfJ 22,,2 neutral 1100

12/20/76 NW 23.4 neutral 650

11/6/76 WNW 24 11 6 neutral 1100

1/15/17 WNW 19,,6 neutral 650

2/28/11 NW 16,,9 neutral 1150
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Lext ;3 the' numer'iccd. model) '. '.r'h1::.; model 1nclud(~

ch(~mlcal reac t ion be L\'lcen bvo , horizontal advection, vertical

diffusion, and wet and removal processes~ The numerical model differs

from the stc:md3 cd modeJ. in tl18.t VlJr\d and eddy diffuslvity

profiles are varied with height, surface , and net heat

19~) 194
flux~~' The model also assumes that dry deposition does not occur

during precipitation events~ The model requires the following input

parameters: sUf'face Hinel speed, surface vlind direction, net heat flux,

surfaoe 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 th{~ net heat flux,.

The numerical model was used to calculate the atmospheric impacts of

emissions from the proposed 800 H\'l pO~ler plant (nov/ reduced to }~OO Iv1vJ) at

Atikokan, Ontario on the Boundary Waters Canoe Area and the Quetico

Provincial Park~193 A grid size of 6 mi 2 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 O'~ 5%/hour at night vJere used as input.~

Table 38 shows the emissions data used in both the modified gaussian model

and the numerical model simulations~ Meteorological 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 (90 0
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 ~

'""183-,



Although the numerical model was not verified directly in the field, a

:3tmplified vef's:lon of the model ir1blch does not inc1 ude deposi Li.on Or'

chemical transformation was used in a seven county region in southeastern

Wisconsin~ A correlation coefficient of O~87 was obtained when computer

annual average particulate concentrations were compared with data from 25

high-volume samplers '. A cor'relation ooefficient of 0 ... 78 v,las obtained \olh8n

computed annual 802 concentrations were compared with data from 6

monitoring stat:l.ons,. A sensitlvity 2malysis of the numerical model for

Atikokan on a single day showed that doubling the eddy diffusivity

decreased the 802 concentra tion by 1o~ 15%; doubling the chemioal reaction

rate, the surface resistance, and the surface roughness resulted in less

than a 10% change in concentrations.

Modeling data from the numerical model vJere available for comparison

to the modified gaussian model at 35 km and 80 kill due south of the

Atikokan plant and ar'e summarized in Table 39_.

The comparison between the two models is good and lends support to the

modified gaussian model~
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Ta b:~ e 380 J\ tlle okan 800 t'11rJ po\rIur t em:! ~~ :3i onr:l u:v~cl for both
the modified model and numerical mod
simuJ.a tion:::l.,

Heating value (BTU/Ib)

Sulfur content (% weight)

Ash content (% weight)

Mercury content (% weight)

Sulfur dioxide emissions (g/sec)

Sulfate emissions (g/sec)

Particulate emis~3ions (g/sec)

Mercury emissions (g/sec)

stack height (meters)

Heat emissions (cal/sec)

193Ragland

6'! 2 11 4., Summar,Y..

7~)OO

0.,8

12.0

2230

67

75

0·.029

198

6'10 1{ x 107

The verification of the modified gaussian model against the Sudbury

data shows that the model underestimates the deposition of sulfate and

lead and overestimates the d(:Jposi tion of copper, nickel, iron, rainfall

amount, and ambient air concentrations'! Aocuracies of a factor of two

were oalculated for the deposition of sulfate, nickel, lead and iron.. The

results for oopper are not conolusive because of high blank values in the

measured data'! The verification against ambient 802 conoentrations

indicates the model is not as acourate for single 24 hour events as for

monthly or annual averages·. vlhel1. baokground concentrations 1dere incl uded

in the simulation accuraoies for 24 hour conoentrations ranged from a

factor of two to a factor of 10; about 80% of the predioted maximw; 24

hour ooncentrations were within a factor of 10 of the measured val and
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Table 39. between the numerical model and
ed gaussian model fop the

pol:lGr

SO
kg}ha/yr

fly ash deposition
g/ha/yr'

Hg deposition
mg/ha/yr

numer'ical

88

4

modifled

89

3

annUjl S02 cone
ug/m 0625 0.130 00183

annu~l S04 cone
ug/m 0,,025 OdOl 2~5

annual flSash
0,,01 .009 1 <l 1cone ug/m

annu31 Hg cone
4x10-6 4xiO~6 1 .. 0ug/m

SO, deposition
kg ha/ya 0,,90 0 01 86 "'" 1 ti 0

fly ash deposition
g/ha/yr 18 31 O<!58

Hg deposition
mg/ha/yr 1,,6 1.0 1016
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about 65% were within a factor of fi About 9 of the icted

monthly means were within a factor of three and 60 were within a factor

of' two ..

Al thougb the comparison to the [3tandard gaU;J~\lcH\ modt;l and the

numerical model are based on limited data the ~JOn;3 ace good

(gener'ally, :t50%) and the results suppopt the modified gaussian model 'I

6'<3'< SENSITIVITY ANALYSIS

Sensitivity testing refers to determining the changes in predicted

model estimates as a result of changes in the values of input parameters,<

Sensi ti vity testing tel.ls the m.ode1· user vJhich lnput par'ameters cu"e the

most important in terms of potential modeling errors (asuming the model

theory accura tel y describes the atmospher'ic processes) and VJhat range of

uncertainty is acceptable in the input parameters ..

A sensi tivity anal ysis was performed on the primary input and

meteorological parameters~ The meteorological parameters which were

tested are rainfall rate, rai.nfall duration, Hind speed 1 Hind direction,

and 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 performancs,<60 Washout coefficients were also

varied by ±.20%.. Oxidation rate was varied over two orders of magnitude

from O.. 02%/hr to 2.. 0%/hr based on values found in the literature ..
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Dry deposition veloe vJ::1;3 var'led Dvex' the range in the

conoentrations were also varied over

the range of val ues repor\~ed in the LI. tera tur'(l except in thO:38 cases Hhere

literature values varied by more than one order of tude from the best

guess ~ In these cases the be~3t guess val ue vlaS v8x'ied by .:t.50%

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~ 1971~? at Chapleau, Natta\la, 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 \'I1ind dir'ection, and Vlashout coefficient-. The results for

deposition velocity, ambient air baokground ooncentration and oxidation

rate are expressed as ratios .•

Relative sensitivities were oaloulated at each of the sites for each

of the pollutant species that were varied by ±X% from the best guess

val ue·.

The relative sensitivity of a parameter is expressed by:

s = C ... C ICR high low

Where, Sp is the relative sensitivity of the parameter, Chigh ,

C1 is the concentration or deposition calculated at theow

parameter values plus and minus a given percent, and C is the

concentration at the median value
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Rainfall rates were varied by based on a of mea.sur'cd

to predicted rainfall in the Sudbury cornparison~ Relative sensitivities

vJere calculated both '11th and \,jithout the best gUCi3S anibJent background

concentr'3.tions and a1""'e summarized in Table 40.

The ambient air concentrations are relatively insensitive to changes

of ±15% in the rainfall rate, and concentrations are less sensitive when

ambient air background concentrations ape inoluded in t.he modeling

simulations. In general changes of ±15% in the rainfall rate result in

ambient air concentration changes of less than .t5%,.

Not surprisingly, deposition is more sensitive than ambient air

concentrations to changes in the rainfall rate. The deposition values are

also more sensitive when ambient air background concentrations are

incl uded in the simulations '.

A ±15% change ill the rainfall rate results in an aver'age change in the

best guess value of less than :!r.,2% in total sUlfate, ±4% in Het sulfate,

and ±3% in Cu, Ni, Pb mId 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, m1d ±13% for

Cu and Pb"

Dry sulfate is not affected by variations in the rainfall rate"

6.3"2,, Rainfall duration"

Rainfall duration Has also varied by ±15% (Table 41). Both

concentration and deposition are more sensitive to changes in rainfall

duration than rainfall rate"
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Table 40.. of amb ent concentrations and
in the rainfall rate.

to

1n CJJJlbient all:'" concentratIon for" in r"a.in.fall

%change in deposition for .±15%
2change in rainfall rate

Total 1 Wet
sulfate sulfate eu Nt Pb

no no no no no no
bkg bkg bkg bkg bkg bkg bkg bkg bkg bkg bkg bkg

Gore Bay 12 4~3 17 10 21 6,,5 13 5,,0 24 <1 18 <1

Mattawa 13 1.. 8 19 6,,0 22 <1 17 <1 25 2,,0 19 0

Timmons 15 1,,8 '20 5,,0 25 2,,6 23 2,,7 26 3cl"( 23 2,,6

Chapleau 16 5,,3 20 96 4 25 7.4 23 9.5 26 17 21 11

ave 14 3_.3 19 7,,5 23 4.3 19 4,,4 25 5,,8 20 3.6

1
by variation in rainfall rate2dry sulfate 1s not affected

percents are rounded
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Table of ambient cdr'
in the tnfa.ll

to

% in air concentration to
rainfall duration

Gore Bay 0 <1 <1 12 5eO 12 543 12 <i ?.;Q 0 6 c)~

Mattawa <1 <, 0 803 3.t3 7,,9 3~4 6~7 <1 4.. 0 0 366

Timmons <1 1,,5 0 '12 2<12 ,0 2t;13 9t13 <1 7~6 0 7<13

Chapleau <1 241 1 <1 21 3<18 30 lL,4 29 <1 20 0 20

ave <1 1 el 2 <1 13 3t16 15 3<19 i1J,· <1 9&7 0 9t13

% change in deposition to ±,15% change in rainfall duration 1

Total wet dry eu Nt Pb Fe
sulfate sulfate sulfa.:te

no no no no no no no
bkg bkg bkg bkg bkg bkg bkg bkg bkg bkg bkg bkg bl<:g bkg-

Gore Bay 17 14 33 60 15 20 24 7t15 15 5,,6 27 35 15

Mattawa 21 5./7 41 60 17 19 32 9,,8 23 666 34 21~ 21 769

Timmons 18 9,5 30 60 18 15 24 1 20 1 26 21~ 18 767

Chapleau 33 25 34 60 25 25 27 18 22 14 49 31} 19 15

ave 22 14 35 60 19 20 27 9.1 24 6,,8 34 29 18 12

1percents roundedare
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GcJ::3eOW3 SO,) t~) not ~3enD1tivf3 to
(-

in raJnfcl1J dura lion \,,,1 til OJ"

Hltllout ambient cdr eoncn.tr'at:i.Dn~; in the simulat:Lonf:\ SOLl and

metal f3 conc.entcat1.cn2. change 5-n on th~:J average by less than from trIe

best guesi3 vJhen the backgr'ound is 1ncJ.uc1ed in the simulations and l(~ss

than :!J 5-10 )% Hllen the bac kground j.s not incl uded 1I1 the simulations '.

The average variation in deposition about the best guess value is less

than ±..7?~ for total sulfate, ±..30% for' \\Tet sUlfate, 0% for dry sulfate,

±5% for eu, ±4% for Ni, 5% for Pb a.nd ±6% for Fe \vhen the background is

not incl uded II Vlhen the backgr'ound is incl uded the average change in

deposition is less than ±12% for total S04' ±18% for wet SUlfate, ±10% for

dry sulfate, Ni, and Fe, ±..14% for Cu, ~ld ±17% for Pb~

Resulting changes in

Average wind velocity, \'I1ind dir"ection and standard deviation of the

vlind heading Here each varied by ±20% based on reported performance of

meteorological eQUipment 60 (Tables 42, 43 and 44)~

ambient air concentrations and deposi tions' were generally less than ±1 0% '.

Although the effect of a ±20% uncertainty in a signel input parameter is

not large, the additive effect for all the meteorological parameters could

range to ±.50% .•

S02 concentration is the most sensitive species, and sensitivity to

wind direction decreases with distance~

De.pos.ition is s,lightly more s.ensitive than ambient air concentratio~,

reflecting the effect of ambient air background concentration~ Mattawa

which is the only receptor located to the east of the sources appears to

be the most sensitive receptor~
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Table fl· 2, •

dlr'eetion
ambient air concen to in \ill.nd

Gore 31 2 .. 0 19 2 41~ 1 ~ 1

~/latta\Ja 4 0 1 9 , cl 1 0 0

Timmons 8 <1 2.t2 2 cl 2 0 0

Chapleau 13 <1 505 5<16 <1 0

ave 1l~ <1 '7 >I 1 8" 1 <1 <1

% change in deposition to in \<!lnd direction 1

Total \91et Dry

Gore Bay' 2 0 7 5,,9 21 6" 1 1<18 13 149

Mattawa 13 11 14 4 0 9 4 660 4c!2

Timmons 5,,4 5<14 1~0 146 2clO 1.1 It 1<I 1

Chapleau <1 6 <11 3 <I 1 1,,8 14 6 1 cl6 1,,2
---=-"~.."..... ,',~4

ave 5,,4 1,,2 11 366 2<14 5,,4 3<16

1
per'cents roundedare
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Table 4·3. of'
to

coneen
in

and
'\>dnd veloc

% 'Iln ambi.ent
velocity

concentr'C:1,tlofl to

Gor'e 19 0 6.c3 6.;0 <1 0

Mattawa 18 145 8<12 8.;5 1<14 <1

Timmons 3,/{ 0 0 1.. 8 a 0

Chapleau 1 01 8 0 <1 <1 0 0
~_._.,~~__. ':;"='-'::'T~_'____' ~~"""~-..~"'<;;;~~~"'N~~~~- ..~....J'i'~__._._.....~.'''''~''..~.__. ~•• ~~"".,""",~.-..="""'_

ave 11 <1 347 4.c2 <1 <1

% change in deposition to .±20% change in \>lind velocity1

Total Wet Dry

Gore Bay 2.4 4,,7 1<l6 17 0 <1 0

Mattawa 500 46 4 6",0 49 3.2 165 1,,0

Timmons 147 27 3,,9 <.1 1,,2 <1 <1

Chapleau <1 <1 4,,3 6,,2 42 <1 <1
-

ave 2,,5 9<12 4,,0 18 12 <1 <1

1percents are rounded
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Table

%
devi.atlon

to
d:Lt'ec t ion

concentration i.n

Gore <" <1 1;~ <1 8 "I 0

Mat.ta\cJ3 ll8 0 <1 1 d 1 0 0

Tlrnmons 8 <1 3 a 4/7 <1 0

Chapleau 240 <1 l.t5' <1 0 0

ave 15 <1 4,,5 1 .! 2<10 0

% change In deposition to in standard deviation of
the wind Iheading

Total Wet Dry

Gore Bay <1 <1 1,,6 <1 <1 <1 0

Mattawa 3,j II 3<12 3<10 0 <1 <1 0

Timmons 3.d 145 8,,6 3,,6 <1 0 0

Chapleau <1 <1 1.. 8 <1 <1 0 0

ave .. 9 1 4 <1 <1 <1 0

1percents are r'ounded
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Resulting concentration may also be less sensitive to wind Dinec

it is used to calculate both plume rise and dilution which tend to work

WaShOtlt cO(3fficients Hh1c11 are calculated internally in the model were

vapied by .:.1.':.20% (Table 45) '< Although 1t \~as not done 1 it \'JOuld be

informative to also vary the washout ratio input parameters for metals

since they are used to calculate the washout coefficient and show

varia.tioD in the literature ..

Ambi.ent air concentY'a l~i.ons are rela ti. vel y insensi ti va to ±20% changes

in the washout ratio (less than ±1% when background is included and less

than ±.5% \"hen background concentr'a tions are not inol uded).. A .:1:20% change

in the washout ratio results in an average change of about ±15% change in

Ni, total SO4' and Fe, and ±20% change in wet SO4' eu and Pb when the

background is included in the simulations.. When the background is not

incl uded in the simulations a ±.20% change in the washout coefficient

results in about a ±3% change in total sulfate, eu, Ni and Fe, and about a

±.5% change in vIet SO l~ and Pb '4 Dry sulfate is not affected by changes in

the washout ratio~

The deposi tion veloei ty was varied over the range of val ues 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
I

the ratio of the predicted values over the value resulting from the input

deposition velocity ..
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in
arId ons to

Go!""e 0 <1 0 7 (l 1 2,,0 5 e 1 2 d l} 5 3 <1 4<19 0 14",5

HattaHa <1 <1 0 3<18 1d 9 i~ 06 0 1~ 0 0 209 0 2",,8

Timmons <1 1015 0 0 <1 2<12 <1 2,,6 <1 3 <,,1 0 3<14

Chapleau 10\2 3<10 0 7 d 1 <1 2,;4 <1 3,,9 0 8.,2 0 866

a.ve <1 1,,5 0 1\ .. 5 1" 1 2 .. 3 <1 l~ @O <1 4 d 8 0 4 6 8

% change in deposition to change in washout 1coefflei.ent

Total wet dry
sulfate sulfate sulfate

no no no no no no no
bkg bkg bkg bkg bkg bkg bkg

Gore Bay 24 6" 1 35 14 0 0 33 9,,~ 20 11,2 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 0 34 4,,1 31 3,,6 36 5.5 12 3016

Chapleau 32 7,,2 40 13 0 0 39 12 34 11+ liD 24 33 15

ave 28 4.6 39 11 0 0 37 6.,5 30 6<14 38 8~2 27 4,,9

1percents roundedare
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uno er' LiJin tiei3 in tIle tion ,velooity do not appreoiably

affect ambient air concentrations; S02 is the most sensitive 3pecies~

Increasing the deposition velocity from O~3 em/sec to 2~6 em/sec (a factor

of about 9) resulted in only a 6% decrease in the S02 concentration at

Skead and about a 30% decrease at each of the remaining sites~ Skead was

included in the analysis to determine whether or not sensitivity

differences with distance could be demonstrated (Skead is about 45 km from

the source s) '4

Increasing the deposi tioD. veloei ty of eu 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 Hattavla mId less than 15% at Timmons and Chapleau~ Increasing the

deposition velocity of Ni from O~18 em/sec to 4~8 em/sec (a factor of 27)

resulted in a 9% change at Skead, 62% at Gore Bay, 15% at ~1att.a\-Ta, 39% at

Timmons and 30% at Chapleau~ Deposition velocity changes of a factor of'

40 for SO 4' a factor of 8 for Pb, and a factor of 20 for F'e did not

appreciably change concentrations~

Deposition is more sensitive than ambient air concentration, and

sensitivity decreases with distance from the source~ Dry 304 deposition

is the most sensi ti ve species with change in deposition ranging fr'om 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 F'e up to a factor
/

of 3, and Cu and Pb up to a factor of 2~
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Tab1 46. veloc.L ty VL:ll UC;~3 (em/
,.)

) for

SO,) rain 0 3 ° 8 2,,6
c

0,,00'1 0 2 1 68nO\;1

S04 0 .• 025 0~1 3·.0

eu 0.. 'I 1..0 2 .• 0

Ni 0'418 1,+ 4 1.1 .• 8

Pb 0'117 0·.3 1.. }.+

Fe 0 .. 2 1 \! 1 lL.1

Ambient air background concentrations used in the sensitivity analysis

are given in Table 48 along \vith ranges of values from the li.terature ..

The upper limits in the simulations were set to two times the best guess

val ue while the lower limits Hepe set to the lower limit found in the

literature'a

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 only for the particular site and data base.. Calibration

252
as a method of obtaining good fit is not recommended'a

Table 49 summarizes the %changes in ambient air concentrations and

depositions when the background input concentrations are doubled.. The

most sensitive species are 802' Cu, Ni, total sulfate, wet sulfate, and

dry sulfate\! If the ambient air background concentration is included in
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Table Sensiti of ambient ai cancen
tion to tion veloai

tot.ion velc}(~l

velocl
Ratio of teted concentra

ted concentration at

Cu Ni Pb Fe

o~ 0,,049

Skead 1,,07 1,,04 1tlO~ 1,,09 OG 1,,02

Gor'e Bay 1,,33 1.,00 1.aO 10162 0,,82 1 d02

Hattar.Ja 1,,33 1,,01 1d28 1.,15 1001 1dO 1

Timmons 1<131 1dOO 1 d 11 1.,39 1,,00 1,,00

Cha.pleau 1,,31 1400 1<114 1.t30 , dO 1 1,,00

ave 1ol27 1,,01 1,,24 1&31 0.,95 1 ,,01

Ratio of predicted deposition at low deposition velocity to
predicted concentration at high deposition velocity

Total wet dry Cu Nt Pb Fe
sulfate sulfate suI

Skead 6,,96 3" 19 9,,58 1,,85 3,,39 1.. 54 2,,69

Gore Bay 3,,53 1,,39 16,,6 10137 1492 1,,48 2c74

Mattawa 3,,06 1,,23 13,,1 1,,32 1,,91 1.,41 2 d 48

Timmons 1,,87 1,,06 8,,39 1,,15 1.,42 1,,21 1.,78

Chapleau 2" 10 1.110 13<13 1 .. 16 1.:t15 1 .. 27 1,,99

ave 3<150 1,,59 12,,2 1,,37 2603 1,,38 2,,34

a
0 .. 12 rain; 6.a x 10...4 snow
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the i:;imu lcJ ti ()l\::J :L L :L i:J an vClr.Lable Uncertainties of

ambient air concentrations and

deposi t:i.on:3 '. conoentration is not a factor in asses

impact of copper-nickel since it is not used in the si~ulations

Concentrations and tions at Skead are less sensitive to doubling

the bac. concentrations than the sites which are f~rther

from the sources~ Doubling the baokground concentrations of 802' 804' Cu,

Ni, Pb, and Fe l"esults in concentration changes of less than 10% for S02'

Cu and Ni at Skead w The average change for the remaining sites is 58% for

SO 2' 95% for SO J.~' 68% for' Cu and Ni, and about 100% for Pb and Fe '.

Doubling trle backgr'ound concentr'ations results in change:3 of less than

15% for total SO 1J
r

' dry SO 4 5 and Ni at Skead '. Average changes for the four

remaining sites about 79% for total S04' wet 804 and Ni, 61% for dry 804'

93% for Cu, and about 100% for Pb ffild Fe~

Table 48. Background concentrations used in the sensitivity
analysis eompar'e~ to the range of values in the
literature (ug/m )

SO
2

8°4
eu
Ni

Pb

Fe

7 5 10-6
\l x

4 0 10
-6

'. x
6.. 0 x 10-9

-94.. 26 x 10
-84.. 0 x 10
-75,.2 x 10

0 ... 1 x 10-6

1,.0 x 10-6

0,.625 x 10-9

0 ... 413 x 10-9

-81,.0 x 10
-70 .• 26 x 10

-63... 77 x 10
~-6

2,.0 x 10

3 0 x 10-9

2 13 x 10-9

-8
2 .. 0 x 10

2 ... 6 x 10-7
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Tabl 49. tivi
doubl

amblent
cunbi ent

concentratlons
bac concen

to

to + 1 1n amb:tent air'

so eu Ni Pb Fe

Skead 5~O 65 5<10 3",0 ''{6 63

Gore Bay 37 99 59 51 95 98

Matta\eJa 111 98 57 48 96 98

Timmons 66 99 81 77 98 99

Chapleau 89 82 62 100 99 100

aver'age of GOf"'e Bay, Hattawa, Timmons and Chapleau:
58 95 68 69 97 99

%change in d1Position to +100% change in ambient air background
concentration

Total Wet Dry
sulfate sulfate

Skead 11.~ 29 5,,0 36 6,,0 77 83

Gore Bay 69 42 60 85 45 97 99

Matta\'la 76 89 56 90 78 99 100

Timmons 84 93 54 97 93 99 100

Chapleau 87 91 '15 98 94 110 100

average of Gore Bay, Nattawa, Timmons and Chapleau:
79 79 61 93 78 101 100

1percents roundedare
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61! 3,,7 \l

The ox:Ldat:Lon rat,e Hal3 var'll~d fponl O. /hr to 21! /hr based ml values

reported in the literature~ The oxidation rate expression used in the

model is a functlon of plume tr'avel t1me and 1"eI3\.11\-:.s in rates of 2,.6%/hr

at 0.5 hrs, L 6%/hr at hr, and O,,006%/hr after 2 hours plume travel

time" Tablt~ 50 presents the pr'edlott~d concentrations and depositions at

0,,02%/hr, 2,,0%/hr and the best guess rate~

Uncer'tainties in the oxidation rate can be a s:i.gniflcant source of

error in the model and the sensitivity shows a strong dependence on

distance ..

\'Jhen the oxidation rate is var'ied from 0,.02%/11r to 2 .. O%/11r the ambient

air S02 concentration decreases by factors of about 3 at Skead and Gore

Bay, 2 at MattaHa, and 1,.5 at Ti.mmons and Chapleau,. Ambient sulfate

concentrations increase by factors of 11-1 at Skead, 311 5 at Gore Bay, 3,.2

Sulfate deposition is less sensitive to oxidation rate than ambient

air concentrati.on, but also shows significant variation at Skead and Gore

Bay which are 45 and 143 kID, respectively, from the source\!

Total 804 deposition rates increase by a factor of about 2 at Skead

and do not vary by more than ±10% at the remaining sites ll Wet 304

increases by a factor of about 4 at Skead, 1113 at Gore Bay, and by less

than ±10% at the remaining sites li Dry 304 decreases by a factor of 2 at

Skead, about 1115 at Gore Bay, Mattawa and Timmons, and 1112 at Chapleaull

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 II
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Tabl 50. Ambient air concen
o /tlr ida,

and
values~

Concentration, ~
I

2~ Ihr best guess O~ Iht' be~lt gue:';l;3 () 0 /hr'

Skead 2'{ '73 82 65 3<$5 467

Gore 3,,8 11 11 11 2 4 0 3.,0

Hattawa 3<18 9.:5 8d 8 9<18 2<$0 3<1 1

TiIYJ-Tllons 3,,8 5~7 6<\0 6 2 2~O 2,,8

Chapleau 3~8 6.11 5<17 !~ 4 1 2</0 265

Deposition, g/ha

Total sulfate Wet sulfate

2<lO%/hr best guess O.02%/hr 2 c1 O%/hr best guess O<l02%/hr

Skead 490 210 320 320 78 81

Gore Bay 42 37 39 33 25 25

Hattawa 39 40 40 30 25 27

Timmons 52 52 58 43 39 45

Chapleau 43 45 46 35 36 37

dry sulfate

2 .. 0%/hr best guess 0.02%/hr

Skead 66 130 130

,Gore Bay 8 .. 8 12 12

Mattavla 8 .. 9 13 13

Timmons 8 .. 8 13 13

Chapleau 746 9 .. 3 8 .. 9
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Uncer'1:a1tl tJ e::3 in the ox :Lda tlo11 ra t.e ( o):~d l;:';j','3 0 f tude) can result

in f'icant 1n ambIent air' conccmtr'aLLon:3 of' SO~ c'::rnd S04
c~

(factors of 2 to 4)~ Deposition is less sensitive but may vary up to a

factor of 4 for wet sulfate~ Sensitivity decreases with distance from the

source·,

Ambient air background concentration is difficult to define"

Concentrations and depositions were less sensitive close to the source (45

km), and sensitivity incr'eased H:1.th distance from th(~ source·. A faotor of

2 uncertainty results in linear unoertainty in concentration and

deposi. tioD at about 45= 150 km from the source"
. \

Ambien.t air coneentra.ti O!l 1.t3 relativt::l y insensi tive to deposi tion

vel oei ty.. Deposition) hOHever, is sens! tive, aXld. senstivi ty decreased

with distance from the sources~ The factor of 2 to 3 uncertainty in the

background concentration literature values is Hlthin and.greater than the

uncertainty of the model making ambient air background values important if

they are used ..

In general ~1certainties of ±(15-20) %in the remaining parameters

(rainfall rate, rainfall duration, wind speed, wind direction, standard

deviation of the wind direction m1d the washout coeffioient do not result

in significant unoertainties in ambient air concentrations or depositions ..

