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Current Titerature on acid precipitation was reviewed to determine sources,
deposition mechanisms and effects on lake water chemistry. Values of
precipitation and Take pH, SOy content of precipitation, ambient SO2 and
S04, and S04 loading were obtained in order to compare northeastern
Minnesota with other areas of the world.

Precipitation has become increasingly acidic in regions of North America

and Europe during the Tast two decades. The most highly impacted areas
include Norway, the northeastern U.S., and the vicinity of Sudbury, Ontario,
where precipitation with pH of four is not unusual. Remote areas of the
world have been found to have precipitation pH values near 5.7, the pH of

- water in equilibrium with carbon dioxide in the atmosphere. Northeastern
Minnesota precipitation has an average pH of near five.

Decreasing precipitation pH has occurred simultaneously with increases in
sulfur and nitrogen oxide emissions from anthropogenic sources. Sulfur
oxides are considered to be the major precursors of acid precipitation.
Long distance transport of these pollutants from industrial areas causes
precipitation to be acidic in areas with no Tocal polluters.

Lake water pH has been reduced because of acid precipitation. Especially
vulnerable to acidification are Takes which are poorly buffered due to
their geologic environments. Northeastern Minnesota lakes have an average
pH of seven, while many lakes downwind of industrial pollution sources
have pH values of five or less, and have experienced Toss of aquatic plant
and animal populations. TIncreased solubility of metals, which occurs at
Tow pH levels, causes additional stress to aquatic biota.



The Reg” - 1 Copper-Nickel Environmental Impact Study is a comprehensive
examination of the potential cumulative environmental, social, and economic
impacts of copper-nickel mineral development in northeastern Minnesota.
This study is being conducted for the Minnesota Legislature and state
Executive Branch agencies, under the direction of the Minnesota Environ-—
mental Quality Board (MEQB) and with the funding, review, and concurrence
of the lLegislative Commission on Minnesota Resources.

A region along the surface contact of the Duluth Complex in St. Louis and
Lake counties in northeastern Minnesota contains a major domestic resource
of copper-nickel sulfide mineralization. This region has been explored by
several mineral resource development companies for more than twenty years,
and recently two firme, AMAX and International Nickel Company, have
considered commercial operations. These exploration and mine planning
activities indicate the potential establishment of a new mining and pro-
cessing industry in Minnesota. In addition, these activities indicate the
need for a comprehensive environmental, social, and economic analysis by
the state in order to consider the cumulative regional implications of this
new industry and to provide adequate information for future state policy
review and development. In Januavy, 1976, the MEQB organized and initiated
the Regional Copper—Nickel Study. )

The major objectives of the Regional Copper—RNickel Study are: 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 and to convert it into salable commodities; 3) to
identify and assess the impacts of primary copper-nickel development and
secondary regional growth; 4) to conceptualize alternative degrees of
regional copper-nickel development; and 5) to assess the cumulative
environmental, social, and economic impacts of such hypothetical develop-
ments. The Regional Study is a scientific information gathering and
analysis effort and will not present subjective social judgements on
whether, where, when, or how copper-nickel development should or should
not proceed. In addition, the Study will not make or propose state policy
pertaining to copper-nickel development.

The Minnesota Environmental Quality Board is a state agency responsible for
the implementation of the Minnesota Environmental Policy Act and promotes
cooperation between state agencies on environmental matters. The Regional
Copper—-Nickel Study is an ad hoc effort of the MEQB and future regulatory
and site specific environmental impact studies will most likely be the
responsibility of the Minnesota Department of Natural Resources and the
Minnesota Pollution Control Agency.



INTRODUCTION

Rain or snow with a pH of Tless than 5.6 is considered acidic (Likens 1976),
since water in equilibrium with carbon dioxide in the atmosphere produces a
precipitation pH of about 5.7 (Reuss 1975, Kramer 1976a). Precipitation pH
values of close to 5.7 have been recorded in remote areas of the world, long
distances from sources of atmospheric pollution (Kramer 1976a)(see Figure 2).
Many other regions receive acid precipitétion, sometimes with pH levels of
three or lower (Likens and Bormann 1974, Likens and Bormann 1975, Cogbill
1975, Likens et al. 1975, Hutchinson and Whithy 1974). Zones of highly
acidic precipitation are expandihg (Hysing~Dahl et al. 1976, Likens 1976)

and precipitation pH is decreasing in many areas (Likens 1976).

Acid precipitation is of concern because of its effects on aquatic and
terrestrial ecosystems. Acidification of lakes and streams due to acid
precipitation has eliminated or severely reduced populations of aquatic
p1an£s and animals (Leivestad et al. 1976, Beamish and Harvey 1972,
Schofield 1976, Hendrey et al. 1976, Bolin 1971). Acid rain causes changes
in the rate of Teaching of elements from soils, which may affect vegetation
growth (Abrahamsen et al. 1976, Malmer 1976, Likens and Bormann 1974) and
change the composition of runoff that reaches water bodies. Vegetation may
also be injured by direct contact with acid precipitation (Abrahamsen et al.
1976). Other potential problems due to acid precipitation include effects
on predator-prey relationships, effects on the metabolism of organisms,
deterioration of buildings, and effects on human health (Likens and Bormann

1974, Oden 1975, Bolin 1971).
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The increased acidity of precipitation during the past 20 years in northern
Europe and the northeastern United States correlates with increased anthro-
pogenic emissions of sulfur dioxide and nitrogen oxides (Likens 1976).

These two pollutants are the major precursors of acid precipitation

(Likens 1976,‘Dov1and et a1. 1976, Galloway et al. 1976a, Summers and
Whelpdale 1975). A high correlation has been found between acid precipi-
tation episodes and storm tracks that have passed over areas of high density
anthropogenic emissions (Junge 1963, Coghill and Likens 1974, Doviand et al.
A1976, Bolin 1971). Concentrations of other pollutants, such as heavy metals
and pesticides, have also increased in the eastern U.S., Ontario, and
Scandinavia and show the same distribution as acid precipitation (Lodge et al.
1968, Hagen and Langeland 1973, Almer et al. 1974, Conroy et al. 1975). In
recent years taller stacks have been constructed in an effort to reduce
Tocal pollution, and the areal distribution of acid precipitation has been
observed to increase concomitantly. Thus, human activities are believed to

be the cause of increasing acidic precipitation.

This report is a review of the current literature concerning acid précipi~
tation, its formation, and its effects on lake water quality. Of particular
interest was literature dealing with acid precipitation in areas of the world
which have geologic and climatic characteristics similar to those of north-
eastern Minnesota. Copper-nickel deposits have been discovered in northeastern
Minnesota. Smelting of similar ores in Sudbury, Ontario has resulted in
acidification of precipitation due to 802 emissions, followed by acidification
of lakes, elimination of aquatic species, and damage to terrestrial

vegetation (Conroy et al. 1975, Gorham and Gordon 1960).
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PRECURSORS OF ACID PRECIPITATION

The presence of acids in the atmosphere can cause precipitation to be acidic.
Strong acids have been found to be the most important contributors to acid
precipitation (Likens 1976, Dovland et al. 1976, Galloway et al. 1976a,
Summers and Whelpdale 1975, Gorham 1975, Krupa et al. 1975), although weak
acids may also contribute (Galloway et al. 1975). The precursors of acid
precipitaﬁioh are chloride, which forms hydroch1oric acid; sulfur dioxide,
which is converted to sulfate and then to sulfuric acid; and nitrogen oxides,
which form nitric acid (Likens 1976, Dovland et al. 1976, Galloway et al.
1976a). These compounds arc released to the atmosphere by various natural

and humnan activities.