The variation is less than ±.20% as sho"m in Table 51.
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Table YL S~~n:'dt.:i.vl ty of i"Jmb:l.ent. air' coneent.ra t~i.on~) and Lions to
unoer'tainties in ra.i.nfal1 rat(~, roainf'al1 ducatLon j H1nd
veloeity 1 \\Tind dir'8ction 1 standar'c) deviation of the vdnd
directi.on, and tl-j(:3 \-lC1Shout coefficient

:1:. % chang\y in concentr'ation due to uneertalnty x %) 1n the :i.nput
parameter

rainfall
rate(±'15 )% <2 2 <2 2 2 2

rainfall
duration(±15)% <2 <10 <10 <10 5 5

wind vel
(±20)% <10 <2 2 2 <2 <2

Hind 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

± %chang1 in deposition due to uncertainty (± x %) in the input
parameter

total \-Jet dry eu Ni Pb Fe
__~ sulj'~ sulfat~ §'lltfate

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

vlind 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

1 percents roundedare
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CHAPTER 1 v CHALU\C'J'EJLLZAT'ION 0:(" TUE corPER",NICKEL STUDY REGION

7.1. SULFUR OXIDES

This section characterize::;' the sulfur dio,xide and sulfate ambient

air quality of the study region in terms of local emissiol1[3 sources,

pollutant concentrations, and pollutant deposition for the baseline

period, 1975-77, and for the projected year, 1985.

1'1easured ambient air concentrations and deposition data for the

baseline period are compared to modeling resul t8 to a110\\7 general

statements to be made about the contributions of local point sources and

area sources 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. Sourc~s, present and 1~85.

Present and future sources of SO emissions in the air quality
2

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 802. Other

sources such as small point sources and mobile sources will not be

considered.

Table 52 lists the present and projected (1985) 802 emissions for

tfi£ various 802 po~nt 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 projected emissions for 1985 are based on proposed source
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Table 52. ional 502 emineione inventory used for eources emitting more
than 100 mtpy of S02.

Potlach Northwest
Conwed
Continental Oil
Erie Mining (Taconite Harbor)
HP & L Clay Boswell
Butler Taconite
Nationnl Steel
Bo ise Casc ade
Reserve Mining (Silver Bay)
HP&L (Sy Lsskin)
Reserve Mining (Babbitt)
Duluth Steam
HP & L Hibbard Station
Supenmod Corp.
U.S.S.-Duluth Coke
U.S.S.-Shipping
Eveleth Taconite
MP&L (Floodwood or Brookston)
Jones and Laughlin
Hibb ing Publ ic Util i ty
Hibbing Taconite
Hanna Hining
Erie Mining (Hoyt Lakes)
Minntac
Virginia PUD
Inland Steel
Pickllnds Mather
Lake Superior Power District
Roffler's Construction
Murphy Oi 1 Corp.
Superior WL & P
Univ. of Wisconsin
CLM Corp.
Ontario Hydro (Atikokan)
Cal and Ore Co.
Steep Rock Mines
Minnesota Pulp b Paper

1522
10lj

1512
15310
28400

1
o

838
3226
6095

111
418

1555
139

3468
326

o

1009
o
o

707
238

1896
o

1440
2

1824
413
105
284

254
13360

257

"90"(1,2)

"2273"(1,2)

1382 (l, 2)

2036 (2)
"1818"0 )

636 (2)

5300
"90"
1512

15310
45720
"15L}5"

13611

"818"
"3182 11

6095
111

"327"

139

o
"3364"

"28180"
"1455"

1009
2073
1000

"5000"
"7364"
"1818"
"1272 11

"1727"
"4364"

2
1824
413
105
918

53060

2S 7

NOTE: A missing entry indicates the facility does not exist or will be
phased out by the date shown. Tonnages shown in quotntion m&rks indicate
estimates by the staff of the Copper-Nickel Study baaed on available data.

(1) Used in 1977 regional baseline in place of value shown for 1975-76.
(2) Used in 1977 PSD baseline in place of value shown for 1975-76 •
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changes in the. l:egton including ions i.n the povver generation and

taconite industries, additions to pollution control system~, 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 appli.cation. For

example, a baseline of emissions that reflects the actual pollutants

emitted in the region as of July 1977 (termed the regional 1977 base

line) is different from the baseli.ne 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 eUlissions are expected to increase by

130% over the next ten years from 84,820 mtpy in 1975-76 to 196,700

mtpy by' 1985. This dramatic rise can be traced directly to proposed

growth in the power generation a.nd 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 av~ilability

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

natural gas to supply an equivalent amount of energy, creating increased

802 emission possiol1:tties.
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If the plann.ed and fUE~l conveT'sJons are j.mple-

mented in MinIlesota, sulfur dioxide emissions from these sources could

increase by 25,170 1985 (from 19,600 rntpy to I,l! ~ 770 mtpy, nearly

a 130% increase). This increase is partially offsets however, by the

planned closing of two taconite mines near Atikokan, Ontario which

will reslult in a sulfur dioxide emissions decrease of about 13,620 rntpy.

On a regional basis sulfur dioxide emissions from the taconite industry

are projected to increase 35% by 1985.

The 99,760 mtpy increase (about 240%) in SO emissions from the
2

electric power generation industry will be due primarily to 53,060 mtpy

(53%) from the proposed Atikokan generating station (800 }n~ assumed),

28,180 mtpy (18%) from the proposed generating station a.t Floodwood,

Hinnesota, and an increase of 17,320 mtpy (17%) projec.ted for the

HP & L Clay Boswell plant at Cohasset, Hinnesota. Development plans for

the proposed Atikokan plant (800 HW) which \vill contribute about 27% of

the total projected regional 802 emissions are being closely monitored

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 4·00 MW the emissions

would be reduced accordingly.

Refineries and comnlercial-industrial sources have substantially

smaller impacts on regional 802 emissions. These categories contribute

less than 13% of the total baseline emissions and less than 6% of the

total projected emissions (Figure ~5).

TIle 802 point source emissions inventory does not include area

sources sucll as residentf-al space heating requirements or line sources



such as [lutom.obile tr,::lffic. which could increase regional emissions. The

signifi£ance of area source contrifiutions to 802 concentrations is

discu.ssed in section 7.1.Z.

802 emir-:lsions in tne regicm can be put into perspective by com.pari~-

son to glohal, national, and local emissions. On a global scale natural

sulfur eniissions, expressed as 50
Z

' have been estimated to be 258 m=lliion

297mtpy. Sulfate aerosols produced by sea spray and hydrogen sulfide

(H
Z

8) from volcanic activity and organic decomposition are the. primary

sources (66%) of natural sulfur compounds. Anthropogenic sources which

"way predominate on a local bas18 9 have been estimated at 133 million

mtpy, expressed as 802' and result primarily from the combustion of

297fossil fuels. About 70% of anthropogenic sulfur emissions are the

1 f 1 b . 200resu t 0 coa_ com t.lstion.

On a national scale sulfur dioxide 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%

266
decrease. The National Air Quality and Emission Trend report for

1975 states that ambient 802 levels in urban areas declined markedly

probably due to a combination of more stringent pollution control

efforts, and a significant shift in the use of h1gh sulfur fuels from

266
urban to rural sources.

In Minnesota available data indicate that sulfur dioxide point

source emissions decreased slightly' from 1970-71 to 1973-74. The 5%

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 mLpy. By 198!) it is. ected that 75 facilities will

consume 25.8 million over a two-fold increase.
ISO

Most of this

increase will occur in the power generation industry.

In 1976 thE: thrp8 largest coal c.onsumption development areas i.n

Minnesota were the seven-county metropolitan area (36% of State total),

northeastern Minnesota (30.3% of State total), and central Minnesota

(19% of State total). By 1985, these three areas vlill still be the

largest users but thei'r ranking will be shifted: central 1.'1innesota

(36% of total), northeastern Minnesota (35% of total)~ and the rnetro-

I " (J.7%o f 1) 150po ltan area . o. tota . The shift in coal usage from the

metropolitan area is due primarily to the growth in the taconite and

pmver industries anticipated in central and northeastern Minnesota.

A comparison between the seven-county metropolitan area and north-

eastern Minnesota's copper-nickel study region is given in Table 53 for

point sources e.mi.tting more than 100 mtpy 8°2 .

Table 53. 1976 point source 802 emissions inve~to;y summary by source
category for the Air Qual ity Study Region lind the seven-county
Metropolitan area.

POWER COMMERCIALc
REGION GENERATION TACONITE REFINERY INDUSTRIAL TOTALb

Seven_a mtpy 136800 0 22620 23597 183000
county
Hetro Percent

of To tal 74.8 a 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

BMinnesota Pollution Control Agency153
bTotal is rounded off.
C Includes grain.
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7.1..2. Anlbient SO concE~n tJ~3 t

./\ T(::.gional aunuell average 802 background concentra.ti.on of less
')

than':>.2 pg/m
J

(lov.fer detecta.bl(~ limit of t.he ) I;'JClS measured at

the Fernberg Road site dU'L':lng 1976--77. Since conc.entrations less than

5.2 pg/m
3

could not be detected by the continuous recording monitor,

the true value lies. somewhere between 0 and 5.2 pg/rn3 . Although the

recorder trace of tlrls 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. Figure 26 shows the measured

ambient concentration at the Fernberg Road site in relation to other

parts of Minnesota and the nation.

It\Then the 802 concentrations predicted from the regional sources

listed in the emissions inventory are calculated using the modified

3gaussian model and averaged, a regional annual mean of 1.1 pg/m

(based on 33 receptors) is obtained. Although this nmnber is consistent

3with a value of less than or equal to 5.2 pg/m , 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

uni.dentifiable stationary points of pollutant emissions, all emitting

96
less than the minimum level of 100 mtpy prescribed for point sources.

The major area sources of 802 emissions in the study region would

result from heating requirements during the colder months. An estimate

of the contributi.on of area sources to 802 emissions was obtained from
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total reported fuel usage. Area fuel usage, as reported by the

M· L~· A 151 I - flnnef30ta l-:,nergy gEmcy~ \'!af:~ separa.tec by type 0 use (i.ndus trial,

residential, commercial, institutional,. and other uses) and type of

fuel (natural gas, coal, fuel oil~ and liquid propane ga.s) for the

base year 1976. Total emissions by source cat.egory and fuel type were

then calculated using EPA emission factors. 268 Table 5L~ sI1m,Js the

resulting estimated 502 area source emissions based on fuel usage.

Table 54. Estimated 802 area source emissions for 1976, based on fuel

usage (metric tons).

SECTOR NATURAL GAS COAL FUEL OIL LPG TOTAL

Industry 12.7 4.03x104 86.1 4. 04xl 04

Residential Of 778 63.3 0.165 84.2

Commercial/
Institutional/
Other 0.603 23.9 24.5---- ---
TOTAL 14.1 4.03x104 173 0.165 4.05xl04

SOURCE: USEPA
268

and Minnesota Energy Agency151

The fuel usage estimates indicate that residential, and commercial/

institutional/other sectors contribute less than 0.3% of the total 502

emissions. The bulk of the emissions come from the industrial sector,

and, in fact, from those indust~ies including public and private

utilities, which utilize coal as a fuel. About 99.5% of the 802

emissions estimated from fuel usage are attributed to industrial use

of coal. This use occurs at facili-ties which are included in the point

source emissions inventory'. From t4is discussion it is concluded that

area s'ource contributions- to regional 802 emissions are minimal amd

tf18.t emissi:ons can be adequately' characterized, for purposes of
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ambient 802 concent:.rations :1.11 terlllS of tbc. sources listed

in thE Area sources, thrirefore are not considered further.

7.1.2.1. concentrations: In'

the regulatory- ern a lysis' discussions it should be remembered that the.

conclusions are based on predicted values at a finite set of receptors.

These sections are intended to indicate the general pollutant levels

expected, and in this context, to identify wfdch of the legal standards

may be in jeopardy.

The modified gaussian model predicts that the federal primary

annual standard of 80 ,ug/m3 \vill not be exceeded at any of the 33
I

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 ain.bient

802 concentrations.

In 1977 a regional mean (defined as the arithmetic. mean of the

annual average c.oncentrations at the 33 receptors in the region) of

3
l.lpg/m was calculated. The highest predicted annual 802 concentration

3
of 3.3 pg/m (4% of the primary standard) occurred at Hoyt Lakes Golf

Course (Figure 27). This value primarily reflects 802 emissions from

the Aurora power plant which is 4 km to the west-southwest.

In general, by 1985, annual 802 concentrations are ~xpected to

double over the region. Spatial differences are expected to occur,

directly following the increases in 802 point source emisions.

The modified gauss'ian model predi.cts a 1985 regional 802 annual

average concentration of 2.3ftg/m3, an increase of about 110% over the

1977 regional ave.rage. The highest annual average in the region~
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Table 56. Su~nary of measured eulfur content of atmospheric particulates
at e1g1lt study area sItes, exprC'ssed as sulfate,a

Babb it t 201 1.8

\-lh i t e f ac e 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

AVERAGEb 1.9

. .hi' 58SOURCE: Elsenrelc) HoI od and LangevIn

8Data represents sampling from Dec. 1977 through Oct. 1978.
Values have been rounded.

bArithmetic average of above eight values.

southwest) in the midwest and soutn, and is not due to local sources.

It is generally agreed that the average residence time of atmospheric

78sulfur is about 5 days and transport dis tances may average 1,000 km.'

The measured values in Table 56 compare favorably to sulfate values

59which 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 802 point sources from the regional

emissions inventory. Data from studies of the Sudbury plume were used

to estimate the rate of conversion of S02 to sulfate in the model.
134

The rate varied from nearly' O%/hr to about 5%/hr depending on the :

distances from tnesources-. The resulting regional aritlnnetic average

3modeled for 1977 was 5.4 ng/m. This result, when compared to the

';"230-



~fea:c (~vi tIL the numhcl.' of

t:ra tio:n was predicted. For in 1977, a 2~-hour 302

. £- 1 r' /3concentratlon 0'- less tlan Jfg ill is predicted 93% of the time (338

days) at IsabE~11a cOlnpared to only 8!1% of the time (305 days) at Hoyt

l,akes Golf Course. The frf~quency plot::; also demonstrate the predicted

shift to h_igher concentration leVE~ls in 1985. Minimum, maximum,

ari thmetic me.an, and standard de.viation are also included in the plots.

7.1.3. knbient sulfate

Ambient sulfate concentrations in the study region vIere determined

from membrane samples which were subsequently analyzed by x-ray fluores

cence at EPA laboratories, Research Triangle Park, North Carolina.
59

Samples were analyzed for tota,l sulfur and concentrations ,"vere exvressed

as sulfate. Since 802 concentrations were low in the study region it

seems likely that most of the sulfur present was actually in the sulfate

form. The mean sulfur content of air particulates, expressed .as sulfate,

'at 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 regional transport and dispersion of sub-micron sized

particles j_nto the study region, possibly from distant sources. 59

W . ] 293 . . d 1 h' 1 f Ife:L,Ss et a,:.. lllves,tlgate t 1e geograp lca extent 0 su ate

ae1'os.ol 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
4

) 280 4J which- were similar in nature to those observed in the

midwest. The authors alsD determined that sulfate aerosol is distri~ ,

buted over a. large geographical region (1000 km from norlheas-t to
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ANNUAL FREQUENCY. DISTR!BUTION OF PREDICTED 24-HOUR

FOR 1977 AND 1985 AT SELECTED SiTES
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FIGURE 32. BOX PLOTS OF PREDICiED 24-HOUR AM8!ENT 802 CONCENTRATiONS

FOR 1977 AND 1985 FROM LOCAL SOURCES (MODIFIED G,tdJSSLAf\·: MODEU.

RECEPTORS
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the time. Conc.entrat:LonH in thl:>, Class. II region would chan.ge veTy

Ii t tIe because. of the ell s.tance., and the lov.T percenta.ge of the ttrne the

wind is blowing from the N-NE.

In summaI'Y" neither the amhient air quality standards (annual and

21+-hour) nor the annual PSD Clas8 I and Class IT increments are expected

to be exceeded by regional growth in 1985. However, the 24-,hou1' PSD

Class I increment is expected to be exceeded in 1985, and there is

a small chance that the Class II increment would also be exceeded.

Removing the proposed Atikokan. power plant (assumed to be 800 HI,l) from

the 1985 slillulations results in. an annual ambient air concentration

decrease of about 4% at Class II area receptors and 15% at the Class

I receptors; larger decreases aTe 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 uToan site in the western corner of the region

(parkville, site No. 20).

The frequency plot~ (Figure 33) show the percent of days in the
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Table 55. Dif[(~r.cncc bet\cJl~en the buRd inc cOfl('cntrf.Jtion I'lnd the highest ood

2nd highent 2t+-huuI' SOl. COlicentultioll in Ii ClaufJ I nrea (ug/w 3 j.

14 101 12 20 ILl 8

6 102 7 8 17 16 9.2

I;, 103 12 19 16 7

3 104 11 15 12 4

5 105 7.4 23 17 1506

2 106 5.9 15 11 9. 1

13 107 8.7 19 15 1003

301 7.3 13 11 5.7

8.2

9.6

5. 1

603

3.7

on the frequency and magnitude of the values greater than the increment.

In the Class II area the largest 24-'[lOUr 802 difference was 55 pg/m3 at

Parkville (60% of the 91pg/m3 increment). The second largest difference

was about 50% of the increment. Tllerefore, considering a modeling

accuracy of a faetor of two it is' possible that the Class II incre.ment

could be exceeded.

When the proposed Atikokan power plant (800 M1\T) is removed from

the 1985 modeling simulations' the maximum 24-hour 802 concentration at

each receptor is virtually the same throughout the region except at

two 'sites. Predicted concentrations are 20% lower at the Birch Lake

Dam site (13 pg/m3 compared to 15 pg/m3) and 32% lower at 8aganaga

3 3
Lake (13 pg/m compared to 19 fg/m ). 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 1~ncluded in the inventory. TIle wind can De expected to

bIm,;; from Atikokan to the study' area (from N-NE to S-SW) only 7.5% of
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to 0.6 pgim3 for 1985 the pO\Jcr plant.

7.1.2.2 .. concentrations: The

modified gaus'sian model pre.diets that the federal priTnary 2l~-<hour

s tanc1arc1 of 365 pg/n13
'will not be exceeded at: any oft-he 33 regional

receptors for either the baseline year, 1977, or 1985. Figures 30 and.

31 show the predicted 1977 1)a8e1.in8 and 1985 maximum 2l~-hour concentra-

tions at each receptor in the region.

In 1977 the predicted maximum 2 ll·-hour 80
2

concentration is 52 pg/m3

(14% of the standard) at the Hoyt Lakes Golf Course; the second highest

24-hour conc.entration is 31 jug/m3 (8.5% of the standard) at the Erie

Hining Office. Both sites are impacted primarily by emissions from

Hoyt Lakes and Aurora. By 1985, the TIlaximum 24-hour 802 concentration

is predicted to increase to' 78 pg/m3 (21% of the standard) at the Hoyt

Lakes Golf Course, followed oy a second high of 77 fg/m3 at the Erie

Mining Office.

The maximum 24-hour 802 increment is expected to be exceeded at
3 . 3

some Class I (5 fg/m ) receptors. and perhaps at one Class II (91 f g / m )

receptor. Table 55 sho~s the differences between the baseline and the

highest and 2nd highest 80
2

concentrations predicted at Class I receptors.

When the highest valuB at each site is used for the evaluation,

the PSD increment 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' II area when the' 2 nd highest value is larger than

1:.. . 11 d' 271 1- If· b 1 htILe a owe lncrement at any' receptor, t 1e resu ts 0 using ot 1 t e

high and t;he second high values are included to provide a perspective

-222-
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- 6 (3~. jJg 111 , TJ:. of the prJ'mary s tancl(1rd, is prcc1ic ted at

P(-n~kvil1c:~. 'fIlls :u: impa.eted. primari.ly by the Duluth sources

to the south, Nt. Iron5' Eveleth, and the complex of tovms to the

southwest (Figure 28).

3 3
Neither the Class I (2 pg/m ) nor t118 Class II (20 lJg/m ) annual

PSD increments are expected to be exceeded in 1985 with the regional

growth. estimated i.n tbe em.issions inventory. The largest annual 802

difference in a Class I area was O. 8ljug/m3 (l}l% of the increment) at

Vermillion Lake. In the Class II area the largest difference was

3.4 fg/m3 ~(16% of the increment) at Parkville. The proposed Atikokan.

power plant is expected to contribute about 27% of the region's 1985

S02 emissions (assuming 800 ~J capacity). 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 (f)(l)(iv)].

Therefore, an assessment of the effect of the proposed facility on the

regional receptors, particularly the BWCA sites, is important.

Figure 29 shows the results of annual 502 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 802 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 po~er plant occurred

at Saganaga Lake on the Minnesota-Canadian border. An increase in the

annual ambient S02 concentration of about 2.5 times is' expected from

an 800 MW facility', 1.4 fg/m3 for 1985 with the power plant compared

~220-
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average of the measured
'J

tn Table 56 (1.9 pg/rn-
J

) clearlv

sugges.t S.- t11a t -maj or sources in the region are not con tI'::L--

butors. to mnbient sulfate in the stuely region. ThJs is irt contrast

to the s:Ltuat:ion with ambient 8°
2

, It appears that nearly all of the

measured ambient sulfate levels (estimated at 1'nore than 99%) are the

result of transport from outside the study region.

Tfle modified gaussian model prec1iets that by 1985 t.he ambient sulfate

concentration due to point sources in the region will increase to 84

ng/m3 , an increase of roughly a factor of 15 over the modeled 1977 value.

3Maximum 24 hr concentrations of 1.2pg/m are predicted at the Hoyt Lakes

Gblf Course for both 1977 and 1985. The question of possible increases

in sulfate t:t'ansport into th,e 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 pg/m3 and a potenti.a1 annual standard of 5-15 pg/m3 have been

developed by the Brookhaven National Laboratory Office of Environmental

P 1
. 205

o lCY.

Sulfate concentrations for all the modeled receptors are given in

the box plots in Figure 34 for 1977 and 1985. Annual frequency distri-

Dutions for sulfate concentrations are shown for Isabella Watershed,

Ho¥t Lakes Golf Course, and Parkville in Figure 35.

7.1.4. Sulfate deposition.

The surface deposition rates for sulfate are of special interest,

partlcularly in the context of water quality' impacts. In order to

-231'""



FIGURE 34. BOX PLOTS OF 24-HOUR VALUES PREDICTED FOR AMBIENT SULFATE CONCENTRATIONS

FROM LOCAL SOURCES. 1977 AND 1985 {MODIFIED GAUSSIAN MODEU.

RECEPTORS
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ANNUAL FREQUENCY DiSTRIBUTION ·OF PREDICTED

CONCENTRATIONS, 1977 AND 1985, AT SELECTED

FIGURE 35
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properly unJerstand the total of sulfate, it is necessary to

consider both wet and dry depositim). This in turn will facilitate an

understanding of the importance of the roles played by local and long

distance sources.

Sulfate deposition in the study ~~rea vvas measured using bulk samplers,

rain event sample".rs, 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

thi:s sectj_on to simplify data presentation. A complete. discussion of

the measured data can be found in Eisenreich, Hollod, and Langevin.
59

Bulk deposition measurements reflect the combined effects of wet

and dry deposition; the collectors are open to the atmosphere for a

3(}...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 aritmnetic means. The concentration of sulfate in the region seems

to be uniformly distributed, once again suggesting that locally generated

sulfate deposition is minimal.

)?igure 36 shows the monthly deposition values for each site on a

line graph along with monthly precipitation. The highest sulfate

loadings occurred around September ~nd 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

.,..234-



FIGURE 36. MONTHLY BULK SULFATE
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Table 57. Annual &ulfate
kg / h~JJ :J1~ •

ition based on bulk ion data. $

Ge.ometric Arithmetic
Location mean mean

'_~~__~._~.~.~7""""""'-~""""'.~_._""'",~~'_--"''''_~_~~'~'' ~~.~_··'_.-....-...~,_~."'_~'__~'~_~'''--''_'-----''''_'---<'_'_'__''~~='"''~~_'''''''~.,_.~._=-

Dunka Road

Fernberg Road

Spruce Road/KcfvJi.shivri
Laboratory

Hoyt Lakes Golf Course

Average

Souree:

l2.b.

15.1

15.Lj

18.3

15.7

19.3

21.6

18.7

. b b'l . h J d .. 24818 pro a y more lmportant t an Qry eposltlon.

An estimate of dry deposition of sulfate for the region was also

calculated using measured atmospheric concentration from membrane

32samplers and deposition velocity data from Chilton, England. 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

2/j.8
kg/ha/yr). The average wet-dry rate from the bulk samplers is 14.4

kg/ha/yr. On this basis, from 0 to 24% of the total deposition is

estimated to be dry (within I standard deviation). Because the dry

deposition value is low and because very little ambient 802 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
east coast area.' Long.,...range transport of sulfate is quite

feasinle when large high-pressure systems are centered to the east and

south of Minnesota. The large, clockwise vortex of winds can then move

,,236.,..



sulfur aDd other the indus rialized of

the east to Minnesota. Under tertain conditions Canadian cold fronts

can collide \v:ith tr1J~f} stllfur-'J;JdE:~n, W3I'lrl air mass over northcas te:cn

Ninnesota causing nigh leVEls of sulfate in the prEcipitcltion. In this

s1 tuation rain sca.veng::Lng is aTl important mechanism for sulfate deposi-

tion.

Deposition values due to local sources ~ve.Te predicted using the

modified gaussian model during each 30 day sampling pe:ciod at seIected

receptors. This allovlS a direct comparison of measllred sulfate deposi--

tion to predicted deposition expected from local sources. Table 58

summarizes the results of Doth the measured bulk data and the predicted

data. The ratios of the measured to calctilated data range from 0.63

(the only ra.tio less than 1) to 21. The typically large- value of t.he

ratio again supports the thesis that the bulk of the su fate 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 annua.l deposition rates (based on dry deposi-

tion velocity from Chilton, England and Hinnesota measured ambient

sulfate concentrations) and predicted total sulfate deposition rates

from local sources alone is given in Table 59. It is important t.o

emphasize that the predicted average sulfate deposition rates for the

8 sites shown in the table include 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. Heasured eod pred ic ted lac al sulfate depooition lil (kg/halydo

SPRUCE RDI HOYT U>,KE

Horch l'fJ 1.1 1.4 1.3
pb 0.073 0.076 .ll

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 H 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/P~EDICTED

March 15 18 12
April 5.6 4.4 5.6 7.9
May 12 5.6 5.6 8.1
June 5.6 5.8 6.8 2.0
July 5.4 10 2.4 0.63
Aug 21 15 5.2
Sept 1.7 1.7

HMeasured values are based on bulk deposition results, predicted
values reflect the effects of local 802 sources only, using the modified
gaussian model.

bM=measured; P;predicted.

-238-



Table. 59. CalcuJ.atcc1'1
suI ate

iLion r:.J
(wition (kr:/ha/YT),

1 1'. J) Ja l1C p 1: eUI.C Lee! to ta .. _

Loc.ation Cc11cula tc:({ Prc'dLetEd

Fernberg 2.0I 2.2

Isabella (EIJC) 1.92 2,5

Dunk<.l 1086 2.5

Toimi 1.32 2.1

Erie 1.01 L: 0

Hoyt Lakes 1.79 5.5

Hhiteface 2.13 2.1

Bal:>bltt 1.98

a . Ch . - ·c' 1 c1 d d .. l'uSlng _llton,~ng an. ry eposltlon ve oClty
b Minnesota measured air concentrations
based on local (1977) sources
~based on 8 sites shown in the table

based on all 33 receptors in the region

and

from ambient air concentrations 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 necessary to

isolate that portion of the predicted deposi.tion 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, Dunkel Road) Kawishiwi, and Fernberg Road) are

shown in Table 60. The resulting dry deposition ranges from 91.4% to

95.9% of the total deposition.

If it is assumed on the oasis of these data that at most 10% of the

total predicted depositio~ from local sources is wet, a predicted dry

depositi.on average of 2.56 kg/ha/yr is calculated for the eight sites tt

-:-239.,..



Ta.ble 60. Predicted 'wc~t and sulfate deposition from local point
sources (1rp /h'-'/ day).. ·'-C) .ct

HOYT LAKES
DUNKA RD GOLF .COURSE KA1A[ISFIIVJI FERNB:EHG RD.

-~ ..-=-=._-~.~ ....--~~~-~.- .""'.,..",..-

wet I,lf.'. t \;ilet \\78 t

1'1arch 0.003 0.070 O.OOLI 0.103 O.OO/f 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 0.3LI·5

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% 91.l,.% 6.6% 93.4·% 6.2% 93.8% 4.1% 95.9%

~--~.,.,---~

A value of 1.98 kg/ha/yr is calculated for the region based on 33 recep-

tors. These values compare favorably to the dry deposition rate of 1.78

kg/ha/yr which is based on regional measured data and a dry sulfate

32
deposition velocity from ChiltoD.$ England.

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

i.s not accounted for by the regional point sources.

The International Joint Conwissionlll predicts that sulfate loadings

in Minnesota could double from 16.4 kg/ha/yr in 1974 to 32.8 kg/ha/yr by

the year 2000 with no full-scale S02 removal at the sources. However,
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Gulfate could at about the 1974 level if additional

is applied to planned and existing SOUCC(:::'s. Since the

specific origins of sulfate ted in the region from remote sources

are not known~, it is ible to predict sulfate de.position increases

as a result of S02 emission increases at specific locations. However,

it is knmvl.l that sulfate deposition, for example, w-as high in the region

during the months of ) June, and September' when south and southea.st

winds constituted important components of the "vind roses for these periods <

Thus, it is reasonable to look at projections for increased S02 emissions

to the south and east of tll.e region for general validation of the IJC

prediction concerning sulfate loading.

In a report to the Minnesota Legislature, the Minnesota Energy

150
Agency estimates that total stack emissions of S02 in the State were

about 312,000 mtpy in 1976. Of tl1is total, about 226,000 mtpy, or 72%,

was due to the combusition of coal. Projections for coal use in the

·,State show a.n estimated 59% increase in coal-related S02 emissions by

1985, with an increase of 104% by- 1995. Although the Twin Cities area

is forecasted to have a slight decline in coal-derived stack 802

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 455% ~n coa1--:"'related stack 802 emissions by' 1985 and 1995,

respec tive1y·.

Since t1les-e areas may' serve. as· sources· of sulfate transported into

tfte study' region, thlS information certainly supports the predictions
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of sign.ifi.c.ant in sulfatE de.position over the ne.:xt 20 to 25

years made by the IJC The enE:-~rgy sho1'... t·age~. related to gas and oil which

'l:vi11 increase coal usage may constitute the determining felctor in

increasing sulfate deposition. Since this situation is not unique to

Ninnesota, but affects the e.ntire 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 predicted annual sulfate deposition .?t 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 particulate

levels due to emissions- from these s'ources are discussed, and changes in

the future air quality due to regional development in 1985 without a

copper.,-nickel industry' are forecast •
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FIGURE 57, BOX PLOTS OF 24-HOUR VALUES FOR PRED!CTED TOTAL SULFATE DEPOSiTION

FROM LOCAL SOURCES, 1977 AND 1985 (MODIFIED BOX MODEU
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ANNUAL FREQUENCY D!STRIBUTiON OF PREDICTED 24-HOUR SULFATE

FROM LOCAL SOURCES, 1977 AND 1985, FOR SELECTED SITES

FIGURE 38

.1m

.15m
Z.?"!10
5.::.0'0

r--:.o 11.7!00
f"'S:) 18.cr.oo

no 0.=
r&) 4::.f:!F.:.,~

!"'!'O 70.77C()

O:P'q )i,') FlO .0..-'"
M," .fY"O) ;-;0 .171Xl
~1 11;.S,1001'J 1>~ .-4105

~"" 7.97"£' F<ll) ."<!<;3
$C(':l' 17.~I5$ ,-..') 1.~~

!"W 2.':'7?;!C

nu 5 ]!7Q

Pro 11.17'0(\
~;o 20.1100

19>15
2ZS '''.'Ii'.VllL!

90

.~

,6"'''7
1.'lSC"l)

1.91SO
S.33';()

11.5700
21.1700
"'4."9f,Q

CY.H~ 3f)" PIO

MIN .= r7Q
f"Pt 171.7tX:lO P30
!"'IAN 15.0101 NO
stl:'t 28.2770 P50

rro
no
roo
f"ltl

1977

213 ",!'T L""ES GQf CiJU'ff

Be

90

00

ooסס.

.lXQZ

.010<

.1237

.3796
1.96"0

'.9'HO
9.929:) ,

21.Zt:OO

.OCOO
.0004
.01<5
.1416
.5596,.•.,.0

O.6geO

2'J.lOoo
36.7=

rio
~20

r30
r4Q

!'50
Pro

'm
rro
1"90

196'5 DArR 3SS 1'10 • .1093

::13 HOYT lR:ES COlF CIJl"$E "1"1 .0C<:tJ"'2'O .50"'9
mx 20:. OOJO P30 1. "l9JO

1"£A'I 2-1.17"51 ""0 3.2170
sen :1".223<> F'SO S.5Il;Q

rro 11.1+00
f'7() 22.= L
P"'dO 41.1700

MO n.oo::x:o
70

1
'1'1

..... ro~I.1

~ ~~~SO i I

~ Iiiu
~J~I"!"( I.0 j,:7

.1
\ 12L,,,,.,,, ,

:!SO "Ol 'SO SOD 0 so 100 ISO 200 250 ;<00 3SO 400 'SO SOO
Sl)4 O!:l'OSlTIiJN iG>lMl'

[lqTA )!is '10

"IN 0 ~<1l

!'A! OOסס.111 .r30
N'[~ 8.1672"40
S!lEv 16.'133 F'SO

rro
1'10
roo
l"9:l

~TA 3SS
nIN 0

"". 115.600)
l'I!:'l!lI1.B..'lC9
stn 22.0106

150 . 200 2SO JOO
$l4 rvoslTIilN ,~.

50

1977

1011~~""~

70 .,l!!r

I,
50 1'1

I
~sor
~i!

. ·11'1I "III~
10 IV)

;.~.¥, , , I • • ill~~ I " t I I t.
SO 100 ISO 200 = :JOO = .1()(l <:;I) 500 0 50 100 ISO = ZSO JCO 3SO <00 4SO SOO

~ tl('P'(lStTtCJll (GP'tM:t1 $:H C£rosIT!CI\I (cn/~l

1
1011SR!il.lJl1d'l~

!ll

40

10

20

!Xl

flO

"~I
~:~!J

IlO

1'\)

l!O

~50
«)

so

'I
N

'"

~
~

~





and 1985.

As vras the case for sulfur emissions, sources which emit at Jei:lst

100 mtpy part:l:Gulates: 'WCT8 invenLo:cied .. Unlike the ease for 8°
2

:;

however, smaller, more widely distributed area sources are. very im.por~

tant. Th.eir existence explains the general background particulate

levels observE~d in the re.gion. These sources will be discussed after

consideration of the point sources.

The point source particulatE;' 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 S02 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% by 1985 (57,740 mtpy). Figure 39 gives a break

down of emissions in terms of source categories (power generation,

taconite processing, grain elevators, refineries~ commercial

industrial~ and geographic area (Minnesota, Wisconsin, and Canada).

The 38% 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 68% decrease for point sources in Duluth,

a 48% decrease in Carlton County, and nearly a 97% decrease in particu

late emissions at the Reserve Mining Company' operations at Silver Bay,

Minnesnta. Particulate emissions in Atikokan, Ontario are expected to

decrease hy 85% due to the closing of the Steep Rock Iron Mines, Ltd .
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Table 62. Regional particulate emissions inventory used for sources emitting
more than 100 wtpy.

BASELINE
EHISS IONS

1977 BASFLHrE
(if di.fferent
fr ow J97 5~ 76

PRo.n:CTED
H! ISS lOt~S

Potlach Nort.hwest
Com,1ed
Continental Oil
Erie Mining (Taconite Harbor)
MP & L Clay Boswell
National Steel Pellet
Butler Taconite
Boise Cascade
Reserve Hining (Silver Bay)
HP&L Sy Laskin
Reserve Hining (Babbitt)
Arrowhead Blacktop
Cargill Elevator B
Cargill Elevator C
Dul.uth Ste.?~

General 701iH s A
International Multifoods
MP & L Hibbard Station
Superwood Corp.
U.S.S.-Ilul'Jth Coke
U.S.S.-Shipping
Evel e th Taconi te
MP&L (Floodwood or Brookston)
Jones and Laughlin
Hibbing Public Utility
Bibb ing Taconite
Hanna Hining
Erie Mining (Hoyt Lakes)
Mim..\t<ic
Virginia PUI>
Inland Steel
Pickands Hather ~

Lake Superior P~wer District
Roffler's Construction
Murphy Oil Corp.
Farmers' Union Grain
Globe El ev ator
Superior \-n..&P
Orb a Corp.
Burlington Northern
Univ. of Wisconsin
CLH Corp.
Ontario Hydro (Atikokan)
Cal and Ore Co.
Steep Rock Mines
Minnesota Pulp & Paper

1312
If l} 1+

92
813

SSGL,
1766
1575
2335

31140
662

none reported
100
Lt98
205
150
306
~96

19
279

1053
193
857

52

703
7727

17440
612

648
277

56
354
321

5

76
2

1356
11650

1405

691
"227"(1,2) 11227"

92
813

7649
"1392"(1,2) 2093

3182
1I5L,6"

"1000 11

662
0

100
"91"

II 36"
"ISO"
" 64"
"236 11

279

Ii 4611
112 5L. 5" ( 1 , 2) "3909 11

11236q-"
"1909"

52
1218 (l,2) 1791

1273
"10460"

19160 (2 ) "7000"
"127" (1) "127"

1227 (2 ) 2455
"2273"

" "1909"
277

56
f 13

2
5

318
146

76
8

1900

1405

NOTE: A missing entry (--) indicates the facility does not exist or will
be phased out by the date ShO~l. Tonnages shown in quotation mar.ks 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 1977 PSD baseline in place of value shown for 1975-76.
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c'-J.nd the Cclland Or(~ Ltd., two major taconite mi

arE~ pel offBct by ted

in Loth ~le taconite lnduEj in J'1::i.nnesota i"Jnd the po\ver

generatirlg industry in Hinllcsota. and Canada. Proposed ing

stations near Floodwood, Minnesota and Atikokan, Ontario, and the

planned expa.nsion of the Jv[P & 1, Clay BO~3\.vel1 pov,rer plant in Coha::isett,

Minnesota will increase regional particulate emissions by 2364, 1900,

and 214·5 mtpy:; respectively. By 1985, taconite processing in JvIiul1esota

is expected to contribute an estimated additional 6,27 L} mtpy particulates

over present emissiollS. The taconite industry is the largest contribu-

tor to regional point source particulate emissions for both the baseline

(81% of the total taseline) 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 region where

fugitive emissions froID area sources such as taconite mines and unpaved

roads appear to be the major sources of particu.lates. 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 particulate (TSP) concentrations is discussed in

section 7.2.2.

Total suspended particulate point source emissi.ons in the region

may' De pla.ced into pers,pective by comparison to global, national and

local emisslons. The largest sourc'es of atmosph.eric particulates are

natural, contributing about 2,273 million mtpy.200 Natural sources of

particulate matter include wind erosion of land and sea, forest fires,
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volcanic crup ions, , awl ticle reactions. Anthro-

poge:nic sources con. tribute approximately 295 mill:Lon mtpy which arif38

from in.dust:r:tal processes, combustion. of fossil fuels', and agricult::ural

! ,. 220ac t:LV:t: t]~es .

NEttionally, th(~r8 has be.en a 23% decrease in particulate point

source emissions from 1972 to 1975 (21.3 mi.llion mtpy c'ompared to 16.4

mi.l1ion mtpy). This decrease has been attributed primarily to the

installation of control equipment on in.clustria1 processes and utilities,

a reduction in coal consumption by l1on-utilitiy stationary sources, and

268a decrease in the burning of solid wastes.

In Minnesota, point source particulates decreased by a substantial

43% 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 ~uality Study Region and the seven-county metro area.

POWER COHHERCIAL-
REGION GENERATION TACONITE GRAIN REFINERY INDUSTRIAL TOTALa

Seven-County
Metro Area------

mtpy 10230 0 6285 2882 21230 40630

% of to tal 25.2 0 15.5 7. 1 52.2 100

Air Qual ity
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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t:i.OllS.

To tal f:;'USP end(:~d °par tic:ulat: r~f) (TSP) ",;'ere measured Elt 11 10 eel tion.:::,

using high~~volume

were selected to

f1A (0'[ Ocot ','0,1' 1°9'7°6 "C 'fll'~ (1' .1.. 978. 227 ~)J·,to~.'c', . J l 1 .: 0) (::. ~ _ -) L) l' ell ':.~l __.. _ L- _

rural, industrial, and areas. A

,;,;ride range of TSP conc:entl'a tions v·rere rneasured over this period. TVlenty--

four hour concentrations
')

from 1 pg/m~ (the minimum detectable

'i
level) to 367 pg/m~. Annual geometric mean concentrations ranged from

10 pg/m
3

at Kawishiwi Lab to 55/1g/m3 at Vi.rginia as shown in 'Table 6L~.

3
All of the annual means are belmv both the federal primary (75 pg/m )

and the secondary (60 pg/m3
) annual standards for TSP conc:entrations <,

Table 64.

Site
- Number

Adjusted annual geometric means at TSP sample sites, 1977. a

Mean T~P Site
·0g/m ) Characteristics

----~--_.~-~-~~~.-_.-_.-,,-_._-------

62SOURCE: Endersen and Feeney
a
.means.havebeen.~djust~~,for.missing

7001

7003

7007

7010

7008

7006

7002

7009

7516

7514

1300

Fernberg Road

Kawishiwi Laboratory

Toimi

Hoyt Lakes Golf Course

Erie Mining Office

Dunka Road

Ely High School

Hoyt Lakes Police Station

Hibbing

Mountain Iron

Virginia

10 Rural

10 Rural

12 Rural

15 Near town

19 Taconite mining

20 Taconite mining

22 Community

30 Community

37 Community.

42 Community

54 Community

data
65

65
Feeney' concluded that Doth snow cover and mining activity can

have substantial impacts on TSP concentrations. Table

TSP eoncentrations during di.fferent time intervals of
-251-

shows mean

:M cover and



Table 65. The effect of snow coyer and
the.. clrea.

tes

activity on TSP levels

11/26/76.-,-..3/7/77

3/1ll./77~-7 /24/77

10/10/77

10/16/77-11/9/7'7

11/16/77-12/15/77

12/21/77-3/27/77

Snow cover

Mining activity
No snow cover

Nine Strike
No snow cover

Snow event

Mining strike
No snow cover

Mine strike
Snow cover

Mining activity resumed
Snovr cover

18.97

35.64

b14.63

7.23

16.68

SOURCE: 62Endersen and Feeney

a \ 62Values have been adjusted for missing data.

bThe mining strike began officially on August 1, but the mines
were effectively shut do\vu as of July 30. Samples taken on
July 30 vJere included in the stri.ke 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 59% over the preceding spring and summer. Not surprisingly,

the impact was greates.t at locations on mining property, with the Erie

Mining Office s,ite showing a 76% decrease. Areas. showing less effect

were backg:r'ound sites, and the communities. Kawishiwi Lab experienced

a 46% decreaseJand Virginia and HiblJing each experienced a decrease of
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in iculate ov tIte and summer.

End (::.rE:
62

also conclud that

of TSP appears to be a or of the background

concentrations measured at the three remote sites in the

Because TSP concentrations are not homogeneous throughout the

region~; quantifying the background c.oncelltration becomes difficult.

It appears that 10 is a reasonable est~nate, and this value

includes. lwth lon.g distance transport and region~·wic1e dust generation.

Figure !~O presents a comparison of measured particulates in the

region and other areas of Minnesota and the nation.

ambient TSP concentrations 'Vtere 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 point source emissions by 1985.

The modified gaussian 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 point sources) at

each receptor in the region are averaged for the baseline period, a

regional TSP arithmetic lnean of 0.1 ;ug/m3 is calculated. The predicted

regional mean is: negligible (less than 1%) by comparison to either the
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FI(~URE l~O v

STUDY FlEGION
(1977 DATA)

SECONDARY STANDARD (60)

VIRGINIA

MT.IRON

HIBBING

HOYT LAKES POLICE

ERIE MINING OFFICE

FERN8ERG ROAD

SOURCE: ENDERSON AND FEENEY (U7fl)

o

OTHER AREAS (DATE AS NOTED)

tNT EFtNA liONAl FALLS (197 n

STEEL ~"'lINE, UTAH COUNTY, UTp.H (1976)

DOWNTOWN ST.PAUL (HH7)

WORTHINGTON, ROCI'IESTER (19 "17) ••••••••••••••

DOWNTOWN MINNEAPOLIS. ST. CLOUD (1977)

SEATTLE. WASH. (1976)

BRAINERD (1977)
MELROSE (1917>

POKEGAMA DAM- ITASCA COUNTY (1977)

GRAND CANYON NATIONAL PARK (1976)

YELLOWSTONE NATIONAL PARK (1976)
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values (avcrn.ge of 11 sites

3
in Table 6L}) ~ or to the. regional backgTound c.oncentration of 10 jug/m .

The low predicted TSP concentrations are to be expected since the

modified gaus~?::Lan model considers only particulate point sou:ree emissions,

and the measured values, of course, include point and area source

contrilJutions'. It appears from the model simulations that over 99% of

the regional ambient 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 pcdnt sources of at least 10 to 1

in most grids inventoried. The emissions inventory in this report

showed that unpaved and paved roads were the major contributors to TSP

concentrations, fo11owed 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 region.

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 tllat area

sources and regiona1 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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For Cour~e 27% of the

TSP concentrations {,jed on sour were within a factor of 10

of the measured Val'LICS,~ COHI}:>ClI(::?d to only 9% at Road, 'which is

remote f:com tlH2 regional point sourcef3. Table 66 pTovides a summary

of these comparisons at 8(",,:\)'on 8ites ~

Table 66. Percent of the predicted 24-hour concentrations that are
within a factor of 10 of th~ measured concentrations.

Site Possible Source Influences

Fe-rnbe::rg

Ely

Kawishiwi

Dunka

Toimi

Erie Mining
Office

Hoyt Lakes
Golf Course

9

7

17

18

41

35

27

~o local sources

No local sources

Local dirt parking lot; dirt road

Local dirt logging road

Local gravel driveway

Open pit mining operation

Possibly Erie Mining, or auto
traffic to golf course

Altrwugh a regional TSP background concentration could be input

into the model, and a better fit to the measured data could be obtained,

the point source contribution would obviously be masked. The modeling

res.ults. 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 pg/m
3

) nor secondary (60 j-lg/m
3

) annual TSP

standards: are. predicted to be exceeded in the region based on tIle point

source modeling results for 1977 and 1985. The predicted 1985 annual

TSP levels from expected point source emissions are sho'\vn in Figure lj.2o
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ted ann.ual H1CclnS, at eeleh site :/n the a:CE~

a,veragec1 means of about 0.1 calc.ul:1ted for both 197"7

and 1985. p source pc)r' tic.ula tl? emlssions in the region

expected to dt:cre..ase 38% from 1977 to 1985, tbe.. averages are

about the, same for the t:\-I70 ye.ars because of ann~al averages at a

few sites that are i,mpaeted by sources 'which shm\l substantial increases

in emissions from 1977 t:o 1985. For example, the receptor northeast

Eveleth shows nearly a doubling of ambient annual TSP concentrations from

1977 to 1985. This receptor is impacted primarily by Eveleth and Gi.lbert,

and TSP emissions from these two locations are predicted to increase by

a'Dout 130% from 2,545 mtpy in 1977 to 5$'818 mtpy in 1985.

The highest predicted annual concentrations in the region occurred

3 3
at Parkville for both 1977 (0.7 /lg/m ) and 1985 (0.6 pg/m ). Both values

are less than 1% of the annual prnnary ambient air quality standard, and

are 5-7% of background concentrations of 10-12 pg/m3
•

3 3
Neither the annual TSP Class I (5 pg/m ) nor the Class II (19 pg/m )

PSD increments are expected to be exceeded by point sources in the region.

3The largest modeled annual difference in a Class I area was 0.02 pg/m

at Dunka. River Watershed (less than 0.1% of the increment); the largest

3difference in the Class II area was 0.3 fg/m at the site northwest

of Eveleth (1.5% of the increment). Although area source particulate

contributions are important in determining whether or not ambient air

quality standards will be exceeded, this contribution is 1es8 important

in the PSD review because differences are determined rather than

aBsolute values.

On a regional basis, the proposed Atikokan power plant (800 MW)
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contributes a,bou L 3% of the however the effect on regional

TSP concentration is A mean annual concentration

of about O.lfg/m3 is calculated both with and without the power plant.

The effect of the proposed plant is' most pronounced at the Class I

receptor sites where a 30% decrease is c.alculated (based on 8 Class I

receptor sitE-;s) if the power plant is removed from the 1985 inventory.

modified gaussian model predicts that the maximum 24~hour TSP federal

primary standard (260 pg/rn3) will not be exceeded by modeled point

3sources in 1977 or in 1985, but that the secondary standard (150 jug/m )

will be 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 2L~-hour

concentrations at each receptor in the region.

3In 1977 the predicted maximum 2Lj.-ho·ur concentration was 172 pg/m

(66% of the primary standard) at Parkville followed by a second high of

l62fg/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 fg/m3 at the Erie receptor followed by a second high of 150 ;ug/m
3

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 standards during the 1976-77 sampling period.

The maximum 24-liour TSP increment is predicted to be exceeded in

3 3
the Class.- II qrea (37 fg/m ) but not in the Class I area (10 fIg/m ).

The largest difference in the Class I area was 3 ug/m
3

(30% of the

~-260-
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TD.bl(~ 67. TSP measurements d

ug

" 1-1(.> "I () "/" (. "~ '7 "I
tL. _.1 \) :3'

ugjm )
E) tandardEJ "

rations

SOURCE:

Hibbing

Dunka Road

Hountai'tl Iron

Hoyt: Lakes
Police Station

62Endersen and Feeney

367, 310, 233, 21L} , 211~

193, 177, 177, 167, 151

279

243, 171! , 153

201, 179, I7l} , 165

191, 178

increment), which occurred at the receptor site in the Isabella water-

shed. Table 68 summarizes the' p:cedicted values exceeding the 24-hour

TSP PSD increment in the Class II 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 standards

nor the TSP annual PSD Class I and Class II increments are predicted to

be exceeded by point source regional growth in 1985. Annual TSP contri-

butions from point sources in the region are low, less than 1% of the

pr5~mary air quality standard. The maximum 24-hour TSP primary standard

is not predicted to be exceeded in 1985, but the secondary standard is

predicted to be exceeded.

The maximum 24-hour PSD increment is predicted to be exceeded in

the Class II area But not in tile Class I area. The proposed Atikokan

power plant does not affect the regional mean annual concentration, but
-263-



T~lble 68. tad 'Jvalue's
of J] ug(m ill CICl.s,s II

t 1 2/ 1 r['C'~I) -I-)('D • t-ne -l'~ lour _0., _ LL 3J_IlCremcn -

areas. Values in ug/m •

Erie

Parkville

118

19

160

69

152

65 50

':l!.b
J-f

bThis , difference does not exceed the increment.

does have some impact on the Class I receptors. If it is asslliTIed 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 concentrations for 3 sites in the

region, permitting a comparison of a rural site, Isabella, with two

communi.ty 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-



FIGURE 45. BOX PlOTS OF PREDICTED 24-HOUR TSP CONCENTRATIONS (MODIFlED GAUSSLo,N MODELL

RECEPTORS

t'~Lf'T

OI!'~[A,,;.,710~

TSP CONCENTRAT JON -- 1977

!
~

: 201-U'TL~JOM"eOOJ'" t
: I
j T I
~~ : I,~ ..,.: I'

. ,

~ I t I-· . I' ,

~ f _ T = T I IT' iT_II T ~ ,"I + Tit
:: 1 trTT;r lIt!; LrklJ,: i:: i 1J,: i: :J,II~• T 1, t., ¥ ~¢~Q, ~~~~ ~ -._

tOI I~ 1m 11)4 \(!'l 105 la1 2lJt lfJ1 :lM 2'0'1 ~ 1Ot\ ro7 ~ 200 7Hl 111 2'\1 ll~ 11. 11' 117 1t~ ll'J m 1;1 m 2n 12<4 :z:"S ~ ~l

'I
N
0"\
VI
I

TSP CONCENTRATION -- 1985

I t

i

:r
I

• TTC 'fTZ!: T71Ll i : f .l, .. 1

T;"":': T i i -+ J.c?c? r? ,981=-+= ,c1--"'=""'-.....;-~
)1)4 1m l~ 1(r7 lOt zr:t 2'0:." lO4 2m 2!J'l. ;'!(1'1 ""'" 1C"! 110 111 11~ 11' 11. 11S '}11 11' lll] m 21\ m In n. ;r,

COMPUTOR CODE RECEPTORS



ANNUAL FREQUENCY DISTRIBUTION OF PREDiCTED 24-HOUR

1977 AND 1985, AT SELECTED SITES (MOD~FIED
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iti,cn ictc~d annual (lCncy

di;;;trillu tions. of tfjt~ 26,'~lLo'Ur values: a.t 3 sites in the These

result:::> arE given to pTovic]e a refE~rence for

potential te dcpos~tion from a smelter

of

Nodeled

values of local point source contributions to TSP deposition are

typically less than 50 gm/ha in a 2ll~-hour peT':Lod, but range up to

600 gm/ha or more in several cases.

Table 69 summarizes the predicted annual deposition of particulates·1

at all receptor sites from local pOill.t source emissions for 1977 and

1985. Aside from elevated levels near population centers and industrial

sources, values tend to range fronl 1 to 5 kg/ha/yr. Deposition rates

near major sources are above 10 kg/ha/yr.
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FIGURE 47. BOX PlOTS OF PREDICTED 24-HOUR TSP DEPOSiTION VALUES {MODIFIED GAUSSIAN MODEU.
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ANNUAL FREQUENCY DISTRIBUTIONS OF PREDICTED

VALUES, 1977 AND 1985, AT SELECTED SiTES

FIGURE

roJI

~:~III
II~

:lOI'!!·j
'itII

1:0 N¥~"
ii' I

10 1~'" [.It'~, rft~ t

.tlJ'."~,,..J,i.1 I I

100 000 900 1000 0 100 200 300 '00 S!'O W1 700 000 900 \ceo
Tf"O!rostTI~I(:M/J4:II

~r",
~

.?0

1000

0.'5190
19.1100
)8 ....'00

f.6. ~ l(()

.010"

.,,"5

.f'~12

;.{11(l

F"'>ll -4.SB:'D
r-f{l

r70
I"f>f'

DATR ~c, P'lO

r:tN .(II1(Wl 1':0
ttl<r ..o~. "0(~-1 F 1(1

r'f~ ::.f)(l"'A
SOl'" "1. ~"6,,-, ..;

o;.n~ )1)5 r\o .Ol~:'

PH'" .('OlJO r'.:'1) .N:7
rn\x S~7."0lXl l"?(\ ."....~

Tt:AN 21.f;Q!6 P40 l.~'"l(lll

SiX'" 5Z.S61A f'S(l Z.HOO
P"'":JJ -t.rero
no 1'3.3100

PifI 33.8B't'D
P'9O 71.S8C(l

1977
213t't'!YTl~E5f,Qr(0l~

1965
213t<l1TlJ.1([SCC\.FCr:.vr..x:

10

eo iiYI.
I

.=.=

.0210

.t7"50

.59)1
1.]1;<;1)

2.16'13
3.2~':,(I

.0000

.00:><

.054:

.'l971l
1.4)0')

Z.6)1'.(1

".4JtlQ
11.00.10
l1.Je'OO

ll'TR 36S rIO
fHN 0 "20
""r 102.1000 r:lJ
l'll',", '.6l)7 r<Q

5tn IZ.9'515 P9l
P60
r70
f'lJO
MO

(l<lTIl :l'5'i riO

l't)tIl 0 "20
~) 1S1.9C«l rJQ

I"£PN 10.316'" r40
:a:i' :'~. '7'f3:S? p<,(l

I'&J
1'7()

"""MIl

200 300 <00 SOO 600
TPt:t:MlllCN fGP'f/tfAI

19<15
la' lSR!Ul.Jl";T!J\'Xl)

~I

I,,"

.:*9101t~LAYR~

!lJ

1:0

~';O

0(1
11
II,

~ll~

:~11.11
'II

~ I
t:<';O II

<C ~l

:Ji lL
iill] · z, , I I

o tOO ;:00 30J «Xl SOO 00'l 7UJ IlOO SOO 1000
T'l"CEP'OSfTt~fO"lIt'l$l:1

'I
N
0\
\.0
.!