Chloride is released to the atmosphere by anthropogenic emissions, and
naturally from sea spray and volcanic eruptﬁons. Gorham (1958) observed
subst;ntia1 amounts of chloride in smoke solids from coal burning. Hydro-
chloric acid also has been detected in precipitation in British urban areas

in amounts too great to be accounted for by natural sources (Gorham 1958);
coal combustion is the likely source, acéording to Gorham (1975). Coal-
burning Tennessee Valley Authority plants have been found to emit hydrochloric
acid in flue gases. Hydrochloric acid is not deemed as important as sulfuric
acid and nitric acid as a component of acid precipitation; however, it has
been detected in precipitation of the northeastern U.S. (Likens 1976) as

well as the Minneapolis-St. Paul area (Krupa et al. 1975).

Weak and Bronsted acids contribute only sTightly to the H" Gon concentration
in northeastern U.S. precipitation (Galloway et al. 1975). In an aqueous

solution, total acidity is made up of both free and bound protons. Free
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protons constitute the measurable pH, while bound protons have no influence
on pH and can be determined only by titration (Galloway et al. 1976a). The
dissociation of a weak acid such as HZCO3 ﬁs dependent upon pH. At pH 5 or
greater, HZCO3 contributes to both freé and bound acidity. At pH Tess than
5, however, it contributes only to bound scidity, and does not affect pH.
Bronsted acids are 1ikewisé not H+ ion sources below pH 5 (Galloway ét al.
1976a). As Figure 2 indicates, precipitation pH values of Tess than 5 are
not uncommon. Galloway et al. (1975) conclude that although acid precipi-
tation is a>mixture of strong and weak acids, weak acids contribute primarily

to the total acidity and only negligibly to free acidity.

Sulfuric acid is the predominant strong acid which causes acid precipifation
(Gorham 1975). Sulfur compounds are introduced to the atmosphere by three
n2in processes: HZS from biological decay, SO4 from sea salt, and 502 from
anthropogenic sources, such as sulfide ore smelters and industries which

burn foséf? fuels (Doviand et al. 1976). FElectric generating plant emissions
account for about 60 percent of the sulfur emitted by human activities in
the U.S. (U.S.EPA 1976b). Global sulfur budgets reported in the
Titerature vary greatly, and Likens (1976) is of the opinion that thére is
not enough data atvpresent to evaluate their reliability. The literature
reviewed by Gorham (1975) indicates that sulfur mobilization frém natural
sources is 133 to 152 X 106 metric tons per year compared to 50 to 55 X 106
metric tons per year from anthropogenic emissions. Although natural
emissions are estimated at over twice anthropogenic emissions, natural
emissions are not considered a major factor in producing acid raih, because

they are assumed to be in balance with natural sources of neutralizing

bases (Gorham 1975). Because SO, and SO, in the atmosphere are of great



Page 5

concern as precursors of acid precipitation, their emission sources,
ambient concentrations, and concentration trends will be discussed in a

lTater section.

Nitrogen compounds, the precursofs of nitric acid, enter thé atmosphere as
ammonia released by bioleogical decay processes, and as nitrogen oxides from
biochemical reactions in soil and combustion processes (Dovland et al. 1976).
Estimates of the quantities of nitrogen compounds released from various
sources are difficult to make; however, it has been calculated that annual
global emissions of nitrogen oxides from natural sources are 150 X 106

metric tons. This compares to 8.2, 6.6, and 0.6 X 106 tons per-year from

combustion of coal, petroieum, and natural gas, respectively (Anon. 1975).

Anthropogenic nitrogen emissions have been increasing, with a corresponding
increase in nitrogen oxide content of precipitation. Likens (1972) blames
increased N0, content af pweaipitatiOH‘since about 1945 on increased use of
natural gas and motor fuels. Improved fossil fuel combustion techniques,
which use higher flame temperatures, have also caused greater nitrogen
oxide emissions and precipitation content (Doviand et al. 1976). The
increasea use of nitrogen fertilizers since about 1950 may have contributed

additionally to the NOx content of precipitation (Dovland et al. 1976).

Although both sulfur dioxide and nitrogen oxide emissions increased sharply
after 1960, nitrogen oxide emissions increased at twice the rate of 502
emissions between 1960 and 1970 (Likens 1976). The concentration of
nitrogen oxides 1in precipitation has also increased compared to sulfur
dioxide concentration. In the Hubbard Brook Experimental Forest in

New Hampshire, the contribution of 504 to the acidity of precipitation in



Page 6

1964-1965 was 83 percent, while in 1973-1974 it was down to‘66 percent.

The NO3 contribution, on the other hand, increased from 15 to 30 percent
(Likens 1976). Annual input of hydrogen jons in precipitation increased

by 1.4-fold during this period, which correlates highly with the annual
rate of nitrate input. Sulfate annual input did not increase significantly
(Likens et al. 1975). Thus, although sulfuric acid remains the largest
contributor to acid precipitation, nitric acid is apparently becoming more
important in the northeastern U.S. (Likens et al. 1975) and in northern

Europe (Doviénd et al. 1976).

Excess sulfate (sulfate from all sources other than sea spray) concentration
is considered by Doviand et al. (1976) to be a good measure of the acidifying
effect of precipitation in Norway. This is because the correlation
coefficient between the concentration of excess sulfate and strong acid in
precipitation was 0.7 to 0.9 at most of the stations observed. Sulfate
concenf}ation is important in other areas of the world, also, where it 1is

the cause of acid precipitation. Figure 1 and Table 1 show sulfate concen-
trations in precipitation. Junge and Werby (1958) reported 2.2 mg/1 as a
good average of excess sulfate in precipitation over Tand for the whole

earth. This value is exceeded by most stations listed in the table.

SULFUR DIOXIDE AND SULFATE EMISSION SOURCES, AMBIENT LEVELS AND TRENDS

Sulfur oxide emissions, mostly in the form of 302, have generally increased
in recent years due to human activities. In Europe, sulfur emissions are
reported to have continuously increased by two to five percent per year
during the last fifteen years (Oden 1975). During the 1960s sulfur oxide

emissions in the U.S. increased by 45 percent (Commission on Natural
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Table 1.

Location

Sulfate concentration in

precipitation.

Reference

Remote background

Ram Plateau, N.W.T., Canada

Fort Simpson, N.W.T.
Cape Dyer, N.W.T.
Resolute, N.W.T.
Antarctica
Newfoundland

Wisconsin

Ojebyn, nerthern Sweden
Ultuna, central Sweden

Georgetown, British Guiana

Yonkers, N.Y., 24 km north of NYC

Northeastern U.S.

Hubbard Brook Experimental
Forest, N. Hamp

Canada
West Coast
West Central
East Central
East Coast
Sudbury, Ontario

Central Alberta

1.3

<1-20
4.8 mean

4.3-5.2
3.19-4.96

2.9

0.1-13
<0.1-11
<,3-80
.9-3.2
<.5-9.4

2.7

Comments

bulk sample, 1 station
precipitation only
snow event

rzin event

snow proifile

singie station, 1 year
singlie station, 1 year
single station, 1 year
single station, 1 year

3 year average pre

cip

6/75-8/75

precipitation events 1974

=

bulk sample, 18 sites 1965-68
t

precipita

ion, 5 sites 1972-73

bulk precipitation, weighted

annual mean 1964-7

bulk precipitation
bulk precipitstion
bulk precipitation
bulk precipitation

4

precipitation events—-variation
over 11 days 1,2, & 3/76
152 rain samples 1967-70, mean

Jacobson et al., 1875

Pearson and Fisher 1971
Cogbill and Likens 1974

<1975

}...l

Likens et a

Whelpdale and Summers 1975

Kramer 1976b

Summers and Hitchon 1973

g obey



Table 1. con.