Table 690 Predicted annual
receptor sltes due to point
(kg!ha!yr) .

of particulates at various
source emissions in the region

1977 PERCENT
SITE COHIJUTER REGIONAL 1985 Cl-LA_NGE
NO. CODE J3ASEI,INE

1. 301 Little Joh_TIson Lake 1.9 1.2 -37
2 106 Little Vermillion Lake 2.2 1 T) -41oJ

3 lOt} 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 ll-.O 0
10 206 Bear Island R.H. 3.7 2.7 -27

11 201 Kawishiwi Lab W. 3.6 2.0 ...44
12 202 Keeley Creek W. 3.9 2.1 -46
13 107 August Creek L~. 0 2.1 -47
14 10l Isabella Watershed 3.8 1.8 -53
15 212 mv of Virginia 9.3 6.9 -26

16 207 Embarrass R. \\T • 6.7 6.6 -1
17 215 Babbitt 4.3 3.6 -16
18 204 Unnamed Creek w. L~ .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
2l~ 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 Hoyt Lakes Golf C. 8.1 8.6 +6
28 209 St. Louis R. W. 6.3 5.7 -10
29 210 Waternen 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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CHAP'1'ER 8. l:I''iJ)!\CT' ANALYSI[; Fon ~3ULFUR EHISE3JONS

In ters the or sourc.es of a h(:;;1'1.c pollutants

from potential smel ions were identified, the was

characterized in terms of pn:~sent: sources and futurE'. development and

the atmospheT'ic irupacts of growth were discussed. This chapter

and chapter 9 will aSS8SS the atmospheric impacts of a smelter alone

and in terms of anticipated regional grmvth 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 compa:rison of development alternatives.

Ideally, all possiI:>le smelter locations would have. been considered

by the modeli.ng 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 are 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

snort..-.yange gaussian model, the long-range model may underestimate the

extent of the area affected by' elev~ted readings if receptors are not

located on a preferred wind axis from the source. Since the snort-range

model is- not reliable at distanc.es· more than 10-15 km from the source,

-:-271,-



bot~ t~pes of models are needed to uce a complete picture. The

~cesults of tTIC sho1: modc"'.lJng simulati.ons arc: given in Enc1ersen. 61

8.1. AHBIENT 802 CONCENTRATIONS

This se.ction discusses th.e. predicted ambient annual and 24~~hour SO 2

concentrations resulting from point sources (smelter stack and fugitive

emissions along \·rith. existing and proj c.c ted regional point SOUTce

emissions) in tey-ms of ambient air quality standards and allmvable 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 concentrations.

It must be noted in the follovling discussion that 'when various

ambient air quality standards are expected to be exceeded, this does not

imply a violation of the standard. The di.stinction 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 Control Agency. Second, one 24-hour value greater than the

standard a~ a given site is not considered a violation, but much of the

following dis~cussion 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

ts' the case. The selected site does lie adjacent to the most active

-272.,...



mj a.tJon in the to co ns:i d(~r tbe

tlie j~mplicat:lons of a sluel in the. v5.. c111:1

ltypothEtical f;meltc<r site in :r:e.ln,tion to the various receptor sites used

in the modified mod(~l s:Lmula Lions.

With these locationa] caveats in min~, the modified gaussian model

was used to predict annual 802 concentrations resulting from the three

smelt.er cases at the various regional receptors. The results are shmriTn

in Figures 50, 51 and 52. The modified gaussian model predicts that the

annual ambient air quality 802 standards 'FTould not be eY~ceeded by any of

the three smelter 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 pg/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 sta.ndard. The highest annual averages

3predicted for the option 1 and option 2 smelters are 2.l?g/m and

0.79 ;ug/m
3

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 20 pg/m3 , respectively) at any

of the receptor sites. The highest concentrations (occurring for the

L~
base case smelter) in Class I and Class II areas are 0.47 pg/m and

4. 7 fig/m3, respecti.v~IY" These values are both about 25% of the allowed

increments. Using the option 1. smelter in the S'imulations drops these

highs by' about 50% to 0.21 fg/m3 and 2.1 fg/m3, respectively. The option

3 3
2 smelter results in futther decreases to o. 08 jHg/m and 0.79 fg/m ?
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a factor of two crror in the model resul.ts

neitheJ~ of the. annuaJ. PSD inCTClne.rlt~) \,,[Ouldbe in j at: more than

5 km from a smelter loc:ated at the site. :30uth of Bclbbitt However, a

receptoT 5 k:m from the E:tneltf:-t' easily annual CODcentra-

ti.ons gre.ater than the CL1SS I increment if the E)ase case or option 1

smelters were moved so that this receptor fell into a Class I area.

The predicted annual average S02 concentrations from a smelter must

be considered in the context of other S02 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 11.8 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 802 averages for receptors in Class I

areas, Class II 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 reflects slightly differ-

ent values for the S02 point source emissions inventory-_

The national annual primary S02 ambient'air quality standard of

380 rg/m is not expected to be exceeded by any' of the copper~nickel

smelter configurations witli anticipated regional growth by 1985. The
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annual 802 average (5.7
'i

/m~c1.t Parkville) is le::::~,

than about 7% of the s Substi the option 1 or option 2

smelters~ into tIlC~ simulations has little effect on the highest values.

The. regional 8.01J.1':"Ce8 predomiI1ate (\Alith le;:,8 than 10% effec t from the

smelter) in. the. sout[-l'\,]'est: corn.er of the region from Parkville up to

about 20 km from the smelter along the line of emission sources

paralleling the Iron Range.

Figures 54,55,56, and 57, 'hrhich show the predicted annual 802

concentrations at each receptor for the regional runs with copper-

nickel development, are discussed below.

The option 1 smelter results in a regional aunual 802 average

(2.5 ug/m3) that is about 9% higher than without copper-nickel develop

3Bent. The annual averages in Class I and Class II areas are 1.4 fg/m

and 2.8 jUg/m
3

, respecti.vely, compared to 1.3 fg/m3 and 2.5 pg/m3 ,

respectively, without copper-nickel development.

The highest annual average 802 concentration with the option 1

3
smelter in Class I and Class II areas was 2~0 ug/m at Isabella Watershed

and 5.6 fg/m3 at Parkville, respectively, compared to a high of 1.8 fg!m3

3(at Isabella Watershed) and 5.6 pg/m (at Parkville) without copper-

nickel development. The option 1 smelter has little 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 averag~ is' 4.3 pg/m
3 wit~ an .option 1 development compared to

3
2.2flg/m without copper-nickel development.

If a smelter uses s·tate-of.,..,tlie-·art controls (option 2) then the
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C11lDual 1. and Cl:H3 II clvel'agc'(:: dE'CrC'.a~;f= s be10'0!

the tion.:I. le:velc; 0

1£ the E;meltex J.B control1ud to the level of the base case

mnelter, then the , Class I, and Class II averages increase over

the option 1 le.v(:'.ls by' about 12%.

Removing the Atikokan power plant (assumed t.o be 800 ]\1\V)

from the annual regional runs \\nth the opt.ion 1 smelter decreases the

1 '0 ~ 1:.) - I Cfj 1 2" / 3 Iannual C..ass I S 2. average by aODue 14k to .. pg m The annua~ Class

. 3 <

II average remains about the same at 2.7 pg/m , and the regTonal average

1
decreases slightly to 2..3 fg/m- .

Annual S02 averages for the 1985 simulations with the three copper~

nickel smelter models are sumrnarized for sites showing the most variation

in concentrations in Table 70.

Irrespective of the smelter site loc.ation) none of the three smelters

in combination with other regional sources appear likely to exceed the

allowed annual PSD Class II increment.

This conclusion does not apply to the Class I areas where the

distance between any smelter site and the Class I 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 restrictions on smelter siting.

8.l.Z. 24-nour concentrations.

The dis'cussion of 24-hour concentrations' will T)e presented in two

parts. First, in parallel with tfJ.e previous dis'cussion of annual average

SOZ concentrations, the focus will be on a hypothetical smelter site
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Table 70. Summary of annual S02 concentration at selected sites for the various copper-nickel
development cases

3
wlth a comparison to 1977 and 1985 predictions without copper-nickel

development, pg/m

Receptor Relation
To Hypothetical 1977 1985 + 1985 + 1985 +

Recep~t9r~_~ite Name Smelter Site ~S'.Q/Regi_on 1985 Base Case tion 1 2

Region Average (based on 33 sites)

Receptor
Site No.

11

24

18

23
r

N 1000
0'\
I

22

19

Kawishiwi Laboratory

Stony River W.

Unnamed Creek H.

Dunka River W.

Bear Island River W.

Dunka Road

Env. Learning C.

22 km NE

26 km E,SE

9 km NE

5 kID E

18 kIn N

7 km Sill

28 'Ir...m E

0.79 0.75 1.5 2.0 1.7 1~5

1.2 1.2 2.1 2 0 '"' ... 2 0../ L.ItJ

0.93 0.87 1.7 3.3 ~ ••~ 2 0L",4

1.2 1.2 2.2 6.9 'i 3.0. :)

0.82 0.77 1.5 2.1 1.8 1.6

1.3 1.2 2.9 3.5 3.2 3.0

1.2 1.1 2.0 2.8 2.4 2.1

1.2 1.1 2.3 2.8 2.5 2.3



located of BEtbhi tt . TIle s.we.1 tel'S IdlJ be elLs cussed ill combJnatj on

\',vi.th-, other s.ourCE~E~ (~ctcd in. tJJ8 by 1985. Second, since the

Babfiitt site is used only as a reference ie

discussion follows, vlith conclusions about the potential

restrictions to smelter siting based on the Class I 24-hour PSD

increment.

'Figures 58, 59, and 60 show the predicted maximum 2~~'hour 802

concentrations resulting from the base case, option 1 and option 2

smelters vJhen 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 smelter run shows a

24-hour 802 concentration of 120 pg/m3 (Dunka River Hatershed) which,

considering the model accuracy, raises the possibility that the state

3ambient standard of 260 pg/m 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 2!t~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

i.n the Class I area is 23 pg/m3 at August Creek (29 km from the source)

followed by a second high of 19 flg/m3 at Sbagawa River Watershed (35 km

from the :s.ource) • The highest S02 concentration in the Class' II area

is: 120 jlg/rn
3

at Dunka River Watershed (5 Tall from the source). A

second high of 99 fg/m3 also occurred at that site.
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AmT-' rnt C'O 2.' .. ) L....'. . 'J 2. concentr tiona are about 55% low~r for the

O}i.t!iOD. 1 s:me.lter than. for the b..'-Jse eelS<=' SIllelter and r.h PSD increments

are expected to 1J(~ pxc{:~eded at two of 8 Class I receptors. The

Class II j.ncrell1ent is not exceeded. li'urther control of the srneltpT gases

to reach the option 2. smelter results in an 84% reduction in ambient

concentrations' compared to the base ca::;e levels" None of the PSD

increments are p:redicted to be exceeded on the basis of absolute numben::

by the option 2. s1l1elter, but uncertainties in the modeling results (factor

of two) could jeopardize the Class I increment.

The previous comments apply to concentrations resulting from the

ind~vidual smelter models. These arc now placed into perspective

against the background of predicted 1985 concentrations due to other

regional sources. Figures 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 jug/m3) nor the state (260 pg/m3
)

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 802

concentration for the base case smelter with 1985 sources is 140 ;ug/m
3

at the Dunka River Watershed receptor.

Substituting the option 1 smelter into the simulation decreases the

maximum 24-hour concentration oy' about 50% to 78 jUg/m
3

at Dunka River

Watershed. A second site, Hoyt Lakes- Golf Course, is also predicted to

-291.,..
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have a high of 78/1g!rn"l.

Substituting the option 2 smelter into the simulation further

decreases tb.e maxi'lnuro 24-~hour concentrati.on at Dunka River Hatershed to

44/Ig/m
3

, but does not affect the predicted concentration of 78pg/m3

at Hoyt 1a1<.e8 Golf Cou~(se.

In summary', Figure 65 shows the general areas impacted by the

three smelter cases. '1'11e88 are areas wher:e maximum 2L1""hour concentra~"

tions are different from the 1985 simulation without a copper-nickel

smelter. Table 71 sununarizes the maximum and second high 2Lf-hour

concentrations for those sites showing the most variation for the

three ffiue1ter cases.

Predicted maximum 24~hour and second high concentrations at

receptors in Class I and Class II areas for the different modeling

simulations are shown in Figure 66; the 1977 regional, 1977 PSD and 1985

values are also included for comparison.

The maximum and second high 24-hour concentrations for the base case

3smelter in the Class I area are 32 jUg/m (August Creek) and 26 Fg/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 fg/m3 at Vermillion Lake and

20 fg/m3 at Isabella Watershed.

In the Class II area the maximum and second high values are

140 pg/m3 (Dunka River Watershed) and 125 j1g/m3 (Dunka River Watershed),

respectively, for the base case smelter. These values are about 80%

and 55% nigher than the maximum and second high concentrations predicted

3for 1985 without copper-nickel development--78;ug/m at Hoyt Lakes

-296....
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Table 71. of 24-bol1r maximum oDd seco1Jd high ~02 COllcentrat:io[ls
at selected sites. for ekpl cleveloplfj(::Jit cas\js in 1985
(smelter location is 4.8 krn soutb of Ba1Jbit t), /lg!rn,J.

site caSE~ 1 1985+option 2
no. tor name

11 Km\rismwi Lab 31 30 26 20 23 18

2/+ Stony I{iver H. 32 30 28 22 24 23

18 Unnamed Creek W. 62 53 37 27 24 23

23 D'l1nka River w. 1L}3 125 78 71 44 43

10 Bear Island R.W. 25 25 25 21 25 21

22 Dunka Road 57 4·0 57 40 57 40

19 Env. Learning C. l}2 41 29 27 23 23
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CoIf Course. 77 a t t}L(~ Erj,e Of fi.ce, re:'3pec

Sullstitut the option 1 smelter intQ the rdJllUlatioIl results in

a high. of 23 ;ug/m
3

(VennJl1ion 1,3k-E',) followed by a second fdgh of 22 pg/m
3

( /J..'jCf'lS'-t C,\,,'ee>l;') -;'[1 t 11':C> c"t 'JC;C' IT- - L"b L k ,J _~. ,.... _~~ " l ..~t.... ... ~ Cl. ,--_ 1,1 areas. In the Class' II area the high and
')

second higIt are I)oth 78 jug/m,J (Dul1ka River Hatershed" Hoyt Lakes Golf

Course) . These values are about the same as in tFie simulation "lithout

copper-nickel development.

Substituting the option 2 smelter has little effect on the concen-

trations that are 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-

tions 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

(5fgjm
3

) and the Class II increment (9If~/m3) 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 Class I increment is

exceeded at 8 sites for the base case smelter, and at 7 sites each for

the option I and option 2 smelters. These numbers drop to 6 and 4,

respectively) when the second high i.s used. If Atikokan is excluded

from tIie 1985 plus option I smelter emiss.ions inventory) tften tIle

increment is exceeded at 6 sltes using the maximum concentration and

""300--



Table 72. A summary of the predict~d concentrations greater than the Class I and Class II 24-hour
PSD increments in 1985 with the various smelter models ~ug/m~).a

tion 1Base Case
Smel ter, 1985

-o",n"'"'"':orS5te_ Name

Hio-h 2nd High__0_

Isabella W.. 14 8

Shagawa River W. 11" 2 9.. 2

Saganaga Lake 7 (4)b

Birch Lake Dam 6 5

Vermillion Lake 15 .. 6 9 .. 6

Little Vermillion L .. 9 .. 1 5 .. 1

August Creek 23 .. 3 17 .. 3

Little Johnson Lake 5 .. 7 (3 .. 7)

Option 1 Option 2
Smel ter, 1985 Smel ter, 1985

High 2nd High p' h 2ndtllgl

10 )0 9 )

9.. 2 8 .. 2 9 .. 2 8 .. 2

7 (4) 7 (~'. )

(l} ) (3 ) (4) (2)

15,,6 9 .. 6 15 .. 6 9 .. 6

9 .. 1 5 .. 1 9.. 1 5.. 1

11.,3 10 .. 3 10 .. 3 7 .. 3

5 .. 7 (3 .. 7) 5,,7 (3,,7)

....-. ,
l:i~zn

10

9 .. 2

(1)

3)

15,,6

9 1

1" ...,
..t.1 .J

5 .. 7

2nd

r
\

8 .. 2

(Ol
\. v ~f

1 "',
.J~ .l

9 is

o~ I)

10

(3 7)

Dunka River vl", 128 110 (63) . (56) (29) (1")0\
\ ,-:"O}

"...,.
05

r,.. 'l'\,:: ;'

aThe values shovm are the differences between the highest (or second highest) value predicted
for the modeling case and the 1977 PSD baseline value~

bVaiues shown in parenthesis do not exceed the increments (5pg!m3-Class I; 91 pg/m3-Class II).
/ l



at three sit(:s the 8,econd The Class II increment is exceeded

at onl¥ one site and for the base case smelter.

In order to deterrnj~e the magnitude of the values er than the

PSD increment just liighl:Lghte.d ~ tIle PSD analysis W'8-8 made for each day

of the yeal:' at each site rather th~ln just. using the high or second high

values at each si te in, the region. For examp Ie, the ealcula t.ed SO 2

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 y(~ars. Figures 67 through 71 show the

resulting S02 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 pg/m3 but go as high as ll{ and 17 pg/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 34% 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 cas.e is included in the simulation (Figure } the

PSD Class I increment is exceeded 151 times:, an increase of 66% over

1985 point source growth alone. With the option 1 smelter in the

simulati'on (Figure 70) the number of values' exceeding the Class I

~.J02 ....
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increment 1J9 a 31% e over those due to 1985 regional pain

SOu.rce growth alone. }vlosJ~ of thJ~- valuf:'-s grea tel' than the increme-nt are

5 7 I
3

in the- pg ill range. The impact of the option 1 sm(~lter i.s g"reatest

at Birch Lak.e Dam, August CrE:c.lc (site 110. 13) and Isabella I·Jatershed

,tJhic.h art; east and northeas~t of thE~ smelter-.

The option 2 smelter (Figure 71) results in only 101 values

greater than the Class I increment, an increase of only 11% over predicted

1985 point source growth.

Even 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 occu·.rred (with the "base case smelter) at Park

3ville, where a difference of 55 pg/m 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 sunnnary- of the number of times the 24-hour

increments are exceeded on a montfr-by-month and annual basis for each

:"'308-



Table n, SwnToary 0 f: the
increrrll:~llt tH

recept01: s:Lte~;

num)lur

lct:cd to be:: by
un day-by-day simulations.

n
1 PW

all Class T

1985~Baseline

No Cu--Ni
development 11 14 2 3 2 0 Lf 3 11 l2 13 16 91

1985-Baseline
Atikokal1
excluded 10 8 2 3 2 0 0 0 8 8 8 11 60

1985-Baseline
V.J i th 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 q 13 18 1/+ 18 119

1985-Baseline
y,i th the
option 2
smelter. model 13 15 3 3 2 4 4 13 13 13 17 101

aThe Cl ass II 24··11Our inc remen t is not pred ic ted to be exceeded.

of the modeling cases in the Class r and Class II areas. Most 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 snotm 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
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it is clear that from ·the Cl(l~-:S I are[lS vJil1 be a or

factor in the ability of the facility to meet the PSD increments. Tbis

problem IE3 considered fUI'ther by computing the ambient 2'1-,hour con.centra-~

tions of SO 2. from a 8mel ter simply as a function of dis tculce from the

source. Source location is not specified in these runs.

The meteorological input data for thf~ 2Lf-~~~hour simulations (no

spe.cific smelt.er 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

oasis 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.

vlind Hind
pA-te ~~ Direction Speed (km/hr~ Stability _ Height_ (m)

10/28/76 SSW 22.2 neutral 1100

11/6/76 WNhT 24.6 neutral 1100

12/20/76 Nlv 23.4 neutral 650

1/15/77 WNW 19.6 neutral 650

2/28/77 m1 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

61
short-range models. Both models clearly show that at 10 kIn from the

source., the fugitiVe. contribution from the smelter is very' small

relative to that of th.e stack. Total concentrations are in the range

of 35.,...40 fg/m3 according to Doth. models'. This is typical of the resul t8

from all of the. 5 days modeled.
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rnure t for the option 1

and op tLon 2 sJnc"l t: e.r G • T] He;. t a ck. ::111.d tive emlSSlons are

equal for the option 2 smelter.

The moc1ifi(.:~d gau~)sian model Jnc1:Leclte.s that on three of the five.

days, the:). Class I 802 increment: is exceeded even at 75 km from the

source. On the rEmainil1g t'\dO days, the i~ncrement is exceeded up to 55 km

from the source.

On tile basis of tb.88e· results it appears that a srnelter with

emissions similar to those in the base case smelter could not be sited

within 75 mn of a Class I area without causing the increment to be

exceeded in that area. The spatial restrictions are reduced for the

option 1 and option 2 smelter cases which have successively lower stack.

emission rates. li'igure 73 8hOvJ8 the total predicted 802 concentrations

for all three smelter cases, again using November 6, 1976 as a reference

day. The results indicate that concentrations from the option 1 smelter

model alone. drop belo'w the Class I increment at roughly 35 km, and

concentrations from the option 2 smelter drop below the increment at

about 13 km.

Based on these results, it is 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

portiDn of the increment would be to increase the distances needed

betw'een the Class' I area and tne smelter site. :Figure 7Lf 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 Based on model accuracy.
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to the' zones for the ore

130dy (:Figure, 75) non of the sIll\=;lter model.s Cae

predicted to be a11 Ie: to Ill.eet tlH~ 2~·"hour PS1) Class I increment in zones

1 or 2. The option 2 smeJ.ter eould rncet In zones 3 and ~,

wfdle the option 1 (and of course, option 2) smelter could meet the

increment in zones' .5, 6 and '7. The base case smelter could not Ineet

the increment in. any of the development zones. Hithin the factor of

2 accuracy of the mode.l, at 'wurst, 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 tl1.e PSD requirements for Class I areas in any of the zones. Again,

the above discussion assumes that the entire increment would be avail

able to the smelter alone.

As noted previously, the 24-hour Class I PSD increment is expected

to be exceeded at several 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 S02 control that could

be achieved by a smelter, since the increment is expected to be consumed

by planned new or expanded S02 point sources. Sites which are located

away from the Iron Range-Class. I line ma:y- avoid this difficulty, making

zones 6 and 7 look most promising.

The above discussion and associated zone designations are not

intended to indicate the desirability or acceptability- of a smelter site
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:In J_,S a qucstiort that 1I1ust be determined by

tIle te ;;luthorit::Les. , the di~3CUS ion iE; int,(\ndcd to

illustrat the- or air fe-Ie tor;:;; which will havE:' to be considered

in makIng this det::errnination. It is appcn~ent that thf~ 21.1~hour PSD

increment in a Cla:Cj fJ I are.a is 011(\ 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 80me

or all of the allowed increment, potentially excluding a smelter from

tbB region. Clearly!, long-range planning is required for any future

industrial development in northeastern Minnesota.

8.2. AMBIENT SULFATE CONCENTRATIONS

Measured average ambient sulfate concentrations (based on total

3sulfur) in the region are in the range of 1 to 3/Jg/m. The modified

gaussian model simulations indicated that local point sources of 802

contributed less than 1% of total measured sulfate in 1977. The

modeling simulations, of course) consider only the sulfate which results

from S02 oxidation. Sulfur emitted directly from the sources as sulfate

is not included in t.he 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 802 emissions

in the area by 1985 will increase the regional average ambient sulfate

concentration to 84 ng/m
3

, a factor of 15 increase over the calculated

1977 local contribution. Recall that this increase occurs against a
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trans.por t \ll1Jch uoulJlf:

(to 2.·.~6 ) b.y 1 It is in LhiB context that the sulfate concen~

trations from a smelter in the are considered.

The modi~Ejed model was used to predict aniliient sulfate

concentrations from a muelter located south of Babbitt as previously

discussed. The results are Shm,111 in Table 75 for the three smelter

models along with the ava.iIable measured clata. Regional averages are

also given for' the smelter caSES based on tI1e 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 4% of the

measured atmospheric .sulfur (assumed present as sulfate) in 1977. The

corresponding values for the option 1 and option 2 models are less than

1%.

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

3contribution due to local sources in 1977 (regional average of 5.4 ng/m )

any of tIle smelter models would increase this local contribution several

fold. The predicted 1985 local contribution (without copper-nickel)

of 84 ng/m
3

would be increased 86%, 15%, and 10% for the base case,

option I, and 0l'tion2 smelter mode.ls" reB.pectively. Although. these

average increases are a small part of the overall sulfate concentrations,

increases are mucIi larger in the lnuuecliate vicinity of the smelter.
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Table 7.5. Predicted LlI1DJJciJ. clvcrclge faLe conC(::'ntrLlt~i'ons for tl'lree
t;meJ models locatccl sou tIl OfnelbbJt t CJnd
sulf:1L(~ c.once]) tra tiOlH:;. at selec tcd f-:.d Les •

Sulfate Concentn'-l Lions

Base (~cl ~~; (:. Option 1 Option
Site 1'1od el Hodel JI'1odeJ

Babbitt 0.25 0.06c 8 0.038 2.09

\Jhiteface 0.0093 0.0015 o. OO:iL~ 2.28

Hoyt Lakes 0.026 0.00!+7 0.0039 1.89

Erie 0 038 0.0067 0.0057 1.07

Dunka Road (). 085 0.016 0.013 1.97

Fern1Jerg O. 031~ 0.0052 0.0051 2.12

Env. Learning C. 0.11 0.018 0.016 2.03

Toimi O. Ol~9 0.008 0.007 1.40

Dunka River H. 0.65 0.12 0.099 ---b

Average a.07S c 0.014
c O.Ollc 1.

Regional Average 0.072e
0.013 8 0.012

e

~Eisenr~ich, Hollod, and Langevin (1978)
MeasuTed data a:ce not available for the Dunka River W. site. The
data from this site are included to show the predicted concentra-'
tions at the receptor closest to the smelter.

CAverage of predicted data from 8 sites (Dunka River W. is not
dincluded in the average).
Average of measured data from 8 sites.

eAverage of predi.cted data from 33 regional receptors.

3
~or example, a concentration of 0.65 fg/m 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 35% of the measured

regional averag~,

Atmospheric sulfate is of interest because it provides a source of

sulfate deposition onto land and water surfaces. Increased deposition
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i,Ei Lant> Licul'::lrly th(~ B\..lCA, because of he

buffered lakes in the area arc ~:;lJsceptible to acidification.

As a result it may not be possible to dismiss the of any

DetV SO 2 sourc(:) (and sulfate

is also important in this respect

8.3. SULFATE DEPOSITION

in the area. The specific location

As in the previous section, the potential. contribution of a smelter

to sulfate depositi?l1 in northeastern Minnesota l~lust be considered i.n

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 w·as 1.78 kg/ha/yr. Calculations

using tne 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/haJyr 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

si'mu1ations along with measured and predicted deposition rates without

copper~nickel development for reference.