SN

Location S0 (mg/1) Comments Reference
Norway .1-12 precipitation events Scholdager 1973 -
17 stations - .8-3 precipitation 1974-75 Summers and Hitchon 1973
South Coast 4 mean in precipitation 1972-73 Dovland et al., 1976
100 km from ccast 2 mean in precipitation 1972-73
Western 1-2 mean in precipitation 1972-73
Birkenes watershed 3.24 mean of 20 precipitation events, Semb 1975
1974
Forest .05-55% precipitation Bjor et al., 1374
Sweden 7-7.3 _ Hornstrom et al. 1973
3.3-6.5 bulk precipitation Andersson 1572
1.5-2.7 bulk precipitation Malmer 1974
Northeastern Minnesota 1.4 single station, 1 year precip. Gorham 1961
Fernberg Road - 3.0 mean, 2 bulk precip samples 3&5/77 MEQB 1977
Spruce Road 5 mean, 3 bulk precip samples 3,485/77
Dunka Road 5.1 mean, 2 bulk precip samples 4&5/77
Hoyt Lakes 4.8 mean, 2 bulk precip samples 4&5/77
Land areas, whole earth 2.2 average based on precip. S0y Junge and Werby 18538

cencentrations in the literature

abny

6
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Resources 1975); however, from 1972 through 1975 emissions appear to have
decreased s1ightly (U.S.EPA 1976a). Certainly in the early 1970s, and
possibly during the 1960s, emissions in urban areas decreased as sources
began to comply with air pollution control requlations (CNR 1975, UES;EPA
1976b).

Large pointssources located outside of cities were responsible for most of
the increased SO2 emissions in the 19603; and electric power plants contri-
buted about 88 percent of the total from these sources (CNR 1975). Power
plant sulfur oxide emissions continued to increase in the early 1970s,

when the overall trend was a slight decrease (U.S.EPA 1976b). At present,
large point sources are the emitters most TikeWy to violate federal air

quality standards (U.S.EPA 1975).

Sulfur oxide emissions are expected to continue to increase if no further
abatgment programs are implemented (CNR 1975). The National Academy of
Engineering has predicted a 66 percenﬁ increase.in emissions in

the U.S. from 1970 to 1990. Emissions from power plants are expected to

double from 1970 to 1980 and triple from 1970 to 1990 (CNR 1975).

About 80 percent of the total electric generating capacity derived from
fossil fuels in the U.S. is Tocated in the eastern half of the country;
abouf 50 percent of the total is located in the northeastern states
(Shriner et al. 1977). The northeast also contributes about half the
total sulfur oxide emissions (CNR 1975), and has the highest ambient 50,

and 504 levels.

Concentrations of sulfur dioxide in the air are shown in Figure 2. The

effect of different quantities of sulfur oxide emissions can be seen:



Figure 2. Sulfur dioxide concentration in air.
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backgréuhd sites have levels of 4 ug/m3 or less (Georgii 1970, Cadle et al.
1968, Lodge and Pate 1966), whereas industrial and urban areas have much
higher levels. Data from the National Air Surveillance Network (NASN) reveal
that the average 502 concentration at eastern U.S. urban sites was three
times the average concentration at western urban sites in 1964 through 1968
(Altshulier 1973). NASN déta from 1963 through 1972 showed western sites
and midwestgrﬂ sites west of the Mississippi to have only 10 to 20 percent

of the east coast Tevels (Altshuller 1976). Highest 302 levels were found

in the Northeast (Middieton 1970).

Five Minnesota sites had SO, concentrations within the early 1970 NASN
reported values, but above the NASN mean (Ritchie 1977). The two sites
downwind of petroleum refineries had much higher values. Only two sites in
northeastern Minnesota, which ave probably influenced by power plant
emissions, had enough 802 data above the detection 1imit to justify inclusion
in FigUré’Z‘ On one particular date, the S0, concentration reached 28.8

ug/m° at one of the sites (MEQB 1977).

Figure 3 shows ambient sulfate concentrations. As with SO2 concentrations,
eastern and urban values are higher than western and nonurban values.
Background areas throughout the world have reported SO4 levels of 1 to 4
ug/m3 (Georgii 1970, Junge et al. 1969, Junge 1963), while U.S. urban NASN
sites reported levels approaching 50 ug/m3 from 1964 through 1968 (Altshuller
1973). Western urban values are generally one- half eastern urban values
(CNR 1975), while western mountain states were found to have only 15 to 25

percent of the SO4 concentration at eastern sites (Altshulier 1973).



Figure 3.
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SO4 Tevels in rural arveas differ greatly between east and west (Altshuller
1973). West of the Mississippi 50, concentrations over forest and farmland
ranged from 1.5 to b pg/mgg whereas similar sites in the East and Midwest
east of the Mississippi had values of 5 to 10 ug/m3, Altshuller (1973)
attributes this difference to a residue SO4 Tevel of at Teast 5 pg/m3 in
the East, caused by Tong distance transport of 8029 and the conversion of
SO2 to 304 during transport. This is due -to emission patterns; sites west
of the Mississippi had, at most, one SO2 emission source within 160 km
(Altshuller 1973), while eastern sites, on the average, were within 30 to
60 km of a source (Shriner et al. 1977). Transport and transformation of
302 is responsible for over 50 percent of the SO4 at eastern sites and
midwestern sites east of the Mississippi, and responsible for over 75

percent of the SO4 at nonurban eastern sites (Altshuller 1976).

Recent trends in SO, and SO, concentrations have been determined for the

2 4
u.s. th Minneéota. In Minnesota, nine sites (seven of which are shown in
Figure.Z) were monitored by the Pollution Control Agency (PCA) for 502

from 1972 through 1976 (Ritchie 1977). The period of record for most sites
was not the full five years, however. The sites represented downtown,
urban residential and urban commercial-residential areas, and two sites
were source oriented downwind of two petroleum refineries. Trend analysis
was conducted for these sites. One of the petroleum refinery influenced
sites showed’a decrease in 502 concentration, and the other an increase.
Most other sites exhibited no statistically significant changes. Increases
in 302 concentration occurred at several sites in the fall and wihter of

1976. These data must be used with caution, however, because increased

heating due to the extreme cold during that time may have caused greater
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502 emissions. Insufficient data did not permit regional analysis Tor

SO2 trends frv Minnesota.

Other urbankareas outside of Minnesota showed distinct SO2 concentration
trends. The 1969 through 1971 NASN data indicate a decrease of about 50
percent in the average S0, 1éve1 at urban sites (CNR 1975), and from 1971
through 1975 a decrease of about 30 percent (U.S.EPA 1976a). In the nation
as a whole, 302 concentrations decreased rapidly from 1970 through 1973

and then ceased to decrease after this period. During 1975 the Tevels

remained relatively stable and had possibly begun to increase in some places,

“apparently because of failure or inability of some sources to use clean
fuels (U.S.EPA 1976a). Altshuller (1976) looked at NASN data from 1963
through 1972 and determined that SOZ Tevels exhibited a downward trend at
east coast sites and midwest sites east of the Mississippi. A smaller
downward’trend may have occurred in the Southeast and West, but results

1

were toé incomplete to be certaﬁhv

Sulfate concentration decreased in the U.S. as a whole, but not to the same
extent as sulfur dioxide concentration. Sulfur dioxide concentration
decreased 55 percent at east coast sites during 1963-1965 and 1969-1971,
while SO4 concentration decreased only 15 percent. In the Midwest, east of
the Mississippi, SO2 decreased 39 percent during 1965-1967 and 1969-1971,
while 504 concentration first decreased, then increased to slightly above
the early 1960 Tevels (Altshuller 1976). Shriner et al. (1977) reported
rather stable urban SO4 Tevels from 1957 through 1970. A statistical study
of NASN data showed the same for 1964 through 1970 (Frank 1974). Figure 4

shows what may be an increasing SO4 concentration trend in Minneapolis,




Figure 4.
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Minnesota, as well as SO? concentration changes, from 1963 through 1872.
NASN SO2 date do not, however, correlate with PCA data (Ritchie, personal

communication).

It may appear to be a paradox that sulfur oxide emissions in the U.S.
increased about 45 percent in the 1960s, whereas urban 802 concentrations
decreased, and urban 804 concentrations remained approximately the same
(CNR 1975). However, as mentioned ear?iér, the major increase in sulfur
oxide emissions cccurred at large point sources outside of urban areas.
Rural areas have not typically been as intensely monitored as urban areas.
In 1973, for example, of 213 SO2 surveillance sites operated by the EPA,
93 percent were in heavily populated areas, and only 5 percent in background
~areas, and 2 percent source-oviented (U.S.EPA 1974 ). Because nonurban
areas are not adequately reflected in SO2 and SO4 trend data bases, the
effects of shifting emission patterns may be difficult to ascertain.

Ve
l

Nonurban 302 data are too sparse to jusfify trend analysis (CNR 1975,
Altshuller 1976), although a slightly perceptible decrease was seen at

10 background sites from 1970 through 1973 (Shriner et al. 1977).

More extensive data are available for nonurban SO4 concentrations.

Altshuller (1976) found an increase in most regions of the U.S. between

1965 and 1972. A general increase from 1962 through 1970 was also found by CNR
(1975). 1t appears as though man-made sulfate increased by 40 to 100

percent in nonurban areas during the 1960s. This increase is in agreement
with sulfur oxide emission trends (CNR 1975). The Timited data 6btainab]e
suggest that nonurban 804 trends may reflect the influence of 302 emission

charges more closely than urban 804 trends (Shriner et al. 1977).
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Nonurban Minnesota 502 and 504 qmbient concentrations and trends were not
discussed in the Titerature. From information available, however, it is
clear that areas with Tow SO2 emissions (such as northeastern Minnesota,
the northeastern U.S., and northern Europe) may have SO4 Tevels wei1 above
background concentrations due to Tong distance transport and transformation
of 8029 and therefore, may have acid precipitation problems (CNR 1975,

Altshuller 1976).

CURRENT ACIDITY OF PRECIPITATLON

Increases in precipitation acidity have occurred simultaneously with SO2
and NOx emission increases. Likens (1976) reports that the pH of precipi-
tation in the eastern U.S. dropped significantly between 1930 and 1950.
Free acidity (pH) was not measured prior to 1940, so exact pH values are
not known; however, methyl orange tests indicated that the pH was above 4.6
(Likenﬁ and Bormann 1974). In addition, relatively large amcunts of HCO3
were found in precipitation at Geneva; New York, before 1930 (Collison and

Mensching 1932). This probably indicates that pH values were 5.7 or higher

(Likens and Bovmann 1874).

A marked decrease in mean precipitation pH in Norway occurred throughout
the 1955 to 1976 period (Dovland et al. 1976). The rate of pH change of
bu1k‘precipitation (both wet and dry deposition) in Sweden and Norway was
-.03 to ~.08 pH units per year from 1955 to 1969 (Oden 1975). Othef sources
indicate a drop of .05 to .09 pH units per year in Swedish precipitation

from 1955 to 1975 (Dickson 1975, Andersson 1972).

Recent precipitation pH values in the literature ranged from 2.1 to 8.6

(see Figure 5 and Table 2). Areas defined by the literature as “"remote"
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Figure 5. Selected precipitation pH values.
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1 mile from smelter (Sudbury) La Cloche Mountains; Sudbury
2 1 Northeastern U.S.
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Table 2. Precipitation pH.
Location pH Comments Reference
Remote background
Rem Plateau, N.W.T, Canads 5.55 bulk sample Kramer 19753
Fort Simpson, N.W.T. 2.8-7.0 precipitation only Whelpdale and Summers 1875
Cape Dyer, N.W.T. 5.0 snow eventh
Resolute, N.W.T. 5.7 rain event Krzmer 19732
Antarcticsa 6.32 gnow profile Giessing and Gjessing 1973
North Dakota 7.9,8.1 snow-—dustfall from arid Adomaitis et al. 1867
lznds raises pH
Northeastern Minnesota
Ely 4£,0,4.5,4.8,4,8, rain events, 1977 MEQB 1977
5.0,5.2
Kawishiwi Lab 4,3.4.7,4.7,4.8, rain events, 1977
6.2
Burntside Lake 5.7 rain event, 1977
Average 3 stations 4.9 12 rain events, 1977
Northeastern U.S. 2.1-3.0 individual storm minimums Likens and Bormann 1874, Likens
4,0-4,2 annual average, precip Borman 1975, Cogbill 1975
fubtard Brook Experimental 4,03-4,21 average annual weighted Likens et al. 1973
Forest, N. Hamp. (no pH 1964-74
nearby industrial or 3.0 event minimum
population centers)
Ithaca, N.Y. 3.82-4.18 rain and_snow, Feb-June 1975 Galloway et al. 1975
Adirondacks 4,05-4.31 rain and snow © 8chofield 1975
Sudbury, Ontario <4 rain and snow average Hutchinson and Whitby 1974
within 10 miles of Sudbury
2.85 rainfall, dust f£all average
1 mile south of Coniston
Smelter
4.34 rainfall, dustfall average

12 miles east of Coniston
Smelter

0z abed



Table 2. (cor™ ".)

Location pH Comments Reference
Sudbury contd. 3.6 rain event falling through Wiebe and Whelpdale 1975
plume
3.8-5.2 precipitation events, Kramer 19760
' variation over 11 days
LzaCloche Mountains, Ontario 4.3 average of 18 precipitation  Beamish and Van Leoon 197 s
(remcte area southwest of events 1972-73 ]
Sudbury) 3.6-5.5 5 rainfall events, 1969-71 Beamich and Harvey 1972
2.9 precipitation event :
minirmun
Kentville, Nova Scotia 5.7 23 vain and snow zamples Herman and Gerham 1957
(agricultural area, little 1952-54
industrial pollution)
Norway 4.3 annual mean--south coast, Dovlend et 2l. 13876
area of most acidic precip
3.5 precipitation minimum
several stations
3.7-4.9 precipitation events Scholdager 1973
3.35-5.8 forest, precipitation Bjor et al. 1974
Sweden 4.3-4.4 Hornstrom et al. 1973
3.9-5.9 bulk sample Andersson 1972

he

2]

oS
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generally have phH values above 5, whereas values near 4 are not unusual in
highly impacted areas. In much of the northeastern U.S., precipitation has
an average pH of between 4.0 and 4.2 (Likens 1976). The average precipi-
tation pH in the Sudbury area is reported to be about 4.5 (Kramer 1976a).
Most precipitation pH vaiueslin Figure 2 are below 5.7, indicating acidic

precipitation.