- It appears that the regional base cas:e deposition rates would be

comparable. to the present -dry deposition Tate 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/YY) _
Predicted (modified gaussian model) CalculatedU

Base Case Option 1 Option 2 1985 Dry Depositon
Site Model Model Model (no smelter) (1977-78)

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 0.27 0.10 8.8 1.79

Erie Office 0.73 0.32 0.12 11 1.01

Dunka Road 2.1 0.86 0.34 5.5 1. ,2:tS

, Fernberg Road 0.58 0.26 0.096 3.5 2.01
w
N Env. Learning Center 1.5 0.65 0.24 4.1 1 0""'-' _ • .-/1-
I

Toimi 0.98 0.43 0.16 l,t" 1 1~32.

Dunka River W. 8.2 3.6 1. l,l 4.3 ---b

1 .c r"

O.23
c S.7

c .. gdAverage .4- 0.61'-- .l.t '-'

1.2
e

0.52e
0.25

e 0

Regional Average 4.7'-

an d ~.. .)-.b ·ase on amblent alr concen~ratlonmeasurements.
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.

eAverage of predicted data from 33 regional receptors.



Recall tho.t tlu: drt rote essentially represents·

the contributi.on from loc£:ll 802 poiilt sources. The local input

(based on the s.':Jme 8 site.s as the measured data) is pI'edicted to

increase to 5.7 kg/lia/yr by 1985. Using the predicted 1985 deposition

rate as a reference, the aV8rages sh.cnnl in Table 76 for the three

smelter models represent increases of 25%, 10%, 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 transport from distance sources, probably to the south. and

east. Regional bulk deposition is expected to 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 dis tant sources. Nevertheless, any new sources in the area "livill

simply aggrevate existing problems. Further, site specific impacts

are again an important consideration.

The Dunka River \-latershed receptor located 5 km east of the hypo

thetical smelter site shows a predicted deposition rate that is

almost 6 times tne average rate from the 33 receptors, and is double

the average'rate-recorded by the bulk samplers during the baseline

period. Although this increas.e is reduced to 25% and 10% for the

option 1 and option 2 smelters:, respectively, these increases. are

su13stantial.

Sensitive lakes that receive a. large portion of their inflow' from

areas surrounding the smelter might experience s'erious- acidification
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t-,C'
:..) E,lll[at d tion. The 'CoJateI ts

of 1ncreased Bulfat ition are considered in ter 10.

Predicted annual sulfate deposition is swmnarized for the different

smeI ter cases 1n Tabl<=:'. 77.
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TElblE:- 7'7. Prcd j c t:c.d ClIlnual s_ulfa tc::,: ::L.tioD re;:::;ul from the
t1Jn::e LiTle,] ter , 1977 r(~;:..~iorwl sources and 1985

sources kg/ha/yr.

SITE BASE OPTION OPTION 1977 1985
NO. CASE 1 2 REGION

1 Little- Johnson l.ake 0.36 0.16 0.060 ·1.1 2.1
2 Little Ve-l'mil1ion Lal(8 0.36 0,16 CL 060 1.1 2.q
3 Birch Lak(0- Dam 0.4·7 0.21 0.078 1.6 3.0
L, Saganaga Lake O.18 0.081 0.030 1.1 2.5
5 Vennillion Lake 0.65 0.29 0.11 1.L~ 3.2

6 Shagawr:l R. lv. 0.81 0.36 0.13 1.4 2.7
7 Ely High School 0.85 0.38 0.1/+ 1.5 2.9
8 Fernoerg Road 0.58 0.26 0.096 2.2 3.5
9 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 Kmvishiwi l.Jab 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 !I_L~ 0.16 1.9 3. Ll
14 Isabella Watershed 0.7/+ 0.36 0.12 3.0 q·.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 H. 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 Offiee 0.73 0.32 0.12 l~. 0 11
22 Dunka Road 2.1 0.86 0.34 2.5 5.5
23 Dunka River W. 8.2 3.6 l.l~ 2.2 4.3
24 Stony River H. 1.5 0.68 0.25 2.6 4.2
25 m~ of Eveleth O. 2/~ 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. H. 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 l~ .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
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CILAPTER 9 ANA1"Y~)TS )Ton EMI2) LONS

This section the ambient aJ.r co nccn tTa t ions anJ sur f 3C<2

deposition ra teE. for p.::n~ ticula tcs ('l'SP) lile.ely to reE3ul t from copper~'

nickel deve.lopment in the

9.1. AMBIENT PAHTICULATE CONCENTHATIONS

Particulates from a copper-nickel development 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 pg/m? (background for the region) to means above 50 pg/m3 (population

centers near mining operations). Short-term concentrations (24-hour)

of several hundred pg/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 ass,umption, for example, where the major dust-

producirig operattons are enclosed in a single large buildj:ng witll a

roof vent and fan to maintain a good ""orking environment for smelter
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Fugitiv(~~ emiSE:uons. were estliflatc:d to be 1500 mtpy

for both rnodc~ls.

A mass median diamete.r of 1. J microns I"las used for both

pa:rtic.ulate st':1cl" -clnd emissions based on EPA studies of

smel ter emissions. 238 This SiZE~ ,lJ"ill vary depending on the specific

source of particulates within the smelter operation. If the mass

me.ellEn1 diameter is larger, fugiti.ve particulates \{ould tend to settle

faster. Furtl]e]~, fugitive particulate emissions are only about LIO% 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 I-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 frOTIl a smelter located

4.8 km south'of Babbitt. The highest predicted annual average concen

trations for the base case smelter (10.-4 to 10-3 pg/m3) are negligible

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 part:tculate concentrations, for the base case model are

5.6 tg/m
3 at August Creek CClass I area) and 36 fg/m

3 at Dunka River

Watershed (Class II area). These values' are. 56% and 92%, respectively,

of the Class I and Class II increments. The corresponding values for
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the .Lon 1,,-op t j (H1 2 lTlodcl ;;ll:e 2. 7 /
3

lfl at t Creek (27% of the

Class I increment) 3
and 18 pg/m- at Dunka River Watershed

f

Class II increment). Gel1e.r-al1y, the. concentrati.ons from the option 1

option 2 mDdel are half those from the base case model.

1" ro111 t:heE:~-e data it appears that the Class II incre.ment would

probably be exce.eded bY' the bas'c ease. model) but rIOt by the option 1-·

option 2 model.

In order 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 incre.ment at about 15 krll from the smelter. This distance

is reduced to about 6 bn for the option I-option 2 smelters where 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 for the

base case model and 12 km for the option I-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 I 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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for smelter in the Cla~g II area.

Hhell the smelt:E'l' modcJ D. ~dted south of B."1hbitt ~ ace ineIt/dccl a

with the 1985 part:Lculate point source emissions. 1nven , th.e

resulting particulate concentrations are not predicted to exceed either

the. annual ambient c1i.r quality standards or the annual PSD increments.

Therefore, the focw:::, again, is on the predicted 2L}~'hour concentra-

tions. Figu:r'e 79 shows both the predicted maximum and second high 24--

hour particulate concentrations for the Class I and CJ.ass II areas. The

1977 regional and PSD baselines are also shown, along with 1985 concen-

trations with and without copper-nickel development.

The data indicate that the maximum concent.rations in the Class I

area are predicted to decrease about 6-8 rg/1n3 by 1985, with or without

the modeled smelter SOUTces. The amrlient air quality standards are

not exceeded in the Class I area. HO'ivever, the 24-hour secondary

standard of 150 pgJm3
is predicted to be exceeded by both the maximum

(160 pg/m3) and second high (152 fgJ3) concentrations predicted for

the Erie receptor in the Class II area. Neither smelter model affects

these concentrations. Also note that the c.omputed 1977 PSD baseline

at the Erie receptor is considerably lower than the 1977 regional

baseline, resulting in the prediction that the Class II PSD increment

will be exceeded.

The aDsence 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 5.3 ttg/m
3

at the

Erie receptor. However, the. juxtaposition of the smelter site south of

Baobitt witf1.. respect to the other sources was such. that when the
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t concentICJ.t occurred t Er the wind was not blowing in

ctLre.ctio:cls that 0110\'1od the. Iter to contribute much to those

concentrations. The relative orjentation of point sources with respect

to recEptor sites plays a maj or role:; in the rc:sul

trations. This consideration would indicate that Ioea

short-tenn concen-

several

poi~t sources along a single line, particularly oriented along major

wind axes, should l)e avoided if amoient particulate concentrations

dmvl1\vind of the. source.s are to be minimized.

The area impacted by the smelter particulate emissions is t.he

sector to the NE and SE of tht:l facility. The modeling predicts that

the maximum 2l.r·-hour particulate concentrations due to o3se case develop-

ment at the Dunka River l:Jatershed is 60 pg/m3
(40% of the secondary,

standard; 23% of the primary standard) c.ompare.d to 2.4 fg/m3 vJithout

development. The option l~-option 2 modE~l results in a maximum 24-hour

concentration of 41 rg/m3, a 32% decrease over the base case smelt.er.

The next highest 2L}-hour concentration in the area impacted by

the sTIlelter is at the Unnamed Creek Watershed receptor. The base case

smelter results in a maximum 2L}-hour concentration of 23 fg/m3 compared

to 19.pg/m
3

with no copper-nickel development, about a 20% difference.

3
The option I-option 2 model results in a concentration of 19/ug/m

which is the same as the concentration resulting from 1985 sources

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 tbe inc:ce.1nc.n 1= exceeded. This distance lS less

restrie

model,

9.2. ]\1ETAl,S

tharl th;:}t by 802 emissions from ~he sam~ smelter

Shlce metals emissions data were not available for the regional

sources, it was not possible to compare predicted concentrations or

deposition rates resHlting from regional development to existing levels.

The genet'al approach is' to cor.1par(~ predicted levels resulting from a

copper-·nicl<.el smelting operation to existing background levels and

literatuI'e values in order to identify elemental constituents which

may pose environmental or health problems.

The predicted elemental concentrations and deposition rates

are more uncertain than 802 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 particulat.es and are assumed to be well controlled. As mOTe

information becomes available, i.t 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 I-option 2 smelter

model which has emissions, and therefore concentrations, roughly half

those of the base case smelter.

9.2.1. Ambient air concentrations.

Amolent air concentrations of Cu, Ni, As, Cd, Ph and Hg were

measured at eight sites in tIie region. Table 78 presents a comparison

between tlie measured and predicted concentrations resulting from the

.,..-334.,..



Table 78. Comparison between measured
c

and predicted ambient air concentrations of selected metal species, ng/m3•

COPPER NICKEL ARSENIC CADHIUM LEAD MERCURY
Location Meas Pred Meas Pred Mens Pred Meas P-;:-ed Neas P-;:-ed Meas Pred

Region 4.1a
l3

b
1. 7a 2.9b 4.6a 0.006b 2.1a O.004b 38a 0.007b LO 0.002

Babbitt 2.8±2.3 45 2.6:!:2.5 10 7.2±7.6 0.020 1. 6+3.3 0.012 136+80 0.023 O. 8&::0.054 0.0053

Whiteface 3.0+2.4 1.5 1.2±0.91 0.37 3.7-+4.3 0.0008 0.57::0.54 0.005 31::25 0.0009 1. 2=.1.1 0.0002

Hoyt Lakes 3.3±2.5 4.6 1.1±0.96 1.0 7.7+9.6 0.0021 1.6+1.1 0.0013 34=.36 0.0024 o.H::':O.36 0.0006

Erie 2.5±2.6 6.8 0.71+1.9 1.5 4.52:.11 0.0031 0.4C>,±O.55 0.0019 33::33 0.0036 1. 4::':0. 96 0 .. 0089

Dcnka Road 7.62}1 15 4.02:.5 . 6 3.4 4.6±4.2 0.0066 5.4±-22 0.0041 22+22 0.0076 0.85=:0. 97 0.0017

I
W Fernberg Rd. 5. 7±-9. 9 5.3 2. 5±-5 •7 1.3 3.1±.3.1 0.0030 6.0-1-16 0.0019 19+25 0.0035 0.78=.0.83 n r;rJ(',CI

\ •• $ ul..... \..i':;

W
In Env. Learning C. 2.4±-1. 7 18 1.3±- 4.2 3.3:: 0.0092 1.2±- 0.0058 1~ 0.011 1.0:: 0.0026(

Toimi 5.7±-8.5 8.5 0.36::0.51 2.0 2.8'::2.8 0.0042 0.22::0.44 0.0026 13±-14 0.0048 1. 2-~-O .. 93 00 ("D12

Dunka R. W. d 130 28 0.054 0.034 0.063 Q~014

~based on 8 sites
Dbased on 33 sites
~measured data from Thingvo1d et al. (1979)
measureceots ~ere not available at this site; predicted data are included for worst-case comparison.



the option I-option 2 rnnelter.

s \vhich \vETE~ m(:~asured i.n north-"

eastern JVJinne.sota are of concentrations in remote areas~

Cu, 0.4-100 ng/m
3

; Ni-O.4-10 hg/m
3

; As, 0.3-5.0 ng/m
3

, Cd, 0.01-4 0 ng/m3 ;

1)1) ()' 32Cr)· / 3 IT 0' (r 0 L /.359, ... ~., I\.. ng m ;]g . )0-- • 1- ng m' ..

A comparison qf measured and predicted data at each receptor site

s1101v8 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 comparison 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 regional 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 I-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 base case smelter can be obtained by doubling

tne 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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'I'al)lc 79., Ha.xinulfll Lcd 2/~<--llOII r ambiE'l1 L C(JJ)ccn tr [I t ioru~. of me t;jl~3.

in part:icuJ EI tcs dO\\Im.dnd of the' option ion 2 smelter
modc\ partiCl.llntc.<;;, have the elernc.n J t:iOD
of t lie t 0 mE~cu:;ur ed valuC:E3 in the
region,

24-Hour Concentrations
Measured the Region

d

Predicted Maxbnum
2!I-Hour COllCenlr"ltion DO\\711VJlnd f

Of the Option 1 tion 2 Smelter-
(' . 1.< E-'

km - 20 Ion·'

Cu

Ni

As

Cd

Ph

Hg

12. 109 1500 l~80 210

L~ 27 290 93 L~O

7 51 0,34 0.11 0.05

9 132 0.44· o0 Il~ 0.06

59 73L} 0.65 0.21 0.,09

3 11 0.0019 0.0006 0.0003

adatafrom analysis of 24-hour membrane samples (Eisenreich, Hallod, and
bLangevin 1978).

average for all stations, with non-detectable data 03itted
~Based on total particulate concentrations of 22 ug/,m at 5 km dowIl\vind.

Based on total particulate concent:ration of 7 ug/m~ at 20 km downv.Jind.
~Based on total particulate concentratioIl of 3 ug/m at 50 km downwind.

BRsed on meteorology of November 6, 1976 and no specific smelter
location; values are rounded.

-~~----------_._--~._----_._._--~---~---~"._--

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~

-J37~



ll1id~'cont tal
59

a:rcas.o

J'1et;:Jl lOcld at the tes are calculated as

dry· deposition rates ambient air concentrations measured in the

region Cll1Cl t:he dry' \ l C , 'I 0 c· -j 't- J' Q.~ -'I~ 'r'o'''') ClYl'] l'-("J'1 1(1'1'] 1.., -1Q'j 32
c. _ .L, __ '- ...;, , _ 11. 'J... _ ' _ J., D _ G cd < For

comparison the predicted at Dunl~,a River Watershe.d and the

average from the 33 receptors are also included in Table 80.

A comparison of the data shows that the option 1-~option 2 smelter

will result in 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. 1fhen predicted deposition

rates at DU11ka River Watershed are compared to the measu:red valu.es,

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 I-option 2

smelter are given 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. !"lean annual measured and predicted deposition rates for the opt in" I-option 2 smelter at rE'glonal receptors.
(g/hafyr)

COPPER NICKEL /\RSF.NIC C,\,JMIUM LEAD MERCURY
Location Meas Pred Mt'8S Fred ~kas Pn,d ~- Pred Me;!s Pr<~d <i;--?red

Fernberg8. 15 31 11 5.2 1.9 0.002 7.6 0.001 18 0.003 0

Env. Learn. C.
a

6.0 100 5.7 17 1.9 0.007 1.6 0.004 18 0.01 0.0001

Dunl<a Road a
19 180 18 26 2.8 0.021 6.9 0.011 20 0.022 0.003

Tolm18 15 52 1.6 8.8 1.9 0.005 0.32 0.002 13 0.006 0

Eries 6.3 42 3.2 6.8 2.8 0.003 0.63 0.002 32 0.004 0

Hoyt Lakes
a

8.2 39 5.0 6.0 4.7 0.004 1.9 0.002 32 0.005 0

1Jhiteface8 7.6 22 5.4 3.7 2.2 0.002 0.63 0.0009 130 0.002

Dunks R.W. d 760 117 0.050 0.065 0.015

Region, drya 10 80 7.6 13 2.8 0.006 2.5 0.003 34 0.008 <0.001

Region, bulk
b

11 ~14 ~ll 3.0 77

Urban
c

270- '720 40 1650-
_, 1400 ~ £,750

t; !!temotE 18- 19- 1-3
1..0 Urban 230 91 1.0 246
I

Oceans & 40- 14- 6.0- 77-
Lakes

c
570 68 11 130

:measured data calculated using Chilton's deposition ",elocies (C:llolse. 1974) nnd regional ambient air data.
bulk deposition data

~Eise"reich et al. 1978
measurements were not available at this site; predicted data are includ~d for loIorst-cnsc comparison.



TEl.bIt:' 81. Prcdic a.nnual met.al
2. ~:-,mclt(,T

rate:::;, for the option 1

Site
en Nt As

1. 1,i t tl(~ Johnson Lak(::, 13 2.2 1.0 0.5 1.0 0
2 Little Vermillion Lak.e 13 2 ') 1.0 0.6 2.0 0eJ

3 Bird1- takE Dam 25 4 3 2.0 0.9 3.0 0
4 Saganaga ~Lake 7.8 1. LI 0.7 0.3 1.0 0
5 Vermillion Lctke 26 4.4 2.0 1.0 3.0 0

6 Shagawa R \if. 41 7.0 4.0 2.0 5.0 0
7 Ely HigE School 56 9.1 !~. 0 2.0 5.0 0
8 Fernberg Road 31 5.2 2.0 1.0 3.0 0
9 Tmver-,Sudan 36 5.9 3.0 2~O 4.0 0
10 Bear Island R.vL 90 1Lr 6.0 3.0 9.0 1.0

11 Kawishiwi 1a13 VI. 87 14 5.0 3.0 8.0 1.0
12 Keeley Creek VI. 74 12 6.0 3.0 8.0 1.0
13 August Creek 55 9.3 4.0 2.0 6.0 a
14 Isabella HateTshed 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.vL 77 12 7.0 l}. a 9.0 a
1.7 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 l~. a 10 1.0
20 Parkville 14 2.4 1.0 0.6 2.0 0

21 Erie Office 42 6.8 3.0 2.0 4.0 0
22 Dunka Road 180 26 21 11 22 3.0
23 Dunk.a River W. 760 . 117 50 24 65 15
24· Stony River W. 110 18 7.0 lr.O 10 1.0
25 NVJ 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 a
27 Hoyt Lakes Golf C. 39 6.0 4.0 2.0 5.0 a
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 a

30 Wh.iteface River W. 22 3.7 2.0 0.9 2.0 0
31 Toimi 52 8.8 5.0 2.0 6.0 0
32 Whiteface 12 2.1 2.0 1.0 2.0 0
33 Tower 17 3.0 2.0 0.9 2.0 a
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ClLAPTEE 10 SOIL l\ND INf.'I\CTS

This chapter vri1l potential impacts of sme] in north·""

eastern MinnesDta on soils in terurn of copper and nickel tion, 311d

impacts on su~rface vvat:e.rs in te~nns of sulfClte Dnd rnetal ition. This

is not intended to be an exhaustive study, but. to highlight problem areas.

Detailed reports. on potential ecosystem effects clue to copper·-nickel

development have. been p:r:"e.pared by Sather .?:.~~al. 208 Glas~3 cHId L01.Jcks 88

have prepared an extensive report documenting potential adverse effects

on the B\.\fCA·-VNP area from tILe proposed Atikokan, Ontario pmver 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 Inetals contamination of soil and subsequent damage to vegeta-

tion has been reported by several investigators.
27

Buchauer 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 soil 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 k.m from the Conniston smelter at Sudbury, irrespective of the depth

from which the soil was obtained. A 50% reduction in root elongation

was found at a dis.tance. of 10. LI km from the smelter when compared to

controls at 50 bn. In the tomato 2 ppm each of Ni, AI, Co, and Cu

reduced root e.longa tion by' 70%, 80%, 60%, and 30%, respectively. Total
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( occurred L 10 ppmNi 4 ppm Al 15 ppm Co> eJnd 15 IYprn eu.

Sulfate. levels of 250 ppm Vlere not found to be

Slowe.d de-composi t:.Lon reE:>ul LIng from heavy loading may produce

litter layers that are poor seedbeds for that require mineral

. 208
soil for establishment E3Uc.h as red p:I:n.e and j ac.Ie. p:Lne ,. Field inve.sti~

. bTl 116 d -1 l' d TTl' 1 109gatlons y ~orcan an. tutcl1nson an ~ IltJy suggest that heavy

metals deposited near smelting operations have a tendency to remain in the

humus of the fot'est floor rather than leaching into the mineral horizons

of the soil.

The li.tter layer is important as a.potential reservoir of plant

nutrition, particularly of nitrogen and phosphorous. A lowering of

primary productivity could result if the concentrations of nitrogin and

phosphorous increase due to a lOvler decomposition and mineralization

rate.

Tyler
256

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.

R hI ' d T 1 206 found h I' d '" f tu . lng an y er t at ltter _ecomposltlon ln ores

surrounding metal processing industries is influenced by high concentra-

tiona of deposited metals. Their studies demonstrated significant

decreases in CO
2

evolution with increasing concentrations of Cd, Cr, Cu,

Fe, Ni, V, and Zn for partially dis~ntegrated spruce needles.

I, 1 255~259 d' d h ff f ~ 1 d ,.y er stu le tee eets 0 tleavy meta eposlt~on

(primaril:y' Cu and Zn) from a brass mill in Sweden on soil biological

processes' and productiv~ty in spruce forest soils. Cu and Zn deposition

-:-JLf2-



were found to reduce the

rate and phosphatase

The conversion of nitrogen F; of the Ii t tel:

into mineral nitrogen primarily by microbes is a p-roccss.

25 C
2~7

Tyler- J-.J reports that at copper concentrations greater than 30 ppm

(about three times the background level) the nitrogen mineralization

rate decreases ra.pidly 'vJith increasing copper content.

Organic phospbates 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 tal<.:en up

by plants. Phosphatase activity was found to significantly decrease

at copper concentrations of 30 to 300 ppm, and a decrease in phosphatase

15
256~-257

activity was mea.sured for copper conc.entrations as low as ppm.

Ty1er
25q,,256 also f 1 'h t h· 1 tIt t' doune c a, 191 me '8.. concen-ra'lons cause an

extensive reduction in urease activity.

~vo stages of ecosystem disruption due to heavy metals accumulation

were noted by Jackson and Hatson:
113

1) an initial stage at 102-290 km

from the stack characterized by accumulation but no measureable effects

on soil litter biota, and 2) an advanced stage at 094-0.8 km from the

stack characterized by depletion of soil and litter nutrient pools,

and evidence of depressed decomposition co~nunities and nutrient trans-

location.

Arthropod biomass was found to be significantly decreased (p~ 0.1)

O 8 k f P'b 1 113at • m rom a sme ter. Arthropods are responsible for the

initial stages of litter decomposition by i.ncreasing substrate surface

.,..343-



area l an.d

Ed,tion.

and inoculation of microbial

Disr:olved metals frorn the litter layer may leach into t1\e underlying

plant roots and tra.l1s1oca ted into above

Receptor sites were selected near the field

ground vegetation. Jackson and Watson
l13

demonstrated increased concen-

trations of Pb, Cd~; 211, and, eu in oak roots and leaves at 0.1+ lull from

a lead smelter compared to controls at 21 km.

Because of the potential for decreased soil productivity and

pas-sible bioaccumulation of metals in the food chain, the impacts of

copper and nickel smelter emissions on the litter layer \Vas examined for

three upland soil types in northeastern Minnesota. Predicted copper and

nickel loadings after 25 years of smelter operation were added to existing

levels taken from Patterson and Asseng180 to provide an estimate of

concentrations after development. This calculation depends on the forest

floor weight; that is', for a given concentration, higher soil weight

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, MesaEo-Barto, Toivola-Unnamed Cloquet) with two plots each

f
. 208o aspen vegetatlon.

plots, and the pre,dicted annual ,depositions (based on a smelter located

south of Babbitt) were calculated as 25 year loadings at each of the

receptors. Figure 80 shows the field plots and receptor locations.



FIGURE 00. FIELD PLOT AND RECEPTOR LOCATIO~l FOR AIR/SOIL IMPACT ANJ\LYSIS
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'lIable 82 f-:ho\J/s tween the measured bac eu and

Ni soil concentrations and Led after 25 years of option 1

smelter operation. The average of the measured data, 14.0 ppm Cu and

7 . 0 ppm Ni, is 11e10\<1 \\Torld··~\,lide aver Ci.ge valu.es of 15 to 110 ppm Cu and

15 to 25 ppru Ni given. by Aubert and

The option 1 smelter operating for twenty-five years could have the

effect of increasing the background concentrations of copper at the six

selected plots from 2 to 40 times; nickel concentrations could be

increased from about 2 to 500 times. These estimates include the

deposition rates from the Dunka River vJatershed receptor v;rhich is the

site most impacted by the smelter.

The impact of Cu and Ni loadi.ng from a 25 year smelter operation

can be further examined by calculating changes in litter decomposition

208
.rates.

77This calculation is made using Freedman's 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 calcula.ted 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 twenty-five 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

.,..-346-



Table 82. Comparison between oackground and predicted Cu and Ni concentrations in soils after 25 years of option 1
smelter operation.

Predicted
Predicted loading soil cone.

Soil % of Plot and Measured dataa after 25 years of background + litter litter
Association Area Vegetation g/ha and (ppm) option 1 smelter, gina smelter, Dpm depth weight

Cu Ni Cu Ni Cu Ni
. 2cm g/m

Newfound 115 13.5
GIO, Aspen 150 (13) 12 (10) 1300 (llO) 220 (19) 120 19 1.2 1190

Newfound G12, Aspen 107 (18) 72 (12) 500 (86) 85 (15) 100 27 o Q 581

Toivola G32, Aspen 560 (13) 460 (10) 2580 (58) 430 (9.6) 70 33 3.4 &470
I Unnamed tl7 11.2

W Creek
G33, Aspen 450 (12) 1270 (16) 1850 (23) 300 (3.8) 35 20 4. ~( 7910

+--
'-l
I

Mesaba fl8 12.7
G07, Aspen 210 (13) 20 «l.O)d 10700~(530) 1670:(83) 540 <8f. 1 .. 2 2020

Barto G09, Aspen 730 (13) 76 (1. 3) 2220 (530) 350
b

(6.0) 51 7.0 5.9 5830

a
bPatterson, III and Asseng (1978)

average of 2 sites
~average of 3 sites
results reported as zero; a less than of 1.0 ppm used in the calculation



Iter L,OO + LjOO ppm t]O kIn,

Predi~ted nickel cone trations r:=mge front "7 tCJ 83 ppm are less tItan

half of the Cliff data~ 160 + LIO PPITl, a.t 40 km. The tiu1e required

at 30 km and 1,2..5

for 95% decomposition of cU:lpE~n litter v!C:lS calculated to be 6.52 years

at [10 leTT! from the Copper Cliff smelt(.=;r. 77 The

95% loss time at each of the sites were calculated to be 5.7

years at G07, 5.1 years at GOg 4.4 years at GIG, 5.0 years at G12,

5.4· years at G32, and 4.3 years at G33; tIle average 95% loss time for

he . . 4 61: 179t se 81.tes lS. -~) years. 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 Il1PACTS

The impact of metals and acid formin·g species on the study region Y 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 precipitation

54
are well dqcumented. Some of these effects inc·lude mobilization of

toxic elements, bioaccumulation, changes in nutrient cycling, and a

reduction in growth and repir'oduction of plant and animal species.