REMOVAL MECHANISMS

Pollutants are removed from the atmosphere by several different mechanisms.
Wet deposition, in the forms of rain and snow; and dry deposition, composed
of dry fallout, impacted serosols, and adsorbed gases; contribute to the
total amount of potlutant which reaches Tand and water surfaces (Galloway
and Likens 1977). Bulk precipitation includes both wet and dry deposition.
Types of precipitation collectors are discussed generally in Galloway and

Likehé.(1977); and in more detail in Galloway and Likens (1975).

Rain is a more efficient scavenger of pollutants from the air than snow
(Summers and Hitchon 1273, Herman and Gorham 1957). Nova Scotian rain and
snow samples collected for 16 months from 1552 through 1954 revealed 40
percent as much sulfur, 33 percent as much ammonia, and 50 percent as much
nitrate in snow as in rain (Summers and Hitchon 1973). Average S0,
concentrations in precipitation in Alberta were 2.0 to 3.0 mg/1 in summer
and less than 0.5 mg/1 in winter (Summers and Hitchon 1973). Kramer (1975)
found maximum SO4 Toadings in summer and Likens (1972) found summer rains
to be generally more acidic than winter precipitation. In the northeastern
U.S. higher hydrogen ion concentrations occur in summer precipitation than
in winter precipitation (Hornbeck et al. 1975). Sulfate deposition exhibited

a nearly identical seasonal pattern as hydrogen ion deposition.
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Several hypotheses have been advanced to explain the different concentrations
of pollutants in rain and snow. Herman and Gorham (1957) suggest that either
snowflakes have a Tower efficiency of removing material from the atmosphere
than faindrmpsa or that air masses from which snow falls have Tower concen-
trations of matérials than air masses from which rain falls. Summer convective
storms are very efficient in removing SO2 from the atmosphere, whereas stable
air masses from which snow occurs have very Tittle vertical transport of

air, causing SDZ emissions to be trapped in the Towest few thousand feet of

the atmOSphefe and not enter the precipitation mechanism (Summers and Hitchon
1973). Hovnbeck et al. (1975) suggest that summer electric power generation

produces more acid-forming emissions than winter heating.

Junge (1963) states that rainout efficiency is proportional to the Tiquid
conﬁent‘of the clouds. Rainout is the incorporation of 802 or sulfate
aerosois into the physical processes of the cloud and subsequent fallout in
rain (Summers and Hitchon 1973). 1In Alberta the Tiquid content of winter
snow-producing clouds is typically one-tenth of the value found in summertime
cumulus. In addition, the oxidation rate of SO2 is lower in the presence

of cloud droplets in summertime clouds. These factors account for much of
the difference in rain and snow sulfate concentrations (Summers and Hitchon
1973). Work by Bushtueva (1954, 1957) indicates that oxidation of S0, to

HZSO4 occurs more readily in high relative humidity conditions.

Wet deposition of pollutants may be greater than dry deposition. Garland
(1974) found from the literature that annual wet deposition of sulfur
compounds was 1.5 to 6.4 times greater than dry deposition of 502 gas and
SO4 particles. A dispersion model used to estimate the amount of dry

deposition in Norway showed that wet deposition of 302 is about three times
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as large as dry deposition {Doviand et al. 1976). Other scientists believe,
however, that dry deposition to lakes is approximately equal to wet deposition

(Kramer 19765).

Dry fallout of oxides is relatively greater near the emission sources,
whereas wet deposition is more important hundreds or thousands of kilometers
from the sﬁurces (Overrein 1975). Thus, Norway, which is a greater distance
from the major sources of sulfur dioxide and nitrogen oxide emissions in

Europe, receives a greater wet deposition of poliutants than dry deposition.

It should be noted that Figure 1 and Table 1 include both wet and bulk
deposition data, as well as some seasonal data. Based on the information
in the preceeding paragraphs, the SO4 concentration values in the figure

and table may not be directly comparable.

ACID BUFFERING

The acidity of precipitation can be ﬁeutraiized by various substances in

the atmosphere. Additions of even small amounts of particulates to the
atmosphere may raise the pH of precipitation because their surfaces have

the ability to adsorb H' (Kramer 1976a). Norton (1975) reports that most
inorganic particulates tend to react with and consume acid in precipitation.
In-areas where there is abundant windbTown dust, pH values for precipitation
of 7 to 8 are not uncommon (Kramer 1976a). Gorham (1975) found differences
in snow acidity in Minnesota during 1974-1975, presumably related to greater
dustfall in the western cu]fivated area than in the eastern forested area.
Western snow was alkaline (pH up to 9.5) with a high particulate content

and eastern snow was acid (pH 4.5-5.6) with a low particulate content.

Bases in the atmosphere which are capable of neutralizing acid precipitation
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include sea spray and ammonia (Gorham 1975). Dairy Tarms have been sug-
gested as sources of atmospheric ammonia in parts of Denmark and southern

Sweden (Barrett and Brodin 1955).

Likens and Bovymann (1974) found that the sulfur content of rain and snow in
New York State is 70 percent Tower now than prior to 1950, while brecipi—
tation acidity has increased since 1950. They hypothesize that a conversion
of fuel source from wood and cosl to natﬁra} gas has caused this change.
Particulates released when coal was burned neutralized the acid formed by
SO2 emissions. Present use of natuwa1‘9as produces Tess SOZ’ but also fewer
neutralizing components. Tall stacks, equipped with precipitators to remove
particutates, cause SO2 and 504 to be transported to Tong distances. The
authors conclude that Jocal “soot problems" have been transformed into a

"

regional "acid rain problem.

Befare acid‘precipitation reaches a lake or stream, it may be additionally
neutralized in the watershed. Henriksen and Wright (1977) found that 75
percent of the incoming acid was neutrailzed in the watershed of a small

acid Take in Norway. When rain fell through the forest canopy in the

Hubbard Brook Experimental Forest in New Hampshire, the pH rose from 4.0-4.1
to 4.7-5.0 (Hornbeck et al. 1975). Soils also have a neutralizing capability,
especially those derived from carbonate-rich sedimentary rocks (Gorham 1975).
Gjessing et al. (1976) found that runoff in Norway has an average weighted

pH of 0.2 to 0.9 units higher than precipitation.

Finally, acid precipitation may be neutralized in lakes. Lakes in drainage
basins high in easily weathered calcareous material (such as dolomite or

Timestone) are generaily well buffered due to the presence of carbonate and
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bicarbonate ions (Wright and Gjessing 197G6). OH  ions formed from the
hydrolysis of C(),;;2 and Hcog“ cause the water to be alkaline (Wetzel 1975).
Norwegian Takes in areas of this type have pH values above 6.5, regardless

of acid loading.

Lakes in drainage basins composed of highly resistant crystalline rocks are
poorly buffered, on the other hand, and in Norway have pH levels of 5.5 to
6.0 if they do not receive acid precipitaf?on, and pH Tevels below 5.0 if
they do receive acid precipitation (Wright and Gjessing 1976, Gjessing et al.

1976, Wright and Henriksen 1976).

. - . . + . -
Cation-Al-silicates and weak organic acids are also H sinks (Kramer 1973b).
The cation-Al-cilicate buffering system involves a slower reaction than the
HCO,, system, and will fix the system near pH 6. Weak organic systems

]

generally buffer between pH 4 and 5 (Kramer 1973b).

Trophic state has an effect on buffering capacity. High concentrations of
phosphate, silicate, and borate may impart alkalinity. Eutrophic Tlakes
are, therefore, more strongly buffered than mesotrophic and oligotrophic

Takes (Lenhart 1976).

EFFECTS OF ACID PRECIPITATION ON LAKES

Poorly buffered lakes will eventually become acidic if they receive
continued input of acid precipitation. This has happened in parts of the
northeastern U.S. (Likens 1976, Cogbill and Likens 1974), Ontario, Canada
(Conroy et al. 1975, Beamish 1975), and Scandanavia (Dovland et a1. 1976,
Bolin 1971). Long distance transport of poliutants has been found to cause

acid precipitation and subsequent acidification of lakes downwind of
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industrial areas (Conroy et al. 1975, Likens 1976, Dovland et al. 1976).
Figures 6 and 7 are an example of how this type of impact is determined.
The direction of the prevailing winds in Sudbury (Figure 6) can be matched
with the zone of Tow pH Takes (Figure 7). Smelters in Sudbury emit

1.5 X 106 metric tons of SOZ per year, and this pollutant has apparently

been the cause of the acid lakes (Conroy et al. 1975).

The rate of lake pH change is slow, often Tess than seasonal variations or
analytical reproducibitity (Almer et al. 1974). Because of this, irrever-
sible ecological damage may occur before acidifying trends are established
(Kramer 1976a). Rates of lake pH change reported in the literature were
-.01 to -.17 pH units per year (Table 3). The remote lakes within and to
the east of the La Cloche VMountains in Ontario were among the Takes which
experienced the most rapid acidification. These lakes are about 65 km
southwest of Sudbury and receive no visi51e surface effluent of industrial
origin (Beamish aﬂ& Harvey 1972). pH measurements were available for 11 of
the 22 Takes from 1961 or earlier. Each of these lakes showed a ten-fold
to more than one hundred-fold increase in H+ jons by 1971 (Beamish and
Harvey 1971, Beamish 1974). Input of acid precipitation to a group of
Takes in southern Norway caused a 30 to 60-fold increase in acidity from

1941 to 1975 (Gjessing et al. 1976).

Most lakes and streams in southeastern Norway now have pH values below 5
(Gjessing et al. 1976). Some high altitude Tlakes in the Adirondacks have
pH tevels of about 4.3 (Sawyer 1977). Figure 8 and Table 4 show lake pH

in other areas of the world as reported in the literature. The pH of lakes

in the Copper-Nickel Study area ranges from 6.4 to 7.6 (MEQB 1977).
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FIGURE 6. WINDROSE DIAGRAM
FOR SUDBURY (1955-19661.

SOURCE: CONROY ET AL. 19768
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@ ~ Wanapitel
(5) - Onaping
@ -~ Quirke
@ —~ Nipissing o
(6) - North Shore

(3 - Manitoulin Island

Figure 7. Sketch map of Sudbury area showing a contour for lakes with pH=5.5.
For geographical reference the numbers indicated are:

1) Sudbury 5) TLake Nipissing
2) Lake Wahnapitae 6) North Channel - Lake Huron
3) Lake Onaping 7y Manitoulin Island

4) Quirke Lake

Note the northeast-southwest trend corresponding to the windrose depicted in
Figure 6.

SOURCE: Conroy et al. 1975.



Table 3. Rate of lake pH change due to acid precipitation.

g obed

Location Number of Lakes Years - _pH Change/Yr (pH units) Reference

Sweden ~1963-69 -0.01 to ~0.16 Oden and Ahl 1970
Southwestern 8 1943-71 -0.04 Dickson et a1. 1973

5 1933-71 -0.03

Westcentral 5 1937-73 -0.06 Grahn et al. 1974
Southcentral 5 1833~-73 -0.03 Dickson et al. 1875
Southernmest 51 1935~71 -0.0153 Malmer 1975

Norway 10 1941-75 ~-0.04 Gjessing et al. 1976
East Central 11 1941-75 -0.05

Ontario 1953-71 -0.03 to -0.09% Cenroy and XKeller 1972
In and east of la Cloche
Mountains 22 1959-71 ~0.16 Beamish and Harvey 1972
North of La Cloche Mountains - 26 1970-71 -0.08
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| ) Figure 8. Lake pH.
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| Acid dinput S West Central Sweden; La Cloche Mts. (Muriel Lake)
| Acid input ‘ La Cloche Mts. (0.S.A. Lake); Sudbury
| Acid dinput West Coast Sweden
| Acid input~"" | ~~Sudbury
pH 4 1




Lake pH.

Number or
Name of Lakes pH Reference
ntal Lake Area, Ontario 40 5.6-6.7 Armstrong and Schindler 1971
102 6.5 Beamish et al. 1975
rn Minnesota 26 6.3-7.7 MEQB 1977
7.0 ave.
as of highly resistant <5.0 Gjessing et al. 1976
e poor bedrock and
cipitation .
ighly resistant 5.5-6.0
e poor bedrock without
cipitation
arbonate rich terrain >6.5
without =acid
.ation
pitation aress
st Sweden 112 4.37 Hormstrom et al. 1973
itral Sweden 6 4L.66 Grahn et al. 1974
1e Mountains, Ontario 4 4.7
0.S.A. 4.5 Beamigh 1974
Muriel 4.7
George 5.0 Beamish et al., 1875
Lumgden 4.8 Beamish and Van Loen 1975
4 4.5 Scheider et al. 1975
8 within 200 km 4.3-8.3 Conroy et al. 1975
weathered terrain 6 8.1 Dicksen 1975
1t terrain 7 6.3
ast area 3 4.9

26 abed
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Hydrogen ion loading in diffevent areas of the world was not reported in
the Titerature; however, sulfate lToading was reported and is shown in
Figure 9 and Table 5. Two remote Canadian stations receive loadings of
Tess than 365 mg/mz/year° Most rural staticn values are Tess than 5000
mg/mz/year. Continued input of sulfate via acid precipitation to acidified
Norwegian Tlakes has caused a change from bicarbonate to sulfate as the

major lake water anion (Wright et al. 1975).

Fluctuations in Lake pH

Periodically, extremely acid precipitation events occur and Targe amounts
of acid are deposited in lakes and streams over short periods of time. In
the Birkenes watershed in Novrway 25 percent of the entire excess sulfate
deposition of three years occurred in acid precipitation during 15 days
(Dovland et al. 19768). After one of these events the H+ concentration in
one stréém rose 300 percent, 804 concentration rose 20 percent, and NO3
concentration rose S0 percent (Gjessing et al. 1976). While these increases
occurred within a few hours, recovery to pre-episodic concentrations of H+
and SO4 took weeks. Nitrate returned rapidly to Tew concentrations,
presumably due to bioiogical immobilization in the forest ecosystem
(Gjessing et al. 1976). Acid precipitation episodes in Norway occur most

frequently in the fall, when precipitation is greatest (Gjessing et al. 1976).

Spring snowmelt also supplies large amounts of acid and other pollutants to
lakes and streams (Air Pollution Across National Boundaries 1971). Lab and
field studies by Johannessen et al. (1975) showed that concentrations of

H+, SOQ, N03, and heavy metals were two to three times greater in the first

meltwater than in snow. Minimum annual pH levels in Finish rivers occur
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Figure 9.

Sulfate loading from bullk preciplitation.
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Table 5. Sulfate loading from bulk precipitation.