88
Glass and Loucks report that about 75% of the 85 sampled BWCA-VNP

lakes: have a total a1ka.linit:y less than 15 mg/l as CaC0
3

, and about 23%

have alkalinity less than 5 rng/l a~ CaC0
3

. Evidence suggests that some

lakes tn the BWCA are at or near the threshold of acidification serious

enough to initial species depletion and lowered productivity.8S

Tlie surface water quality' impacts of the option 1 copper-nickel

.,..348-



Table B3. of J and to acidification.

Gre(::lnvood
Clc<J r\VcJ t p'r
North IvteDongal
South
Turtle.
Long
BeaT He.ad
Perch.
Bear Islartd
Seven Beaver

Kawishiv;rL-·6
Bear Ir;lcmd-l
BOD Bay,~l

Stone.y River--S
Filson Creek:~·1

LAKE SUSCEPTTBILT'l'Y

GaIlbro
Brich
Sc.1nd
\,Jhite. Iron
Fall
August
State
Pine.
Big

STREAN STATIONS

Ka\<risl1iwi-l, 2 s.3, L~ s5, 7
Ke.eley Creek:-,l
Partridge-·4
St. Louis-3

Low

Colby
Bass

Tofte

Isabella-I
Dunka=2
Stoney River~1,2,3,4

St. Lou18-1,2
Partridge-1,2,3,S
Emharrass-·1,2
Haterhen-I
Whiteface-I, 2

Source: Thingvold ~~. 13.1. (1979)

smelter were assessed by: 1) comparing measured snowpack concentrations

calculated at selected watersheds to predicted sno\~ack concentrations

calculated f:r:om 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. ?nowpack concentrations.

The atmospheric deposition of air pollutants onto surface waters

occurs under ttvo disttnct se.ts of climatic conditions, summer and

winter.



the yV'intel' JHonths the ground is frOZC.'D and f:3.urface runoff

is. nOJl"'··e:xis Lent, ail are [:ec1 onto tIle ~) torc'd,

and later released over a

J)d 1- 1. 1.aaysuring t18 spring m~ t

short ilne. irlterval eH f CI:1 llours to s(:~vera1

The time interval of release is 8. function

of the E:ruc1dene.ElEr of the S1,I'ing thaw and the \\Tatershed SIze. ~Inal1

vvatersheds reS1Jond more quickly than large. Y!\iCl tersheds.

The melt~·£reeze cycles that occur during tlie sl10viTmelt can result in

dramatic increases in the concentrations of pollutants in the

87 122 115
meltwaters.' Johannessen _, ,- found that concentrations of

+H ~ S0"4, NO;, a.nd heavy Il:etals were t\·m to three times greater in the

first 30% of meltwater than in the snm", 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 ambient air concentrations of

pollutants appear to be due to long-range transport, and the greatest

+
months~loading of SOq. and H has been found to occur during the wet

normally June and July.
247 In 1977, however, the wet months were

September and October.

Sno~nelt enrichment tests were conducted in the study region during

1978, and these results generally confirm that about 50% to 70% of the

+ = - -5 parameters analyzed (H , SOL
t

) NO3' Cl-, F ) are contained in the

firs.t 40% of the meltwater. 2
l.j}

TIie deposition rates predicted for the snow season (November 1-

April 30) using the option 1 smelter were converted to snowpack concen-'

trations using an average snow depth, equivalent water content of 114 mm

--350,..



\'/111ch ·is about of DO·I'ma 1,

deposite.d :ce.IMLJ.nEi in the. SIlO'.\[ 11.'[1[:J.1 mel

a cd regional snow-

pack concentrations of selected and the measured concentrations

at five. wa t.ershe.c1s \vhich arC', F:hcH'lJ1 inF::Lgu:Le 81.

In the case. of co·pper the. predicted. snov.lpack cOIlcent·.rations range.

from 15-·390 JJg/l compared to a measured Tcgional averaLge concentration
f -

of 5.0 pg/l. Predicted nickel concentrations are also elevated, ranging

from 2 pg/l t.o 60 pg/l compared to a measured regional average of

2.3 fg/l. Predicteel sulfat(~ concentrations in snow are estimated to be

the same order of magnitude as the measured values, ranging from 0.05 to

1.0 mg/l for predicted values compared t6 1.8 rug/I for measured values.

Predicted Cd and Ph concentrations are 1 to 4 orders of magnitude below

the measured values. Measured snowpack concentrations were not available

fol' As and Hg.

If we assume that the average concentration in the snow can double

or trlple at the spring melt, then predicted 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 tr& option 1 smelter could

be substantially higher than measured waximum concentratiDns for Cu and

Ni', assuming a 2-3 times increase at· snowmelt. The impact of the smelter

emissions would De greater in small systems such as Filson Creek (F-l)

rather tfuln large systems such as Kawishiwi (K"-6). In large systems

.,-351-
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Table cone entr 8.t1o]):3
and tcd SrlO\ifJlil.ck conccn.tr;l tJOnf; of selec ted spe~cies

Concentration

°0--:- mg/l 1.8 0.111 0.055 1.0 0017 0.23u 4
Cu 1 5.0 35 16 390 56 15

N:L ng/l 2.3 5.7 2.4 60 9.1 2.6r '
As fjg/ l

~3
lx10-3 ') 5 10-3 ~3

2xlO 0.022 ..J. x .. lxl0,
-3 10-4Cd p.g/l 0.25 0.011

_ --3 --31.lxlO 5x___ 1.7x10 5.2x10

Pb jUg/I 9.3 3.1x10~3 1 4x10-3
0 031

-3 -35.0xlO 1.5xlO

Hg /ug/l
-3 -~5

4
-~3 --5

2.6xlO 3.8xl0 0.011 4xlO 8.8x10

areceptor at D--1 is DunIca River vJatershed, site most impacted by
ba 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

portion of the stream flow. 247

The concentration of most trace elements in the surface waters of

88 24·7the BI-JCA-VNP and the study region are generally low.' Increased

concentrations of trace metals due to copper-nickel development or to

regional growth will result in greater percentages of toxic metals

av-ailable for mobilization and accumulation. Acidic runoff due to

snowmelt is al8.o important because it occurs during the spmvning

seasUll when £i811_ are more vulnerable.

10.2.2. Stream and lake concentrations.

The next step in the analyrU:s was' to attempt to relate the predicted

annual depos'i'tiourr to average stream and lake concentrations of selected
--353-



Table 85. Summary comparison between snowpack concentration and stream concentration~of selected
species at low flow, spring flow, and the highest concentrations observed~b

Stream Location

F-l P-l D-l
snowpack spring low mm: spring low max spring 10vl Iflct.X

Species
a melt flow melt flo~T melt flmiTconc. cone cone cone

SO~ mg/l 1.8 7.9 5.4 15 63 190 260 a c:::. 13 70...1",-"

eu pg/l 5.0 8.7 5.5 12 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 7.0 2.0 2.0 10

Pb f g / 1 9.3 1.2 0.7 6.4 0.7 0.4 2.6 1.0 0.6 ~·6

Cd f g / 1 0.25 0.05 0.02 0.18 0.08 0.43 0.18 0.05 0.08 0.15
Iw· 4.5 5.9 7.3 7.3 7.3 6.6 7.3 6.8 7~1 7\.J1 pH
~

(

S~cies
a SR-2 K-6

SO~ mg/l 6.5 5.5 14 4.0 3.7 7.2

Cu pg/1 2.8 0.6 2.8 1.6 1.8 2.0

Ni pg/l 2.0 2.0 3.0 4.0 2.0 4.0

Pb jug/l 0.9 0.4 31 2. L} 0.3 2.6,

Cd fg/1 0.04 0.02 0.15 0.12 O~O3 0.13

pH 5.8 6.8 7.5 6.4 6.5 7.0
-

:measured data not available for As and Hg
Thingvo1d et ale (1979)



paralllctC't'f3, the LOll. dn La and a

r~gional runoff value of 27.2 were used to calculate a

concentrations of Eieleetl;(J metals and ~nJlfatc in the \.;ratersho.c1s.

All of these calculations aTc based on tfie option 1 smelter located

south of Babbitt.

It \Ala.s assumed tll"it tIie input into the stream or 1ak.e rerl1ained

constant, and that removal by pre~ipitation, plant uptake, weathering,

and so forth does not occur.

Table 86 provides' a comparison 'bet\Yee:n the measured and predicted

deposition rates, stream, and lake concentrations A comparison be tVleen

the measured deposition rates expressed as a concentration and the

mean stream and lake concentrations is generally good for §ulfate,

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 are being removed by chemical activity.

Since it seems reasonable to relate 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 streaTIl 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 predi.cted data ind:i;..cate that streams which are

now moderate.ly· impacted "\ATill receive. the largest impacts from a smelter

at Babbitt; the impacted area will of course clmnge with the smelter

location.

-;-355-
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Table 86. Comparison between measur~d and predicted deposition rates, stream, and lake concentrations,
from the option I smelter located at Babbitt.

measured data

deposition dep rate lake conebcone mean stream cone
spe::-ies_ kg!11a!yr units a

11. B
,,.,as a cone Iv range mean- -

so~ 14.36 mg/1 5.28 97 27 7.1 <1-14-0 ..., Q
l • u

Cu 0.011 !Jerll 4.04 3.0 2.7 4.2 0.2-10 1.8! 0

Ni 0.014 ug/I <4.9 24.8 2.1 3.5 0.4-6.0 1.
i

As <0.011 pg/l <4.04 0.83 6.0 0.82 0.4-2.1 !J & 7-
Cd 0.003 pg/l 1.1 0.055 0.061 0.046 0.008-0.8 0.05

I

Pb 0.007 pg/1 28.3 1.08 2. L~ 0.76 0.08-1 9 0.5

predicted data from option 1 smelter

deposition, kg/ha/yr mean stream concentration a-\ierage lal::"e
cone A B C concen'crationspecies range - mean units

5°4 0.16-3.6 0.97 mg/l 0.23 0.63 0.21 0.53

Cu 0.02-0.76 . 0.17 /Jg!l 37 125 29 28

Ni 0.006-0.12 0.027 /dg!1 5.9 19 4-.8 2.7
-6 -5

tug/1
-3 -2 -3 -6-

As (2-29)xlO 1.3xlO 3.0xlO I.OxIO 2.5x1O 8.3xlO
-6 -6 -3 -3 '"l -4

Cd (2-24)xI0 7.0x1O jJ.g!1 1.5xlO 4.8x1O 1.5xlO-":; 1.2x1O
-6 -5 . -3 -2 -~

Pb (2-65)xl0 1.7xIO . }1g/1 3.7xlO 1.2xlO 3.0x10 ~ "1
..L.

I

_acalculated using a regional runoff value of 27.2 cm
Dsurface values only; Thingvold et al. (1979)



of thE>, :nlC.clE:;U.ccd to Lcted data shows tl t As Cd,

iC..JDt: problem, Calculatc:':d s tre.;':1Til and

lake concentrations of these metals are to the

measured data. Sulfate contributions from the option 1 smelter are

within an order of magnitude of the :neas1H'cd concentrations. Predicted

Cu and Ni concentrations are elevated compared to the measured stream

and lake concentrations.

OIlto area lakes c

Acid lakes are. characterized by sll_ffts in maj or ion composition

that lov-rer pH, and By changes in trace metal and organic components.

Comparison of the variations in lake pH observed among \Vaters

in northwes tern Norway, southeastern Non,vay, and the Ac1riondacks at

comparable calcium or total base forming cation levels indicates that

the acid lakes (pH less than 5, alk.alinity < 0) pred0minat.e in those

regions where strong acid forming anion concentrations exceed the

prevailing base forming ciations. Sulfate appears to be the major

. d f' . d' . 1 .. f . 211aCl ormlng anlon an nltrate lS a so 81gn1' lcant.

Increased metals concentrations (AI, Mn, 2n, Cu, and Ni) have been

d · 1 '1 . f . d . f' d 50, 51, 211reporte ln ace water -rom aCl 1 le areas. These increased

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 depends 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-



tJ1e 1lOO1:(',sl:: buffc:r' dele to

the small area of available for weat These may

not~ '..,TOr,."""""", b8 tIle, 111()E;l fJCIlsj ... t5,\tC?, tC) because

have smaller areas exposed to deposition, and their greater depth allows

for greater dilution.

In an attempt to characte.rize tJie impact: of sulfate from a

hypothetical E,melter' on, pH :1'n 18.1;,8 waLeTs y tb,e predicted sulfate

concentrations resulting from sulf'::tte d(~position are titrated against

existing alkalinity in a low alkalinity lake and a high alkalinity

lake. Assumptions which W"6re made include: 1) the major portion

92
of acidity found in rain'lhfater is attributed to sulfate? 2) the

deposited sulfate is not buffered in transit, and 3) alkalinity is

not replenished in the lake. The assumption of no replenishment in

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 take 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 81. Neither of

these headwater lakes is directly impacted by residential or industrial

sources. Turtle Lake has an alkalinity of 6 mg/l as CaC0
3

con~ared

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.

Preci.pitation can be expressed as the sum of runoff, evapo-



Lion, and and lrnderflo~v. Dndc:rflO\v Dud

86 225
both La'ken to be: 2:("1:0 inno:rt11pastcrn Ninne.sota < ~

The expression for itation can then be simplified and rearranged

to g~ve an expression for runoff:

runoff;=: precipitation -, (ev~\po-transpiration) (86)

Runoff .fO'J~' the ~verages about 27.2 em per year; about 58%

of tIle cJVE:~rage 'runoff occurs in AprilI' l1ay~ and June, and most of this

86is due to snm~melt.

Using tlits e.xpreSSiO'Il for runoff, the net: water to the land

drainage area was calculated from:

(P~ET ) ~'~ (Ad-=A ) ,::=: Net water
l

d' ~w a an . (87)

(88)

where p is the precipitation at Babbitt (72 0 6 cm), ET is the evapo~
\<T

transpiration from drainage, Ad is the watershed drainage area,

and A is the lake area.
a

The net water to the lake was calculated from:

(P-ETl ) * Ao ::::: Net water lake'

where ETI is the evapo-transpiration from the lake (474 mm for small

278
lakes ). Total Hater to the lake is then the sum of equations 87 and

88.

Results of the titration calculations are sUlrnnarized in Table 87.

The results show that a low alkalinity lake like Turtle Lake could

be acidified in a relatively short period bf time at present sulfate

loadings, and that existing point sources are not as significant as

sources 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 10H alkalinity lakes. Time spans for acidification appear to
":"".J59-



1'abJ.<:.: 87. NU11lbeJ~ of years
high

to t iLral:e to pH 1105 a lCHIl l:ind a
lake with s acid input for selected cases

lake datel

alkalinity, ueq/l
J

lak~ volume, m 2
draJ_nage area, km

selected cases

measured 1977 region
(local + distant sources)
S04 loading, kg/ha
years to titrate

1985 region asswning
doubling of 1977 input
SOL loading, kg/ha

~ . tyears to tltra_e

predict.ed 1977
(local point sources only)

.SOL loading, kg/ha
~ .years to tltrate

predicted 1985
(local point sources only)
S04 loadin~, kg/ha
years to tJ_trate

predicted option 1 smelter
804 loadin~~ kg/ha
years to tltrate

predicted option 1 smelter
with 1985 local sources
years to titrate

120 (
. 1.55:>;:10)

6.4

18.7
0.75

37.4·
0.37

1.7
8.2

3.1
L~. 5

0.58
24.5

3.9

]AOO 6
.5.09xl0

1

1.7

18.7
29

37.4
14.5

2.2
243

3.5
153

0026
7900

144

apredicted deposition from site 201

bpredicted deposition from site 224
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be on the order of 10 at t suIf c1 (=1103 i tio n

rates, an.d s 100 to 200 years for madera

lake.s. These. -results Lion because of

aSSUlrJpti.on made in the calc.tllations Even though the calculated numbers

are not absolute, they;; a.long 1vit:h e:x.is evidence, identify the

urgeD.c)!' of the problem 811d the need for careful evaluation of any

activities which could increase acidic input into the region .

..-361-



'I • A.iro Poll\JtlorJ Acro~;s Ni'-J.tioncJl
study the UN con
Stockholm, Sweden

ilurnan
cd. ted J.n Gor>hcuCi

ir'onmcnt.

American Con fcrenae of
8 TLVs. Threshold

\4of'kr'OOiil ail''' ad

t,81 Inci
I1nltt value's fot~

f~CGIH for' 197[).
~3ubstanc;.es :Ln

Cincinnati, Ohio.

3. American leal Soci
turbulence and diffusion Accuracy of

.:c:-~;;:'.,~:..,~;"o.'~;"':';'~':::.;;;:.,.';;'~~:"'~$;:;;;'';';;;''';"'Y~59 ( 8 ): 1025 ~~ 1

4. Ashbrook, Peter. 1978. Arsenic and human health Regional
Copper-Nickel Study, is, MN.

5" AUbert, H.. and M. Pinta. 1977. II Trace elements in soil s e VI Elsevier
Seienti fie Publ. Co. Amster'dam, 19'77.

6. Baer, R.L., D.L. Ramsey? and E. Biondi. 1973. The most common contact
allergans. 1968~1970. 108: 74=78.

7~ Baker, E.L., D.S. Folland J poisoning in children
of lead workers~ ~~~~.~~~~~_~~-=~~_~~~~~296: 260~61.

B. ------, C.G. Hayes, P. Landrigan, R.T. Leger, J.L. Handke and J.M.
Harrington. 1977b. A nationwide survey of heavy metal

. absorption in children living near primary copper, lead and
zinc smelters. 106: 261-213.

9~ Bakir, F.~ 1973. Methylmercury poisoning in Iraq. Sci~n~~

181: 230-241.

10. Ba13i111e, D. 1918. Personal communication. Ontario Ministry of the
Environment, SUdbury, Ontario.

'11. Barard, M.L. (ed) 1958. Project prairie grass, a field program in
diffusion. Geophys. Res. Pap. No 59, Vols 1 and 2. Rept.
AFCRC-TR-58-235, AD-152572 and AD-152573. Air Force Cambridge
Research Center, Hanscom AFB, Mass.

12. Barrie, L.A. and H.W. Georgii. 1976. An experimental investigation of
the absorption of sulphur dioxide by water drops containing
heavy metal ions$ Atm_~vt 10: 743~749.

13. Beamish, R.J. and H.H. Harvey. 1912. Acidification of the La Cloche
l-1ountain Lakes, Ontario and resultant fi.sh mortal! ties. 1..t..
Fish, ReS f ]Qf Capada. 29: 1131-1143 •

.,..362.,..



15. Beton,

'16. Bjelke J S. ancJ G.
the:

17. , D. Lamb, and J. ller~. 1975. On
oxygen in aqueous

:Lda.tion of
9 :

18. Blanchar'd, D.C.·1 . uFr~om

Garden City, NY 180 pp.
to volcanoes"\!

19. Blejer, H.P. 1976. Inorganic lead: biological indices of absorption
-- biological threshold limit values. In: Carnow, B.W9 (ed),
Health effects of lead and arsenic exposure--A

. HEW Publ. No. (NIOSH) 76-134. , D.C. pp

20. Blot, W.J. and J.F. Fraumeni. 1975. 'Arsenical air pollution and lung
cancer. 142-144.

21. Bowman, Joseph. 1978. Internal memo. Regional Copper-Nickel StUdy.
Hinneapolis, Iv1N"

22. Boyer, David S. 1978. Ontario: Canada's Keystone.
154(6): 760-795.

23. Briggs, G.A~ 1969. "Plume Rise," AEC Crit. Heb. Ser., TID-25075.
USAEC, Div Techo Inform~, Est., Oak Ridge, Tennessee.

24. ------, 1971. Consequences of effluent release" Plume rise: A recent
cr'itical r~eview. 12( 1): 15~2l1 0

25. Brimblecombe, P. and D. J. Spedcl:Lng. 1975. The dissolution of iron
from ferric oxide and pUlverized fuel ash. Atm. E~ 9:
835-838.

26. Bringfelt, B. 1969. A study of buoyant chimney plumes in neutral and
stable atmospheres. Atrr~t-..~ 3(6): 609-624.

27. Buchauer, M.J. 1971. Effects of zinc and cadimum pollution on
vegetation and soils. Ph.D. thesis Rutgers University, New

. Brunswick, N. J'. 103 pp. .



JJucln
a VolI.Wi(:: 10

qua].i. frl:Jint.·enarICE'
i ): Proced for

Pa ,Noeth Carolina"

29 ~ 1. ~ IvoY' E" 1 4 Sui fur' cl j ox tel cont rol ,3 'chf: coppc r' ~:mel t e1':::-:>

hl tbe Uni tE;d ,St.ate~3 ,i ECE Confecence 9 Dubcovnlk, :La J ,

November' 1

30 Calvert, Jaok G ~ 1977. Mechanism of the us oxidation
of sulfur dioxide in the Presented at the IntI.
Symp on Sulfur in the Atm~ Dubrovnik, ~ Sept 4 7-14~

31. Carpenter, SoB. r
POl-WI'

di models: TVA
21: 119 1-~ 95 ~

32 j Cawse J P~Ad 1974~ A survey of atmospheric trace elements in the U4Ki
(1972-73) AERE-R76694 AERE Harwell, Oxfordshire, England~

Chamberlain, A~Ci 1966~ Transport of gases to and
grass-like surfaces d

from grass and
290: 236~=65 ..

34. ------a 1967~ Transport of lycopodium spores and other small
particles to rough surfaces~ 296:
45-70i

35~ ------~ 1976. Response to: Approaches to evaluating dry deposition of
atmospheric aerosol pollutant onto lake surfaces, by JdW~

Winchester. Volume 2. Supp. 1~ pp
38-41<1

36. Cheng, Robert Td' John Od Frohliger and Morton Corn. 1971a. Aerosol
stabilization for laboratory studies of aerosol-gas
interactions. JL~!l.:JJ:LQ.llt =C~mt it ,A~'l~ 21 (3): 138-1 ~2 e

37. ------, Morton Corn and John O. Frohliger. 1971b, Contribution to the
reaction kinetics of water soluble aerosols and S02 in air at
ppm concentr'ations. Atmil~.Envt 5: 987-1008.

38. Coleman, Richard T., Jr. 1978. The behavior of minor and trace
elements in a smelter treating copper/nickel concentrates from
the Minnesota Duluth Gabbro complex. Draft Report. Radian
Corporaton. DCN # 78-200-250-02. Austin, Texas~

39. Corn, Morton and Robert T. Cheng. 1972. Interactions of sulfur
dioxide with insoluble suspended particulate matter • .J...L.Jli.r:
£011. C~n~f ASAOC~ 21 (11): 870-875~

.,..364-



the Suclb Uf'Y

The 1.1 ~)'(?

d

'I' _C d U\)
utton by

AnnProc" HHh

110 ,1

Cox~ H Pcn)< prloto'''OxJ.oa t

1971b~ Oxidation of
ozone-olefin reaction

l1cts of he

1;3 d 1972 Aerosol forma ion from
of ozone Bnd olefinic

44 Dana, Terry M , 1973 Natural precipitation washout of sulfur
compounds from plurnesJ EPA-R 73-0474 Hesearch Triangle Park,
N.C.

45~ ------, J~M~ Hales and MdA~ Wolf 1975.
sul from power plant plumes.
80: 1.1· 'I 19-, 4 129 .;

46. Davis, D.D. and Gary Klauberd 1975d Atmospheric gas phase oxidation
mechanisms for the molecule 802 1:
5L~ 3~556 d

47.. Davis, S.ll}. and J <iH .. Lunsford. 1976 ~ Surface reactions of S02 with
NO? on hydrated silica gel~ All(12):
735-7 1t1 •

48~ Daubendiek, Richard L~ and Jack G4 Calvert~ 1975~ A study of the N
2

0
5- 802-03 reaction system. 8(2): 103-116~

494 DeMarrais, Gerard A~ 1959~ Wind speed profiles at Brookhaven National
Labor'atory. 16: 181-1900

50. Dickson, W~ 1975~ The acidification of Swedish Lakes. Inst~ Fresh~

Res. Drottningholm~ Report No. 54, pp~ 8-20.

51 • Dillon, P <I J .;, }2..LSLlJ_ 19'77 1/ Acidic pr>ecipi tation in south central
Ontario: Recent observations. Ont~ Ministry of Env~ Report,
Sept. 1977.24 p.

52. Dittenhoefer, Allen C. and Rosa G. de Pena. 1977. A study of
production and growth of sulfate particles in coal operated
power plant plumes. Presented at the International Symposium on
Sulfur in the Atmosphere. Dubrovnik, Yugoslavia. Sept. 7-14,
1977 oJ

-365-



uci c ,
mtne

1'1'OfO

1 L~S

on lIe jcl F'r'ec
Service Tech

ScI ~ lr]tl <I

Forest

Doll, R., L G and F E
and nasal sinuses in nickel
6~23~632

2.(:;1' <J1

viorkers
lung

Dovland t Har'ald
surface.

and Anton Eliassen. 1976~

10: '7 785
Dr'y tion on a sno\:J

Drclxler, 11013nd IL and Hil1:Lam P ~ Elliot 1977 ~

airborne material subjected to dry depositioDi
35- LfO iI

f'[:?lnge travel of'
11 :

58 j Driesinger, BdR~ 19704 SO? levels and vegetation jnjury in the
SUdbury area duringLthe 1969 season Department of Energy and
Resources Hanagement, Ppov1.nee of Ontar'io, Cc~.nadaj Apcll, 1970.
1~5 PP d

59~ Eisenreich, S~J~, G~J~ Hollod, and Si Langevin~ 1978 4 Precipitation
Chemistry and Atmospheric Deposition of Trace Elements in
Northeastern Mjnnesota, University of Minnesota, Minneapolis,
MNcl

60. Endersen, Hilliarn G" 1978. Personal Communication~ Regional
Copper-Nickel Study, Minn~apolis, MN.

61~ ------. 1979. Short range dispersion of sulfur dioxide from the
smelter complex. Regional Copper-Nickel Study. Minneapolis, MN.

62. ------ and D. Feeney. 1979. Particulates in northeastern Minnesota,
regional characterization. Re~ional Copper-Nickel Study.
Hinneapolis, I'1N <I

63. Erikson, E. 1963. The yearly circulation of suflur in nature. ~L

Q.ElQ.Rh~1lJ.. 68: 4001-4008 d

64. Fay, J.A., M. Escudier, and D.P. Hoult j 1970. A correlation of field
observations of plume rise <! .l.LL.-Air Poll..L Cont. ASS09-L 20:
391-397 •

65. Feeney, D. 1978. statistical modeling of TSP data. Regional
Copper-Nickel StUdy. Minneapolis, MN •

.,..366-



67 F':i.shel' and Lnv
rIb under

Downsview, Ontario

ton j J) C

C,JneJda iI 197 C<'

\l II II, Ontario

68 Fisheries and Environment Canada. 1
Thunder' llJ\ 11, On tario.

Downsview y Ontario~

Flick, DdF. i tLF Kraybill and ~1 1'1
cadmium: A reviewj

Dimitl"ofr d

Ll: 71-85~

19714 Toxic effects of

70 ~ Forr'est, J. and L Ncvrcnan <I 1977 a Further' studies on the oxi.da 'cion of
sulfur dioxide in coal-fi~ed power plant plumes, 11:
li65~LnLI.