Location

S0. (mg/m?/yr)

Comments

Reference

Remote background
Ram Plateau, N.W.T.
Faroe Island, Denmark
Sjﬁénjen, Sweden
Sodankylé, Finland
Continental U.S.

Northeastern U.S.
Rural inland stations

Coastal stations
Urban station
Canada

Great Lakes
Northern Ontario

Europe Hanstholm, Denmark

Tange, Denmark
Keldsnor, Danmark
Gniben, Denmark
Dueodde, Denmark
Vert-le-Petit, France
Rjupnahaed, Iceland
Finsland, Norway
Soyland, Norway
Wagenigan, Netherlands
Wittevan, Netherlands

Den Helder, Netherlands

Ryda, Sweden
Bredkalen, Sweden
Jomala, Finland
Jokioinen, Finland
Puumala, Finland
Ahtari, Finland
Cottered, U.K,
Eskdalenuir, U.K

K.
F R, ar o 3
fveorage 20 stations

{365
3000
3000
2500
1300-2600

2465-6363
4140 ave,
2921-5612
4382 ave.
56636621
6042 ave,.

5110
183-6205

4500
4700
4400
5000
4760
12800
4800
5000
6000
13600
8000
9200
5060
6000
5600
6800
5500
4200
16000
6000
6870

anthropogenically uninfluenced
anthropogenically uninfluenced
anthropogenically uninfliuenced
anthropogenically uninfluenced

14 staticns
3 stations

1 station (Albany, NY)

Kramer 1975
Benarie 1975

Wolaver and Lieth 1972

Pearson and Fisher 1971

Shiomi and Xuntz 1973

‘Kramer 1975

Benarie 1975

e abey



Table 5. contd.

9c abeq

Location 50y, (mg/m?/yx) © Comments Reference
Thunder Bay, Ontaric 2599 average, 2 samplers, 10/73-6/75 Acres 1975
Grand Marais, Minn. 3285 averzge, 2 samplers, 5/74-2/75 Acres 189753
Two Harbors, Minn. 3281 average, 2 samplevrs, &/74-2/75 Acres 1975
Northeastern Minnesota
Hoyt Lzkes 1600 geometric means of monthly MEQB 1977
Dunka Road . 1800 loading rates, 1977 o '
Spruce Road 1300 v
Fernberg Road 1800 oo
average, 4 stations ' 1600 v
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during spring melt due to acid meltwater (Haapala et al. 1975). Gjessing
et al. (1976) found that large amounts of H are released into south
central Norwegian Takes in the first phases of snowmelt. The melt-freeze
cycles that occur during snowmelt increase the concentration of pollutants

(Kramer 197Ga, Gjessing et al. 1976).

Natural, seasonal, and diurnal pH changes do occur in lakes because of
photosynthetic activity (Oden and Ahl 1970, Johannessen et al. 1975). pH
generally increases during growing periods {daylight, spring bloom,

August bloom)(Kramer 1976a). In acidic lakes which have lost their
bicarbonate buffering systems, however, large pH fluctuations can occur in
response to episodic inputs of acid (Wright and Gjessing 1976, Gjessing

et al. 1976).

Additional Effects on Water Chemistry

Acid 5}ecipitation may cause changes. in Take water chemistry in addition to
acidification. Acid precipitation is usually high in trace elements such
as Cu, Ni, Pb, Zn, and As from urban and industrial areas (Gorham 1975).
Extremely high Cu and Ni concentrations occur in precipitation near Sudbury
(Conroy et al. 1975). Concentrations of metals in lakes are, therefore,
elevated due to direct deposition by precipitation (Conroy et al. 1975).
Organic toxins and nutrients, particularly phosphorus, nitrogen, calcium,

and potassium, may also accompany acid precipitation (Gorham 1975).

Runoff of acid precipitation across land surfaces also adds chemical
components to lakes (Wright and Gjessing 1976). Acid precipitation may
affect soils in various ways, including:

1) increase the mobility of most elements,
2) increase the loss of clay minerals,
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3) change the cation exchange capaciiy-increase or decrease,
4) generally increase the rate of vemoval of all cations from the soil,
5) dncrease flux of nutrients through ecosystems contiguous with the

st 7 and through aquatic ecosystems (Norton 1975).
Unusually high aTuminum and magnesium levels have been found in the acidic
La Cloche Mountain and Scandinavian lakes (Wright et al. 1975). Since the
solubility of Al is negligibie at pH above 5, the appearance of Al in lakes
is probably due to washout from the soil by acid precipitation (Norton 1975,

Wright et al. 1975). Ca and Mg are also Teached from soils by acid rain

(Overrein 1972, Henriksen 1972).

In acid lakes, a greater portion of trace metals are in the soluble fraction
from desorption (Kramer 1976a, Ontario Water Resources Commission 1970).
Manganese and zinc Tevels are high in the La Cloche Mountain lakes and

-5

Swedish lakes, appavently as a result of increased solubility (Beamish and

Van Loon 1975). Galloway et al. (1976b) found that both Al and Mn are
impoVérished in sediments of an acid lake in the Adirondack Mountains,
indicating that Take sediments may act as a source of these elements to

lake water.

Kramer (1976a) suggests that pH should be considered the master variable in
lake chemistry because it affects. directly or indirectly, primary and
secondary aquatic production and Take production. The residence time of
trace metals and nutrients increases in acid lakes because of decreased
biological production and decay (Kramer 1976a). pH of less than 5.5 has

an adverse effect on the aquatic biological community (Conroy et al. 1975),
and sudden pH drops due to spring meltwater or acid precipitation episodes

may cause a severe shock to aquatic life at higher pH levels (Wright et al.



Page 39

1975). The additive effects of heavy metals and acid may cause stress at

a higher pH than if metals are not present (Beamish 1975, Dickson 1975).

CONCLUSION

Acid precipitation has caused damage to terrestrial and aquatic ecosystems
in several areas of the world, notably Scandinavia, the northeastern U.S.,
and Ontario, Canada (Likens 1976; Cogbill and Likens 1974, Conroy et al.
1975, Beamish 1975, Dovland et al. 1976, Bolin 1971, Kramer 1976a).
Precipitation has become increasingly acidic over the past two decades and
pH values of four or lTower are now not unusual in the areas mentioned above
(Likens 1976, Dovland et al. 1976, Hutchinson and Whitby 1974). Additional
areas can be expected to receive acid precipitation if acjdﬁforming pollu-
tants, particularly sulfur dioxide and nitrogen oxides, continue to be
re1eased_to the atmosphere in increasing amounts. Especially vulnerable to
acid?pfec?pitatioh are lakes which are poorly buffered due to geologic
environment and are located downwind of areas of high pollutant emissions
(Wright and Gjessing 1976). These lakes may suffer from, or continue to
suffer from, acidification and other associated chemical changes, and

subsequent Toss of fish populations and other aquatic life.



Page 10

REFCRENCES CITED

Abrahamsen, G., ¥. Bjor, R. Horntvedt and B. Tveite. 1976, Effects of
acid precipitation on coniferous forest. Pages 36-63 in Finn H.
Brackke, ed. Dipaci of acid precipitation on Torest and freshwater
ecosystems in Hovway (Hereafter veferred to as Brackke). SNSF Project,
Ras, Norway.

Acvres Consulting Services Limited and Applied Earth Science Consultants, Inc.
S 1975, Atmospheric Toading of the upper Great lLakes. Vol. 3.
Appendices. Canada Center for Inland Waters.