71~ ------~ 1977b~ Oxidation of sulfur dioxide in the Sudbury smelter
plumee 11: 517~520d

72 Foster, P.Md 1969. The oxidation of sUlphur dioxide in power station
pI urnes ~ 3: 157- 175 *

73~ FOWler, D. and M.H d Unsworth 19746 Dry deposition of sUlphur dioxide
on vlheat. 249: 389-390d

74 4 Fraumeni, J.F~, Jr~ 1975~ Remarks made during discussions following
the carcinogenesis in the metal industry session at the
Conference on Occupational Car'ctnogenesis <I 1'1aro1'1 24~~27 at NeH
York City, NY"

75. Freiberg, Johnny~ 1974. Effects of relative humidity and temperature
on iron-catalyzed oxidation of SO~ in atmospheric aerosols o

M.v,,2.ci=t T.§cth. 8(8): 731-731.t" I-

76.. Friedlander, S<lK~ and H.F d Johnston .. 1957 .. Deposition of suspended
particulates from turbulent gas streams <I ID~~1. CPel~ 49:
1151-1156.

77 cl Friedman, vL 1978<1 Personal communication, unpublished data.; Sudbury,
Ontario.

78 0 Friend, J<lP. 1973. "The global sulfur cycle; in Chemistry of the
Lower Atmosphereol" S.le Rascol (ed.)cl Plenum, NY ..

..-367.,..



79

80.

FUller, E.C and R
ton

Gnll O\'JdY I ,] d.JT1E:::; N,J) G" E Likens EllJ cl, E: oS

pr'eci tation in the nur·thf~as ern
acidity <' : 722 ..>'( 24 c

of' 0xjclat:Loll of :3ulf'J.te
(l j ~ "j 611

1976 Ac:lcl
states: pH and

82.

Garland, J.Ad 1977 and wet removal of sulfur
. Presented at the International

in the at Dubrovnik,

, D H~F Atkins; C.J~

of gaseous sulphur dioxide

fporn t.he

urn on sulfur'

14 "

tion
8 ~ 75~'19

------ and J~R Branson
302 in the
353~362.

1976. The mixing height and mass balance of
above Great Britian 10:

grass.
Clough, Dj Fowler~ 1973. Deposition of sulfur dioixde on

21.12: 256~257 <!

85. Gartrell, F~E~, F~W~ Thomas, S.Ba Carpenterj 1963 Atmospheric
oxidation of 802 in coal-burning power plant plumes

29: 1T3-120 tI

86. Garn, Gerbert s. 1975e Hydrology and watet~ resources of the Superior
National Forest d USDA Forest Service.

87. Gjessing$ Egil T. s 1976. Effects of acid precipitation on
freshwater chemistry~ pp 65-85e In: Finn H. Braekke, edd
Impact of'acid precipitation on forest and freshwater
ecosystems in Norway. SNSF Project, Aas, NorwaYd

88. Glass, Gary Ed and Orie L. Loucks. (eds). 1979. Impacts of air
pollutants on wilderness areas of northern Minnesota. US. EPA
Env. Res. Lab., Duluth, MN.

89. Gleason, RolP. 1968. Exposure to copper dust. ~~er iQQ~-B~ Ass~QJ_

..tL., 29: L161-4 62 ..

90. Gorham, Ed 1975. Acid precipitation and its influence upon aquatic
ecosystems -- an overview~ pp. 425-458. In: L.S. Dochinger and
'I' .. Ae Selinga (eds). 1976.

91. ------ and A.G. Gordon. 1960. Some effects of smelter pollution
north-east of Falconbridge, Ontario. C~ J, Bot. 38: 307-12.

-368-



Publ Secv Com

f'r'oU) . the

SuI fut' in the
'11i

Hale

Hales, J Md and S L~ Sutter 3 Solubility
water at low concentrationS4

dioxide in
100 'j.,

Emission In: Stern,
3. monitoring,

,II 3 t'd (~(Li tion d Acad ernie

Hammerle? J H<i 1 6 4

Ar' t 11lH' ( e d ) $ II Air' Pol
and surveillance of air

97 d Harrison, t'1r,; 1978" Personal communtcation~ ASl'iHCO .. £1 Paso, Texas ..

Haugen, D A, (ad). 1959~ Project
dif'fusion~

AFCRC-TR~58-235, AD-217076d
Center, Hanscom AFB, Massd

grass, a field program in
No.! 59, VoJ..J 3 ..

Air Force Research

99d Hernberg, s~ 1976 .. Biochemical J subclinical and clinical respones to
lead and their relation to diffel~ent exposure levels 1 as
indicated by the concentration of lead in blood In: Nordberg,
GelF' cl (ed) <l "Effects and dose=response relationship of toxic
metals <Ill Elsevier', Amster'dam d

100~ Hauper, W.,C. 1955~ A quest into the environmental causes of cancer of
the lung~ Public Health Monograph NOd 36<l DdS" Dept. Health,
Educ<l and Welfare. pp 27-294

10'. ------" 1966~ Occupational and environmental cancers of the
respiratory system. 3: 85-93.

102" He\'li tt, Martha.. 1978" Personal Communication" Hegional Copper-Nickel
Study., Minneapolis, MN.

103" Hewson, E" Wendell, 1976., Chapter 11" Meteorological measurements"
In: Stern, Arthur C<I (ed) <I tl Air Poll ution. Vol ume 1 d Air
pollutants, their tr'ansformation and tr1ansport d l! 3rd edi tioD ..
Academic Pressel New York, NY"

104 d Hill, Btl Atl 1966 .. iipr'inciples of Hedical Statistics oj It Lancet, London,
England"

- -369.,;..



105 ~ ILL n c1 1 vJ T d 1
:ifocnja "

mount of southecn

106 Holzworth, C
for' uy'ban it'
StC3.tt'::;S EPA,

cine! c~ntial

Unjted
01'fice of f\],}r.

107 oJ Hor';:;,t, Thomcls VJ.. 1977.J A sur'face
a plIHOC.

[noel e1 ttan fr'om

108 d Buho, Frank 1918 Personal communication
McMaster University, Hamilton, Ontario.

of Geology,

109d Hutchinson, EdC~ and L.Md Whitby. 1914~ pollution in the
SUdbury mining and sme] region of Canada, I. Soil and
vegetataion contamination by nickel, copper .and other metals~

1(2): 123~1

110~ ------ 1976~ The effects of acid rainfall and heavy metal
particUlates on a boreal forest ecosystem near the Sudbury
smcl ting regi on of Can.ada Proceed of the first IntI d Sym"
on Aoid Preoipo! and the Forest Ecosystem, USDA report NE-23~

111 d International Joint CommissioD d 1977~ Atmospheric loading of the
Great Lakes and the Great Lakes drainage basin d Great Lakes
Regional Office, 100 Ouelette Avenue, Windsor, Canada.

112d Islitzer, Nd and D~ Slade d 1968. Diffusion and transport experiments d

Meteorology and Atomic Energy, 1968~ D~ Slade (ed)~ USAEC TID
24190 <l Ger'manto"m, Ivld <I

113<1 Jackson, DdR. and AjP d Watson <I 1977~ Disruption of nutrient pools and
transport of heavy metals in a forestred watershed near a lead
smelter. ~J-9.~nv~~(U~11itv. 6(4): 331-338.

114. James, KdW. and PdM. Foster. 1976. Discussions. The application of an
isotopic ratio technique to studies of the atmospheric
oxidation of sulfur dioxide in the plumes from an oil-fired and
coal-fired po\t!er plant - I and II.; AtrJld _Env. 10: 671 <I

115. Johannessen, IvL, et _12.,1.J_ 1975 d Acid preci.pi tation in Norway: The
regional distribution of contaminants in snow and the chemical
concentration processes during snow melt ~ .Proc J IntI J Symp.
Isotopes and Impurities in snow and ice. Intl d Assoc. Hydrolog.
Sci., Grenoble, Franoe. Aug. 1975. SNSF FA 4/75, SNSF Project,
1432 Aas-NLH, N6rway.

-370-



1Hl
pp

117 JunC:c

118d Kazan 3. G 1972 Chromium and Nickel.

119

120. ~ 1973 Fa.
substcHJCE:S

of

of smelter fumes upon the chemical
Sudbury, Ontario and upon the

: LIT7

suI dioxide and related
chemj_str'Y of prec ion

5' Mcmaster Universi ,Hamilton, Ontario~

121. ------. 1975d Fate of at®Jspheric sulphur dioxide and related
substances as indicated chemi of precipitation. Dept. of
Geology, Mcmaster University, Hamilton, Ontario

122. ------J 1976a. Assessment of the ecological effects of long-term
atmospheric material deposition. Unpublished report. 83 pp.
Mcmaster University, Hamilton, Ontario.

123. ------. 1976b~ Fate of atmospheric sulphur dioxide and related
substances as indicated by chemi of precipi,tation.l Dept" of
Geology, McMaster University, Hamilton, Ontario.

124~ Krupa~ S.Vd' M.Rd Coscia, Jri' and E A~ Wood. 1975. Evidence for
multiple hydrogen ion donor systems in rain pp. 371-380. In:
LdS~ Dochinger and T.A d Seliga (eds). 1976. Proc. First IntI.
Sympd on Acid Precip and the Forest Ecosystem .. USDA For'cst
Service Tech Bept. NE-23. Upper Darby, PAd

125. Kuratsune, Md'
smelters,)

126. Landigran, P.J.,
smelters

Occupational lung cancer c31TIong copper
13: 552-58"

Epidemic lead absorption near an are
292: 123-29.

127" Lane, R.E", 1968. Diagnosis of inorganic lead poisoning: A
statement<l l?.r:il~l§9.;.jl~ 11: 501-.

128~ Lemen, R.A., JjSd Lee, J.Ko Wagoner and HdP~ Blejerd 1976. Cancer
mortali ty among cadmium prod uction workers. All!1.e-lLew York -bcad d

Sci, 211: 273-2794



L,evy

studtccj

b G tion J_n
(li nIce ~ 1;\ i Lc and l'c-l t

130 Li 1 G E
!(

6 Ac:Ld :Lol1

131 < n, \4.P.D. -19~)3 t'!or-ta
1:

tn Lond , 1

Lauria, Donald B.,
hum:-JD toxicl
307 '19 ~

Morris M Joselow,
of certa'ln tri.:lCe

cmd linn A.:
elements o

The
__ ' ' - __",_-'::",-C__ ,;,:,-,,:__:;C,,__>,_':_'_,,-'~Cw>'_ 76 :

133~ Lusis, MdA~ and K~G ,L~A Barrie and H.A~ Wiebe 1977 Plume
chemi studies at a northern Alberta power plant Presented
at the Alberta Sulphur Gas Research III~ Nove~ 17-18,
1977j University of Alber-ta, Edmonton, Alberta

134 a ------ and H~A Wiebs j 1976 The rate of oxidation of sulfur dioxide
in the plume of a nickel arnel te:r" stack" 10: 793~79a 0

135j ------, H~AJ Wiebe, and J~M L. GraYi 1975J Further work on the
measurement of the oxidation and dispersion of sulfur dioxide
in chimney plumes~ Report ARQA 17-75d Atmospheric Environment
Service, Downsview, Ontario, Canadad

1360 Lyons, W~A~, JoC Dooley, and K.T~ WhitbYd 1978~ Satellite detection
of long-range pollution transport and sulfate aerosol hazes.

12: 621-631.1

137~ ------ and RoB~ Husar~ 19760 SMS/GOES visible images detect a
synoptic-scale air pollution episode.
104: 1623-1626~

138 0 Hasan, BJ. J. 1971 d II The physics of clouds Q U 2nd ed.; Carendon Press,
OXford, England. 671 pp.

139. Matheson, K.H., Jr. 1978. Personal communication. Kennecott Copper
Corporation, Ray Mines Division o Hayden, Arizona.

II
140 4 Matteson, Michael J" Werner Stober and Horst Luther. 1969. Kinetics

of the oxidation of sulfur dioxide by aerosols of manganese
su1fa teo 1969. lruL. Enf0--S:_~4-FulliL....Jl.U±..2.l...JU 7£~ 68 L_

141. Maxwell, Christine o 1978. Iron Range air quality analysis. Midwest
Research Institute Project No~ 4523-L(2)d

142~ McCabe, LdJo, J.M~ Symons, RdD o Lee, GdG d Robeck4 1970d Survey of
community water supply systems4 eJ..>i Am; Hater> \1gr1lli-l\S§9...Q=,,- 62:
670-687.



1'OY?

d:i.
udy

q
u

cJj::md
mc't j,n
ry of the Environment,

Effects
in

on
y 'l,he

1~6d Milham S., Jr. and T strong 4
relation to a copper smelter

Human arsenic exposure in
'{ 17 1

111'7. t.t1:Lller, D 1" 1977
the Intl.
Dubl"ovnik,

Precursor effects em
Sul fur~ in the A

PCE'scntecl <Jt
1L}~ 1977 d

Miller, JdM~ and Rosa G. De
sulfur dioxide to the

148 • 1972 Contribution of
sulfate content of rain water.

<"'~';"e;;~J.:;;C:~""'"'~~'=;';;.;e,;;,·,,,,~,.~:;-;..o.c<;;;:.,~-o','.~~"""'<_~7 7 (30 ): 5905~. 5916 ;/

149. Minnesota rtment of Health~ 1976_ Directory Licensed & certified
health care facilities~ Minneapolis, ~~ 217 PPd

150~ Minnesota Energy Agency. 197 j The Minnesota coal studyj In
cooperation with the • of Natural Resources, Dept of
Transportaton, Pollution Control Agency, Staet Planning Agency~

St ~ Paul t IvlN,.

151. ~--=.~-. 1978b~ Data and ana1.ysis for'eoasting; ener'gy coefficients and
fuel substitution possibilities in the Copper-Nickel Area.
Final Heport. f'1inneapolis, t1N ~

152. ------. 19780. Fuel consumption and fuel demand forecasting models,
Copper-Nickel study Area~ Draft Interim Report, st~ Paul, MN.

153. Hinnesota Pollution Control Agency. 1978., Emissions inventor'y,
1975~·76 oJ Hoseville, IvlN.

154. Montana state Board of Health and Dept. of Health, Educ d and Welfare.
1961-62. A study of air pollution in Montana. 94 pp.

155,J tvlontgomer'y, ToL., et ?]..-L 1973 A simplified technique used to
evaluate atmospheric dispersion of emissions from large power
plants • ..J..i Air Poll~Jon,L_llsso9_{..23: 388-394 cl



i
11(10). CCi.

15'( .. Natjonal ,: 1 ('bornel(;i'lc1 :i n
Sci(::nce::~ VJa~1hj. 11.5" ton ,De"

ton
f'onrnen ta 1

of Sed
1 5 Medical and

pollutant d Nickel& National
ILC,J

159 • ~ 1976 .. Recommendations for the
children. 34:

of' lead in

160. ~ 1977a Medical and
pollutants" Arsenic
D.C

biological effects of environmental
National of Scienc8 y Washi

161~ ------~ 1977b. Medical and Biological effects of environmental
pollutants. Copper. National Academy of Sciences.
D,\C"

162~ ------t 1978. An assessment of mercury in the enVironmerit. National
Academy of Sciences, Washington, D C

163j National Oceanic and Atmospherio Administration~ Environmental Data
Servicei Local Climatological Data 1976 and 1977 for Duluth and
International FAlls, Monthly Summaries~ Ashville, NC~

164i National Oceanic and Atmospheric Administration, Environmental Data
Serv ice. CI hnatological data,; Annual Surnmari.es rl Vol. 82, No. 13
and Vol. 83, No,,' 13« Ashville, NCt

165. Neal, RrlC. 1978~ Personal communication rl state of New Mexico Health
and Social Services Department. Sante Fe, New Mexico.

166. Nelson, W.ed and Company, INC. 1977. Prevention of significant
deterioration analysis for AMAX copper processing facility,
Braithwaite, Louisiana. New Orleans, LA.

167," Nelson, \~d C.. , et ~"lL 1974" Frequency of acut.e lower t"espiratory
disease in children: Retrospective survey of Salt Lake Basin
communi-ties, 1967-1970" pp. 2-55 to 2-73. In: U.. 3. EPA Office
of Research and Develop~ent~ Health consequences of sulfur
oxides: A report from CHESS, 1970-1971. EPA 650/1-74-004~

Washington, DolC.

....374-



169

1'70

tion of an

teclJnique to ;,.i

dloxlde ::tn the
9

171

1'72.;

Nonhebe1.~ Gtl

stacks
ne\-.] incl us tr'ial

367<1

AdB~ Harker,; 1 4 Sulfates as pollution
formation on Carbon (soot)

173 ~ Office of state Demographer~

counties, 1978G State
1979d Population estimates for Minnesota

st. Paul, MN d 14 pp.

Ohman, Stephen P<l 1979~ Volume 2~ T~chnical Assessment~

Mineral extraction ( )<l
Hinneapolis, HN<l

Chapter 2,;
Study,

175. ott, M.G~, B<lB. Holder, H~L<l Gordon. 1974. Respiratory canoer and
occupational exposure to arsenicalsG 29:
250-55tJ

1766

17'7 d

178.

179 tl

180.

Owens, M~J. and A.W. Powell. 1974. Deposition velopity of sulphur
dlox:tdEl on land and vva ter surfaces lwtng a 3')3 tracer' method tl

'-~;'~,,-::;;f.~.Jl.. 8: 63-68.;

Pasquill, F, 1961«1 The estimation of the dispersion 'of windborne
material<l 90: 33=49«1

Pasquill, F oj 1974 <l II Atmospheric Diffusion if 2nd ed <l John \'Jiley, Nevi
Yor'k, NY <l

Patterson, William A., III. 1918. Regional Copper-Nickel Study: Soil
Decomposition Studies~ Regional Copper-Nickel StudYd
f'1inneapoli.s, IvlN oj

------, ffi1d Norman Ed Asseng. 1978. Regional Copper-Nickel Study:
Soils of the area. Regional Copper-Nickel Study. Minneapolis,
MN.

-375"'""·



1<31

nlckE'l :tn

Penkett, S A 1972 Oxidation of
OZOD in the aqueous
'I 'j 06.4

, and ,.1., A <1

ar't i .fie ial
1·1

ozone
in

185 ~ Pierson, D H~, P~A

of ait~borne

251: 675-679"

Cawse and R S 1974, Chemical uniformity
matter, and a maritime effect

186.; Pojar', l'1ichael cind Peter Kr'etsman 1979 ~ Volume 2" Technical
Assessment~ 4. Smelting and Refining. Regional
Copper-Nickel $ MN,

1874 Portelli, R~Vd 1976~ Mix heights i wind and air pollution
potential from Canada. Atmospheric Environment Service,
Downsview, Ontario.

188 oJ ---=.~~, and Dd Balsil1ie <I 1976 Ii Air qual! ty monitoring report for the
Sudbury Area (1975). Ontario Ministry of the Environment.
Northeastern Region"

1894 Potvin, R. Nov~ 14. 1978. Personal Communication. Ontario Ministry of
the Environment@ Northeastern Region"

190. Potts t CdL. 1965~ Cadmium proteinuria-the health of battery workers
exposed to cadmi urn oxide dust tl 8:
55-614

191. Prager, Manfred J., Edgar R~ Stephens, and William E~ Scott. 1960.
Aerosol formation from gaseous air pollutants~

52(6): 521=524"

192.. Ragland, Kenneth W", editor" 1972 UPar'ticulate matter in the urban
atmosphere,," Nid\-les t Un1verst ties Camilli t tee on Air Poll ution"

193.. ------" 1979 .. Impacts of air pollutants on wilderness areas of
northern Minnesota. Section 3. Air quality in the Boundary
Waters Canoe Area (B\I/CA).. Ed: Gary E" Glass.. Env <l Res ..
Lab-Duluth, USEPA. Duluth, MN pp 12-48"

~.J7 6-·



19)\0, Hobi.nL
cnod 1 vJith v
17

I)

ncJ d

Hen zet. ti 7 fL A" and
t~\on in

fur' dioxtde conve.r·;:don l:Lt
I"iN ~

t r'8 rev.1

and Peter J~ Kriesm3n~

3 AJr' HC30urC8::?

iS t t~Nd

'197

Roberts, Paul T and Sheldon K~ Friedlander
aeroso] fCH'rnation, enG ~ and

10(6)::57 80

1976 Photochemical
in ambient air ,j

199. Robert.s, T. H ,
smel.ters:

1974 Lead contamination around secondary
Estimation of dispersal and accumulation by humans,

186 1120-~1123<1

200. Robinson, E. and RiC. Robbins. 1970~ Gaseous sulfur pollutants f~om

urban and natural sources. 20(4):
233-235.

201, ------. 1971~ Emission concentrations and fate of atmospheric
poll utants Ei Amer" Petroleum Inst.. Publ .. No.; !t076.:

202. Roe, F.J.C Ei and M.C. Lancaster. 1964. Natural, metallic and other
substances as carcj_Dogens.. 20: 127-133.

203.. Roels, H.. s 1976~ Impact of air pollution by lead on the heme
bi.osynthetic pa tIn-laY in school-age children. A~r:9.hi'L~s E~r1V L

He~ltl1d 31: 310-316.

20~ • Hoss, R.D.: 19720 "Air Pollution and Indust.ry " van Nostrand Reinhold
Company, New York, NYd

205~ Rows, Michael Do, Samuel Co Morris and Leonard DEi Hamilton. 1978"
Potential ambient standards for atmospheric sulfates: An
account of a workshop. tJ.Ait-Eolli Cont.-&~~Q~L 28(8):
772-7750

'i 0

206. Ruhling, Ake and Germund Tyler o 1973 .. Heavy metal pollution and
decomposition of spruce needle litter. 1Liko~ 24: 402-416.

~377-



207 1 .\n leat.ion

209 Sax, N I 1963
Reinholc!

ind UEI tr':Lal ma t.er·ial~) n

210,t Schrenk, H Hd1 1949
Pub d Health BuIld No~

All"
306.;

211 e

tat-ion:
Final

of the

212 4 Schroeder, H~A~ 1965~ Cadmium as a factor in
18: 6lr7·,,6:>6e

213. ------~ 1970. A sensible look at air pollution
~21: 798,~806<1

metals.:

214d ------, and J~Jd BalassBd 1966 J Abnormal trace elements in man:
Arsenic. 19: 85-106~

215", Schuman 1 Leonard M"" Jack S" Handel, I\'lal'got Hanson and ,Janet Nelms.
19774 Copper-nickel mining, smelting and refining as an
environmental hazard to human health. A review of epidemiolic
liter'at-upe and study recommendations on sulfur dioxide and
particulates. School of Public Health, University of Minnesota,
Minneapolis, Iv1N.

216~ Schuman, Leonard Mol, Jack Mandel, Samual Murray, Anna Lawler, Harold
Weiss 4 1976~ Copper-nickel mining, smelting and refininig as an
environmental hazard to human healthe A review of epidemiology
literature and study recommendations e University of Minnesota,
Minneapoli..s, MN tI

217. Scott, Boleti 1978. Parameterization of sulfate removal by
precipitation. 17: 1375-13894

218 oJ ------, and M.t Terry Dana d 1978. vIet removal rates for 802 gas and
S04 aeroso14 PNL-SA-7268. Richland, Washington 4

219. Scott, WolD. and P.V4 Hobbs 4 1967. The formation of sulfate in water
droplets. 1; AtmQSd SctL 24: 54-574

"""378.,..



}) t3

'7
floHQ

on

.' The
j)P c .

tion rates on a ~aler

velocity
~ anel ;.L
surface as a function
Journal de Reoherohes A

1973 tioD processes ..
Annual for 1972 to the

and Environmental Research Volume
Research. pg. 43-49.

d Batelle Pacific Northwest

~~~'=~"~=, S.L SutleI~ and 11 T
In: Pacific Northwest
USAEC Division of Biomedical
II: Physical Sciences, Part
BNWL - 1151 PT 1, DC-53
Laboratories Richland,

2254 Siegel, Donald I~ and Donald W. EricksoD d 1978 4 Hydrology and
ground-water ity of the copper-Dickel study regiond U.SJ
Geological Survey, st. Paul, MN.

226 <l S8l tz I John" 19'78.. Personal Commun:Lca t.ioD .. ~1iDnesota Pollution
Control Agency, Roseville, MNd

227 <l ~~_.=--? and t't vJest" 1976.. Revised by L.; King, D tf Kelso, (1. t'l ~

Endersen, Do! Thingvold~ 1977.; Air quality program operations
manual. Regional Copper-Nickel studYdMinneapolis, MN~

228 J Semrau, Konrad~ 1975.; Controlling the industrial process sources of
sulfur oxidesi Advances in Chemistry Series.; No~ 139.; Sulfur
Removal and Recovery from Industrial Processes~

22g~ Shell Engineering and Associates. 1978.; Dispersion modeling of the
Iron Range from Grand Rapids to BUhl, Minnesotad Report
prepared for the Hanna Mining Company.;

230.; Shepherd, J_CJ 1977J Measurements of the direct deposition of sulphur
dioxide onto grass and "'later by the profile method d .Atill.o.. _Env_.t.
8: 69-7 1L

231 <I Singer, Irving A., John A. Frizzola and t1aynard ~J,j Smith,) 1966. A
simplified m.ethod of estimating diffusion parameters d ~J::

PQ.llL...£.QllLJx~S2.9-L 16: 594 -,596 oJ



C' D"l] , cd 'iCj6ed
USI\t:C, 0;11·: H

omic f\
Cj

Sl:inn ~ It! d i\) 1
l" eve f' ::) i b1

LI The l'edL:31.f'j_bIJt.lon
washout 8: 2

unJC

~ 1 Gd Some approximatjons for the wet
icles and gases from thea U
culture Forest Service Tech

1971,; A reeval uatj.on of role of
and t\eloH'= cloud

1LI6:)~·'7·1 J

improved method of
from a point

;?36 d Smith, E<! and £-1 1~66

concentrations and related
source emission~ 5: 631

237. Smith, Jerome P~ and Paul Droned 1974d Static studies of sulfur
dioxide reactions~ Effects of NO~, C

3
Hc and H00~

{, 0 f:-8: 742-746~ -

238d Statnick, Robert Md 1974 d Measurement of sulfur dioxide, particulate,
and trace elements in copper smelter converter and roaster
reverbatory gas streams~ EPA-650/2-74-111~

239d ster'n, Arthur' Cti, 1973d IIFunclamentals of Air Pol1ution u
ll

Academic Press .. NevI York, NY d

240. Stevens, s~ 1978. Personal communication.; JUly 19. Air Resources
Branch, Ontario Ministry of the Environment.

241. Stokinger, H.E. and D.. Ld Coffin. 1968 d Biologic effects of air
pollution .. In: Stern, AdC. (ed)~ !lAir Pollutloncll! pp 446=546 ..
Academic Press, New York, NY~

242. strom, Gordon Hi 1976 .. Chapter 9. Transport and diffusion of stack
effluents. In: stern, Arthur C., (ed) I1Air Pollutior1 e Vol" 1
Air Pollutants, their transfof'frlation and transport." 3rd ed d

Academic Press, New York, NY.

243. Summers, P.lW. and P.M. \vhelpdale. 19'75. Acid precipitation in Canada d

In: L.S. Dochinger and T.A d Seliga. 1976. pg .. 411-421.

244. Sunderman, F.W .. , Jr., M.D. McNeely and M.W. Nehay. 1972.1 Measurements
of nickel in serum and urine as indices of environmental
exposure to nickel. Clinical. Chem~ 18: 992-5~

....380-



the Divio'7 .;

lL 0 He
(-.;d in eill C)n t

Sut

ComrnLlt1icu~t. j.on
l~'i I t·,m

onal

Cl.ne! D T
of the

, n.;w~ Mustalish, B Honetsc
Characterization of watE~ resources
Ar'ea Sf

249" Tsubaki, T. and K" 197'1" lIHj.namateJ disease
( r'c ury In l\1inama ta and ta , Japan). II

Elsevier Sci. Publ. Co"' Kodansha. Ltd4 New York.

250. Turner, Bruce Dd 1969. Workbook of diffusion" Pub Health
Services Publ. No 999-AP-26. Cincinnati, Ohio.

251. ------~ 1970. Workbook of atmospheric dispersion estimates. U.S.
Environmental Protection Agency, Office of Air Programs,
Publication No. AP-26~

252. _r~__ ~~~"" 1979" Atmospheric clisper'sion modelj.ng. A cr'i tical revieH ,; ~~~~

.:..~:.:;;....__~c~~::;.~_.;,,~~:<:,","C,:::-'3~,",,~~~~_':':::""'f-29 (5 ): 502 n~ 5 19 ,;

253. Tuschiya J K~ 1969. Causation of ouch-ouch diease (itai-itai bY~)4

18: 1131-2"11.

254 d Tyler Germund" 197 LI 4 1-18avy metal pollution and soil enzymatic
activity., 41: 303=->311~

255.. --=---tJ 1975a. Heavy metal pollution and mineralization of nitrogen
in forest soilSt 255 (5511): 701-702t .

2564 ------. 1975b. Effects of heavy metal pollution on decomposition in
forest soils~ 14 Introduction investigations~ Lund, Sweden .. SNV
PH J..P!3E.

257 .. ------. 1975c~ Effects of heavy metal pollution on decomposition in
forest soils. lId Decomposition rate, mineralization of
ni trogen and phosphorous, soil engyrnatj.c activity d Lund,
Sweden. SNV PM 542E.

258. ------. 1976. Heavy metal pollution, phosphatase activity, and
mineralization of organic· phosphorous in forest soils. Soi.1..
Blo1. BtQcbel1l.L 8: 327-332 ..

.,..381.,..



259

1.. U of Health w Ed
cl"itE~r:La

Administration Publ.
Poll
C

No
" d "

New Criteria 1975ar',senic
d 1975 Criteria for a
expOSU1'e

(NIOSH)

262

263 1976" Criter.:La
exposure to c

for a recolnmended ~3tandard ~

HEW Publ" No (NIOSH)
rl Occupational
192.

264 d U"S Environmental Protection ~ 1973~ Guidelines for compiling
a emissions inventory~ Rev~ Publ d NOd APTD-1135.

Par' )( ~ N., C;;l

265 <l t1 197 11" Baa in fOt:11la tion foc net'! source performance
standards: Primary copper, zinc and lead smelters. Volume 1:
Proposed Standar'ds., U S~ EPA, Research Park, N.C6

266~ ------, 1976a National air Quality and emissions trends report,
1975" Publ" No., 450/1-76-002 Office of Air and Waste
Management~ Research Triangle Park, NdC~

2674 ------~ 1976b d St~ndards of performance for new stationary sourceSd
Primary copper, zinc, and lead smelters~ Federal Register~

41(10): 2332~2341o Thursday, January 15d

268. ------, 1977ad Compilation of air pollutant emission factors. AP-42.
Third edition (including supplements 1-7). Research Triangle
Park, Nt\C"

2694 ~~----" 1977b. Technical guidance for control of industrial process
fugitive particulate emissions. EPA-450/3-77-010. Office of Air
and Waste Management" Research Triangle Park, N.C.

210" ------. 1977c. Air quality data--1975 annual statistics including
summaries with reference to standards", EP A·_Lt50 /2-7 rr~002 d

Research Triangle Park, N.C.

271. ------. 1978a. Federal Register, Vol. 43, No. 118, p~ 26384 •

.,..382.....



c

276 ~ son y 13,; 1" d 1 6
FreshHater'

1976
~ t'lN'Ii

4 1 8a The climate of the277 e

8

2794

------~ 1978b. The
nor'cheas

leal considerations
constituents in the Duluth

Copper-Nickel , MN.

of

of'

280. ------. 1979b~ Personal communication Consul
Ninneapolis 1 IvJN€

281. Weber, ~ri~h. 1970 .Deter~ination ?~ t~e life time Of. 802 by
s1ffiultaneous CO~ ana SO~ mOD1Lorlog. Proe. 2nd Intl d Clean Air
Congress~ Washi~gton, D~Ce pp. 477-481.

282. Weisenberg t IdS. and J.C. Serne~ 1976a. Design and operating
parameters for emission control studies: White Pine Copper
Smelterd EPA-600/2-76-036a.

283. ~~ .....~~~ 4 1976b<l Kennecott, Hayden, copper smel tar'" E¥A-600/2-76-036b

284<1 ------el 1976e<! Kenn.ecott, Hurley, copper smelter., EPA~600/2-76-036d~

28541 Gla_-.f;:SIe.e-tf 1976d" J.vlagma, San l'1anuel? copper smel tel"., EPA~600/2-76-036e.

286. ------4 1976e<l Phelps Dodge, Ajo copper smelterd EPA-600/2-76-036f<!

287~ ------d 1976f" Phelps Dodge, Morenci copper smelter d
EPA-600/2-76-036g.,

288. ------. 1976g. Phelps Dodge, Douglas, copper smelter,
EPA-600/2-76-036h,

.... 383-



o '1976

6j ..
,......j

292

sourcer3
and Air'

A
level

elev.3.tecl
Turbulence Diffusion

293 <l vJeiss ~ R E" t 19T7 Sulfate : its
the midwestern and southern United States.
979-,980 ,l

extent. in
196:

294. Whel ,D,M and R. W Shaw. 1974~ Sulphur dioxide removal by
turbulent. transfer' over gr'ass, snOi:J and HEJ. LeY' sur'face~,;

26 (1,,~2): 196~204

295.; 1tih'itby, fCT~} 1977 ~ Aerosol formation in a coal~flr'ed pO\'1er
plant plume, Paper No
Publication No 335" on Sulfur Aerosol Research
of the Particle Technology Laboratory, Unlv. of Minn"
Minneapolis, MN. July 1977.

296. Whitby, LdM., 19760 Ecological consequencesof acidic and heavy
metal discharges from the Sudbury smelters.

14: l~7-57.;

297 G lNilliamson, Sanuel J,j 19'73" IiFundamentals of Air Pollution" II Addison
Wesley Publishing CompanYd Reading, Masachusetts"

2980 Wilson, William Edt Robert J" Charlson, Rudolf Be Husar 1 Kenneth I~

Whitby, and Donald Blumenthal o 1976. Sulfates in the
atmosphere. Presented at the 69th Annual Meeting of the Air
Pollution Control Association. June 27 - July 1, 1976 4 Paper
NOd 30.06. Portland~ Oregon"

299. Wilson, Will" Ed and Arthur Levy. 1970a. A study of sulfur dioxide in
photochemical smog. I. Effect of 802 and water upon
concentrations in the 1-butene/NO /S02 system" .1L.t.. Air Polloi.
.Q.Qnt d A1i§~ 20 (6): 385-396 t$ x .

300. ------. 197Gb. A study of sulfur dioxide in photochemical smog" II.
Effect of sulfur dioxide on oxidant formation in photochemical
smog. APCA Paper #70-115. Presented at the 63rd Annual Meeting
of the Air Pollution Control Association. June 14-18, 1970~ St d

Louis, Missouri 4



v
J l'UVe

co Iii i
uf

302. 1':;:J D.3., c.t ;:-J1" 197H" The f:'oI']Jl,]tion and s
species in aerosols. Atm Env. 12 263-271 .

.,..385-

of sulfite



APP]~NDIX. A

110clified Gau:=-~siall Node]_

H." ( ~

"' QO__~L~ Lt!'j.1-l ._

,"46S711'l READ(§oS3i) M£T.6,LN(!l,DrMCl),li,\:4Clrllll,BF4CI)
_. ... Rlrr~t~Jl).J·i.r::J'l\l.J"l_UJ.tl2.[I~\U1L~VJCv:'.ill9..fl~Lll . __

2t. COWl' !f-iUE.

w 3~. -4b~27B IENC~)
1- :3 r'L _...i..~Jl~lj3 D{L1L_I_
Z 31e ,466J3U 21 IENtl$S). wETALNtl)
w .__. ~(l/PRIt-{T5QURCE.DA1.A __"'. NA~1r:_-..1.0Nii .,_J,.f;.L_~_H.EH~NJ'U11. ~_)'IHHti(KM1~
U CHEAT RATEICbL/SEC) - E~ISSION OF SO~~SO.oMETAL5ILINE 2) .rGM/stC)
o:_~..L~cB .....J:'1£Lln:..L~

w 1':).-\46~\·~2B 0(\ 22 K '" 1 .NSS
... 4>. n466t;.b,B REPr)/5,532) /Ntl"lES(K~J) .J!;" ,ttl ,SLlJt,J(:;(I'<) ,SL~T(lq .SHEI0HT(K).
::>-----.-- - ------lSvJ rOH1 (~)- ;QH(KI--~ QS2 (~)'-; (~S4 (II,) • (Cl~·1 Cr{ 9-ii~ I 11' '~'Nt4 )--- --------
n. !J_~___ f1 tv 61 0 ., B 'IR t n.: (6 9 532) (N IHi E: S ( K ••J l • J t!I 1 , .. ) ~ SVll,'t3 (t\ ) ,S l.!IT (tJ: ) • '5 HU 8Ft r oq 9

~-- - - ----·--ls~rbtfl{td ,GtTCf() "9Q5"2TK} ,QS4 fk l,IGH4 (1(01 r~IIl!'- rr~N)--- - ~------ -~-

o 4? '1467S}a 22 CU~'TPJUf

v C ~EtD FlEcf'.:fJ'OR OA1A .> NA~~ LONG." ur ." sm;'{~ - um Irk~--4,. ,.4t11518 WRITE(6,622l .
~---44-..-'--46757tl 00-3' -C; -1 ~NR------- -------- ----------~--.---_.-------- - ---

~_--.: 41 "10 _ _4t; HI} Ei __ --llij~gHn;H~~;t~1~t~~Hl~io~}l~\J)~lIlt. ~l:~T_Ll.L~ r(~IJ !.l-!~A~.JJ}' .

: 4 " .. : 4 7· 15 tj WRI TF: ( b t 5 3 4}) (N AMF: R ( 1 , J l ,J;;g 1 ,4 l ,R Ln"IG ( I I 9 Po L H ( I l t rv R1 ( I ) t 1'4 RI ( I ) t

> I IDRI(I),IYPF(I),IMRF(Tl,IORF(I)
Z . ~~ __ ._~lr, 7nS :~_ 3\ __ CONUHUE __ _ _ _. _

C READ IN THE WEATHER STAT!O~ COORDINATES
::> 4 P, _ "4 1 ·1 526 REA I) (1 9 ) O~ 11' d l ,w ( 11 ,I l d fZ 1 9 N~ )

4;. ~47~7:R -UO 401 J N I,NA -
5 • • 1 ~ 7 r 12 B DO HI} K:\'; 1 ,~N:..::5::.:S:-::--..,.,-:-=:-,---;;.__~_-..,._=-:.

C D~rEA~INE THE ~E6THER wflAHTS 1/2 WAY BETwEEN RECEPTOR AND SOU~CE

~lL A47~1~B HLONO s (SL0~G(K) • RLnNG(Jll~.~

'5('. 147"171:j- ----HL,(IT fil (SLArOO + kLAT(J» ~.5

. 5.3_.__ ~Hl~3f;}__ wrS 8 I .. ')

S4. ;J411041:i - -·--00-4"115 hi til IfN~

5~o ~471~78 XS~ 8 55.~~51*(HLONG - W(1~,I~»*(COS(HLAT/51.1) •

-386-



t "J\~-

(I\:J)hW$

o

z

:::> Y1" '47:3538
0-

9~a _~~73SJ.B
~ 95. "4n5s8
0
u C}i->. : 4-1356B

97. r 4140 3tl
>- 980 ~'4H05El.-

) 1'1) • 1'474116
I/')

oc If.?. /\474148

>
J " ~. ·.41417~

Z
l~-. r4743'B

::> JrS. 414328
I if- .. i414I+2B
1 "1'1 , ',474446

1r,9. "414531-1
J l' • '\.H~tld

1\ l • . 474611j
! 1 ... '4747'B
11 e,. ·41/:.7~B

u

T

~ PR~ ZfRO ~AIN AR~hYS
~~0 ~4731~8 00 qOO~ J~lQ NR
f:\~-. - i47:nnr InIJll:3IIr\,"lf~1 . - - ... - - -.--.---------- - ---------

~~. f~73118 \O)~()A-Y:~JII~5R~1~~'«-'I~I~X~~V(Jt')~XMA~(J~~)mo.n:---8-'::-'---'illTl;;3- .... ', >" ""

87. '~732 8 DO ~~ L 8 l.2
f.lA. ;41322Ef 45 '01.1>1): (I 9L;-j) 1lI 0 .. \

89L __ ~n3&tl __ .__ OO_lj.~ I III 1"6
Q 0 ~473368 00 46 L m l,~

__..-..::9.....1.• _~34 8 4~ wROSE(LdtJI fJ ".f}
~ 9?. "o.735'1B til' C1'1 CO~JT I Nut
t- C. /cHIiN L()oP_(9~O) ON DAY? FRf)"1 START. Of Tt-![ \<'~~TH.~~t II I~ DEl.l' COUNTER

II III ~

q~~ cO~lnNUE

1I"'lly·i
C READ IN THE wEaTHER FOR THE D~y

RtJTI(1t5~6) (lw~ff91~-r)f~~J9I) tJm19~ltI~1'Nijl
IF(Pi4(}).EO.'l) STUP l"n

IY~1~4(11 $ I~.IW5(1) • IO¥I~6111

IOArt:. :Ii< I'l' 0 l'l'!Ot'l .. l'Af.>lt)O .. 10
C MAIN LonP/2nQul ON RECEPTnRSIJ). uP TO SO ALLO~ED

DO 2/i ~. J>!ll. NR
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FLT TO SITE DATA

c

{ hn '" >;RUSF. (40 ~

C CftLCUL ~ONrHLY ~IXiN~ HE ~EST

"41~,11e 1'1'41\1(::51. :,..!{.. \ 1 IN((I'''~3.1~'',:j;.'&;1

, COf-lPvYE. or;,v TTIOH ·~'JU ~Cllvb,Gl'~G

WC5f)4 2 ;"1; ."f)"1r1~;1l.7'/(::t(l'\.Q

I
tr,1;) (I leI '<:\1Ie'" ( I)

IF(ISSr~.LT.') T,~f:.N

C CO~PUTE 5UM~~~ ORY DE~ • ~CAV'GING COEFFS
r ... 7 '" 3 " fj Q wCSf\ ? :;; ell( Pi C5:} 2

___...!..:::lL..-:'__-"i.~.'-"'_J.u. .J"<.:-,,,-'-U.--,,:_~io.E.S.0L..LntJi~_{L.j3.~~ . . _

o

E"-t') I~'

I)') C;~ I ~ 1 .~IM'"

t;5 Chi (Il If: ('J!4 (r> :it .•

C LOOP OVER T~E suuqr~S

Uo 4 p, ') r< lit 1 • ~I S5

:-urrt:~~HE ''if t, r"H:-R HAJ..f_·{J'\_~-M~~~~_~.9..!ls.r~A"J.I_)_ E<~U~P..l9B--.f-..C!~~ __
ruSE flTI'i LOS'if.::S ,:"'1 HO'IT€ A\l r) THE: An)! SiZE:

TO ::: x.1< l!i! YV ~ 5')t-!II. :l "."1

00 2'22 J w ~ , .. ~ 'i
VI G :9 W 11 (r( ~ J. r 'Pi )
TT :II W( (, • Ifj) " T T T 3 ." ( 7 • I iJ 1
TU :!l TP .. I/~..tl '.J ) 'W .. r;
xx s ~x ~ TT~C05(TTT'~~G

y y ~ n • IT *S I 'H rr T ) f; l'i G
<;,)HW/ s snH'1 • tJI Jdlll~>O/G

~122 (;l)'ITYNUf
~UH~ D S0H~ * 1.~

L7?----~~~:r 1)( x~}(A_ ·_'!'!'!-'C'f..L _
.. nn lZ ... , p,fl7.T¥V oxiC>
SHC' :ll SF<OJSTlKoJl $ ·~5Q 9 5RANG(KoJ) $ Q N nLO(2oK) e 0.0

C 1\11)( 4'113'-£, RECI=""-T1P SUuoCE: Tn WYND DIPF:CTION. SlOP IF' tiT prElL>
A'))(:l:AHS(At~",-.'lSPI ~ IF'(~IJx.GT.3.14,c,9)AU)(IBA~S(6.2831~~AU;i.1

I F I A/I X • GT • 3 • 1 4 1 c; q It • . I r, (I Tn .. I) 00
x 5 p %l ~Roe Cf) C;; ( AII () ~ YSQ lil 5 p () I) 5 I I,' ( £\ UX)

r. LF 1€H'IITif~T;;'I)- ~PEch-- iTST .\CF<:f.IF-l GMT
,,., II SI1Flr,HT(K) I' ••

AVX III LVl'I fI (. (ll4'JTrl ttit .l " 0 ·1441TH~@.15 •• (l91«>TH~Hl.2 " .597
I*Th~~.c5 •• ?1S&TH~~.3l

t lP'l TI") ~~/lr:H QECEPTOH ~IST ALOI'G \1I!"H'\ HE.AOTNGIHQURS).STOP IF GT ('It

T u XS~/AVW , IF(T~(jT.?4.·) nn Tn 4(lOG
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~IINO

._---- ---- ----- -- - -

z

w
Z

>-

o

z C DETERMINE
W ~l.G nSr331~ OMC2} s
U - --21-~--i1S,)T:r6Fr--- ---u"-n, f- -;:< OM (~T-+

11.~.~XR·QS2CK) CXL~O-XL?D)/nK)

ClI:--·-2"n:-;-----;!S""(i3y.(j------lJFflJ[1)Tl 9 f{) :II t3 0 ~14<i{;r5·~TKTftlT()Tj([7.'ir--··

~ 211. ~~)355B QHOLDt2 9 K) OY
;:)--2-fi;--(1~:516-,lr----QHOLfdjfP; I--m f30}(~~tf5i-ff)F-S04 " ~iC~04i0Y1--

0.. 210 fJ!'l",67tJ QHOLr)PqK) Bl QSi;(K} :.'L~,w
:i:---7.~:~-:--r;5CTnEr-----~HO[t1(5 9K)~l .I)>.§OAR~QS21P(rfir)(L~iW .. XU81
O_._'h.,.,o__..J,~317fl QH0J.J)C6J:lU- 1li Df\ ._. .
U 227.. i!V)~I;';iB DO :,2 IR"~J"'1

F LOSS CO~FFICIENTS r1R JHE ~ET~LS
>··---2-?1~-~~if4-f4B- ----rK-,;r-<>' 15---- -..--. - .-

~ 22t. ~504~~B XLMn ~ ~D.EXP(-OFMCI)/nY.TI
1/)---- 22.r;'~ -';'.;,;4f4tf---·--xLP'w >it ~A~r:)(P("'ti;ro~~MTH7(h.-;--wet4Trnr--·--------· ----------
~ d QETEf1,.1~IE: TH~~Wa.S_9f\'Cf.NT.£l.-llLO~4S
> 22fh '15')4;2513 CMC!K) CMIlK)" tlOj(H*QF4(K91)"''f-CX::-:L,....,''4:-:cf)~--:-+-c-X:-L.,:-;"M-:W-;--)"
____________<; __Dj!:H:~lNE THE M€TAL O~PI}S1TION5 _ .____ _ . . . __ ' _

Z 2?1. ~~~435B OMCt~) 8 OMCIK) + ~OV~*OM(K9I)~COF~(I)~TO?~~XLMD •
:::>-~i~-1l504~F8 - ~t!-- ,--1~g~11~0E + _~ICM.lI) 00'0 (;tTD*XLM.i1l1 ------- .. ---- ..-----------

('?f1...!_fl'OI}54l:l Lj,t,'l r CONT f NUl::
----'~ --ClJtT~r.rflTrTOTArS\.f,_r:ul,rp:;s;rrre:·e-EP foR ..~crcrAN I S02 \ill!, srr1:"O....V""',F..----

23·. 0504568 TCSO~ ~ CM(1) • aeso?
---2J-,-.--"S04bJo - --~ ----~cSo~ "2 iwcso2(TCSU2tO~R.Q~icso2;Iht~+lsSWtHfx.t1f::NRY-9-x-~ECf)~--~._---

C D~TERMl~E FINlL wEi SO~.S04 DEPnSITI~N WITH FINAL S02 ~ASH COfFF
------n~-t\~~46cEr -----. bO -4'/),J2 K m-T.NSS"· -- - - ------------. ---- - -- - ----- - ---

l31. h5046.S If(~HOLD(2,K).EQ.O.OI GO TO -002
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C CALC Pr~
_--l~~5111Qr.@ P~A i3 ~ 2 iL________ _

2~58 ~~o70nB l'iS~AIN(J}eOTeO.OOO~.ANO.DMXXI~e19J)oGT.O.O) TH~N

--~3~_:_-R~gHI~·-__j;~rA·I§-eJ :'it6~ t tt5i4~~1;~ f~jl!~-hH------
28B. 0507178 ENOl'
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OwY SOd;

611
h12

'l'51Zb 1tl
'Cj1761tJ

"512236
'5122511
"512311.1

J~ •

z

IK >1i! ?HS~

\:IRlrl:<h
~RIT~<6~ 9rJII9PNA~

'(~E'fAUH ~Sl9 q.'.J),fg(,9NM4i
3jB D 'Sl?~28 wRli~lb963?) Tn~~.r~o~S~~ _
31 \I e .151257o~i2 FORI,lel'" -(/ 9 §)!~~ "'\"!['( SOt.. ~q.F 9. :1+
J? ~ ~_ :.;5!, 257B _ 2e'11L CONT yNU£
321. 'S12t>1!:l GO TO 90"
3?3. '512b\a 5~, fOqw_TIIH1J/'

u 3?1~:--- ,r;12tJ1B S2e; p7r, R"'lI'\T1 .... 13)
0:: :~c5. \~P61f1 <;3 I fO'?M~T 12Xtt12.4t1 '.4)
w 321). "'512618 '')31 FO~:Mt1T(2)( .i;Ej .~)

~ 327. '~1261B 532 fO RMATiI5. 1~r2F9.4.F7.1.F5,217El".4t/95X.13ElO.4)

~ 3~~. '~)261~ 53_ FnRM6T(I5.3Al~.?r9:4,2X,3I2.2IQJI~) _.
~ J29& __ 51~613 53~ FORM&T(lbX.312IFS.J, .5,2F3.n.3X. 4Fl 1 4) .
~ 33. r'S1261B oJ1 FOr~~Ar(lrll'lltl)(d59 dfAl- .. 2X.tLI\Tn-UU£ Ejil{:'B.4l4 - LONGITUDE'
o ,F8.4' START Tl~E s'13.2J~- STOP TyME ·-13,212)
u---n-'-Q-·-"""F,rc6Tr~~t""UTnn;fTT7-;-:rA,"Vw-r-rru-f~ET1"-"0-Vl:;-;~'5..~4'"lnCTNA·I"'tJUNTT[N";I-UTi'c;zr--.-

337. -512618 fl'':; F'OP"1H(/~?5){.9(lN ~INE tiE ENE E ESE Sf: ~9
>- - - - - - 1 t SSp: 5 SSillSW YJ Sw Ii 'fI N\il NW - - ~JN Ii~ )
..... ~3~e '512618 6"7 ':'f)R'-4H(/,5X 9 JtSOUC=lCE if) ~EC€PHjR OISTANCEIKM) ANO HEADING "',
VI l;\AffGtt::/CC F.~O~1 J:"ST) fOp"I3t SOlJRCtSf.l)
~ 33~. '~12b'8 6~h FORM~r(SX9_MEAN ~INO(KM/M)g.16F7.?f/95.,$WINUSo~oIKM/M)_

~-----_.-..:._.-:. ~1 • t! , 1~"1 $14£::AN\D~:-D. H<lnf~I(~7~(lOt.f\it-)' .,. , Tbn~-)-
33'5. "517.61d ",,~ FORMAr(2(~,){_,15,2)(.:'H,l~9cF"B.?»)

33~. '512618 6 ,9 FOP~ATI/95X,'MAXIMUMQAILY cnNCENTRATION OF SO, 2tF~.1
1~IUO/t43) ON~IH - IAAXtlAl)',1 DAllY DEPOsITYnN OF 504 B~F''Jl.3

2il1I I1 G/HA) ONtI.,)
~~3~.7~e n~5~)~2~~~1~B~~6~1~' FOR~ar(/.5X~~PtPTOU AVERAGE CONCENr~ArJO~S (5ULFUR UG/~3)$ t9

1~(M~TAL5 NG/M)l.l
fOR~AT(2(/,5X99(A2~m;Fq.3'2X))

FORM~TI/,~X.#PEPIOU ~V~RAGE ~EPOSIrIO~S (SULFAT~ K~/H41. ~t
l~l~tTALS G/HA)$)

FORMAll_ NO.SQURCE5=_t3_ ... NOGRECEPTOASs-IJ' • NO~hEArHER STA~_I3

lit .. f\40.METALSt!'jt- ... SH~T l'IME ~3I2Jl ... STOp TIME Jl3121

z 
:;)
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\c11 [) frl
1 ~

z

u

'" 3~4rl.OntP·l)l/(.(J1'32r'570ItH!tl)

ln~~,R~Ttnnl_~
$ lN~A ~ HEX*~2.n

14e ~n~o75B IFIISSn.lT.l) T~~N

\5. !,~0077~ ZWCS02 ~ASHR~OMR~l.· Ew3/(3~O.O~74~.O~OMR*~~1'~)

l~. tonl?78 ElS~

~ 1 "I " 'I \Ill 11 ,I ~ lrJ C5f) 2 !i< I. ASH Rtl f) M f~ ~ 1 • :' E~ :3 / ( t; f' 0 • 0 .. I 4B8 • V tl- DMP-I'!-l> • 1 ll!j ) ~
o 1<1." '" EXP(~2.,'i4'!t1.5Pl$'j.t:~€<e.LOG(D'4Rl»)
U ---1e;-.--~-()-,-q-3-2-B------::-E:"";N:"';O~I-F-~:':'-::":::"::::..:'...:----~---!-:.":::"":~

19. ~OJ13~B IFtIP.L!.lun) PAINTQCHll,DMRoWASHR,Z.CS02,HE~AY9XKEg

?" ~O~141~ yp ~ IP • 1
21. 10015'8 RETUqN
22. 'on153~ END

-392-



APPE]\!DIX B

List of Abbrev:Lations

ACGlIl--American Conferenc.e of GovernmcTlt Indu8trial-l1ygicnistfJ

B\tJCA-~Boundary "\tJaters Canoe Area

CDM--Climatological Dispersion Model

ESP--Electrostatic Precipitator

LD·~-Lethal Dose

MEQB--Mirrnesota Environmental Quality Board

N1H~--National Institutes of Health

NSPS--·-"New Source Performance Standards

PSD--Prevention of Significant Deterioration

STEL--Short-Term Exposure Limit

TCA--Turbulent Contact Absorber

TEH--Texas Episodic 'Hodel

TLV-~Threshold Limit Value

TWA~-Time ltJeighted Average

VNP--Voyageurs National Park

Elements

As- .....Arsenic
Cd--Cadmium
Cu--Copper

1"e--1ron
Hg--Mercury
Ni-~·Nickel

TSP--Total Suspended

Units

Pb-·-Lead
S - ... Sulfur
S02-Sulfur Dioxide

Particulates

~C--Degrees Centigrade
°K--Degrges Kelvin

ppm--parts Per Million
ppb--Parts Per Billion

mtpy--Metric Tons Per Year

um--Microns
ml--Milliliter
km--Kilometer

km/hr--Kilometers Per Hour
%/hr--Percent Per Hour

ng/m~--Nanograms Per Cubic Meter
fg/m --Micrograms Per Cubic Meter

-393-

gm/sec--Grams Per Second
c~l/sec~~Calories Per Second
m /sec--Cubic Meters Per Second
m/sec--Meters Per Second

kg/ha/yr--Kilograms Per Hectare
Per Year

g/ha/yr--Grams Per Hectare
Per Year

pg!l--Micrograms Per Liter