Adomaitis, V.A., H.A. Fantrud and T.A. Shoesmith. 1967. Some chemical
cha;acterrai’ cs of acolian deposits of snow--5011 on prairie wetlands.
Proc. N.D. Acad. Sci. 21:65-568. C(Cited in Gorham, 1975,

nal boundaries. Sweden's case study for the

Air pollution across nat S
humar environment. 1971, Stockholm. 96 pp.

tio
U.N. conference on the
Cited in Gorham, 1975,

Atmer, B., M. Dickson, V. Miller. 1974. pmbio 3(1):30-36. Cited.in Likens,
1976 and Kramer, 1976a.

Altshuller, A.P. 1873. Atmospheric sulfur dioxide and sulfate. Distribution
of concentration at urban and nonurban sites in United Stetes. LEnv.
Sci. Tech. 7(8):705-712.

Altshuller, A.P. 1976, Regiona? transport and tran;formgtian of sulfur
dioxide to suifates in the United States. J. Air Poll. Control Ass.
26(4):318-324.

Andersson, B. 1972, Food selectivity of perch (Perca Fluriatilis L.)(in
Swedish, Engtish summary). In Acidified lakes on the west coast of

Sweden. Solvattens Laboratoriet Report 17. Drottningholm. Sweden.
Cited in Kramer, 1976a.

Anonymous. 1975. Air quality and stationary source emission control.
Committee on Public Works, serial #94-4, U.S. Senate, 909 pp.
(Same as CNR 1975). '

Armstrong, F.A.J. and D.W. Schindler. 1971. Preliminary chemical charac-
terization of waters in the experimental lakes area, northwestern
Ontario. J. Fish. Res. Board Can. 28:171-187.

Barrett, E. and G. Brodin. 1955. The acidity of Scandinavian precipitation.
‘TeTius 7:251-257. Cited in Gorham, 1975.

Beamish, R.J. 1974. Loss of fish populations from unexploited remote lakes
in Ontario, Canada, as a consequence of atmospheric fallout of acid.
Water Res. 8:85-95. Cited in Beamish, 1975 and Conroy et al., 1976.



Page 41

Beamish, R.J. 1975. Acidification of Takes in Canada by acid precipitation
and the resulting effects on fishes. Pages 479-498 in L.S5. Dochinger
and T.A. Seliga, eds. Proc. of the first international symposium on
acid precipitation and the forest ecosystem, (Hereafter referred to as
Dochinger and Seliga). HNortheast For. Exp. Stn., Upper Darby, Pa.

Beamish, R.J. and H.H. Harvey. 1972. Acidification of the La Cloche
Mountain Lakes, Ontario and resulting fish mortalities. J. Fish.
Res. Board Can. 29(8):1131-1143.

Beamish, R.J., L. Milanese and G.A. McFarlane. 1975. A fish and chemical
survey of 110 ELA Tlakes with appended reports on whitefish aging
errors and northwestern Ontario bait fishevy. Fish Res. Board Can.
Tech. Rep. (in press). Cited in Beamish, 1975.

Beamish, R.J. and J.C. Van Loon. 1975. Precipitation loading of acid,
heavy metals, and other substances to a small acid lake near Sudbury,
Ontario, Canada (Manuscript in preparation). Cited in Beamish, 1975.

Benarie,M.1975. Transport of poliutants considered from the point of view
of a short and medium range material balance. Pages 251-263 in
Dochinger and Seliga.

Bjor, K. et al. 1974. Distribution and chemical enrichment of precipitation
in a southern Norway forest stand. SNSF Project Research report #1-74.
Aas, Norway. Cited in Kramer, 1876a.

Bolin, B., ed. 1971. Report of the Swedish Preparatory Committee for the
U.N. Conference on Human Envivonment. HNorstedt and Soner, Stockholm,
Sweden. Cited in Likens, 1976.

Bushtueva, K.A. 1954. Ratio of sulfur dioxide and sulfuric acid aerosol
in atmospheric air, in relation to meteorological conditions. Gig. i
Sanit. 11:11-13. Pages 193-196 in B.S. Levine, transiator. 1960.
U.S.S.R. Titerature on air pollution and related occupational diseases,
a survey. Vol. 4. U.S. Dept. of Commerce. Washington, D.C. Cited in
Middleton, 1970. )

Bushtueva, K.A. 1957. The determination of the Timit of allowable concen-
trations of sulfur acid in atmospheric air. Pages 20-36 in B.S.
Levine, translator. Limits of allowable concentrations of atmospheric
pollutants. Book 3. U.S. Dept. of Commerce. Washington D.C. Cited
in Middleton, 1970.

Cadle, R.D., W.H. Fischer, E.R. Frank, and J.P. Lodge, Jr. 1968.
Particulates in the Antarctic atmosphere. J. Atmos. Sci. 25:100.
Cited in CNR 1975. :

Cogbill, C.V. 1975. Acid precipitation and forest growth in the north-
eastern U.S. Masters thesis, Cornell University, Ithica, N.Y. Cited
in Likens, 1976.



Page 47

Cogbill, C.V. and G.E. Likens. 1
U.S. Water Resour. Res. 10(6
1976 and Likens, 1976.

974. Acid precipitation in the northeastern
51:1133-1137. Cited in Galloway et al.,

Collison, R.C. and J.E. Mensching. 1932. N.Y. Exp. Stn. Geneva Tech.
Bull. No. 193. Cited in Likens and Bormann, 1974.

Commission on Natural Resources (CNR). 1975. Air quality and stationary
source emissicn control. HNAS/NAE/NRC Report to the Committee on
Public Works. U.5. Senate Serial No. 94-4. 809 pp.

Convoy, N., F. Hawley, Y. Keller and C. Lafrance. 1975. Influences of the
atmosphere on lakes in the Sudbury area. J. Great lLakes Res. 2
(suppl. 1):146-165.

Conroy, N. and W. Keller. 1972, Report on a preliminary survey of selected
lakes in the southwest portion of Swastica Forest District. ({Draft).
Min. of the Envivorment, Water Qual. Branch, Sault St. Marie, Ontario.
Cited in Kramer, 1976a.

Dickson, W. 1975. The acidification of Swedish lakes. Inst. Freshwater
Res. Drottingholm. Rep. 54:8-20.

Dickson, W., F. Hornstrom, C. Ekstrom and B. Almer. 1975. Rodingsjoar
sodar om Dalalven (Char lakes south of River Datalven). Inst.
- Freshwater Res. Drottingholm, Info. No. 7. (in Swedish, English
summary). Cited in Wright and Bjessing, 1976.

Doviand, H., E. Joranger and A. Semb. 1976. Deposition of air pollutants
in Norway. Pages 15-35 in Braekke.

Frank, N.H. 1974. Temporal and spatial relationships of sulfates, total
suspended particulates and suifur dioxide. Presented at the 67th
annual meeting of the Air Pollution Control Association. Denver,
Colorado, June 9-13. Cited in CNR 1975.

Friend, J.P. 1973. The sulfur cycle. Pages 177-202 in 5.J. Rasool, ed.
Chemistry of the lower atmosphere. Plenum Press, New York.

Galloway, J.N. and G.E. Likens. 1975. Calibration of collection procedures
for the determination of precipitation chemistry. Proc. Tirst
international symposium on acid precipitation and the forest ecosystem

(preprint).

Galloway, J.N. and G.E. Likens. 1977. The collection of precipitation for
chemical analysis. Paper accepted by Tellus, May 1977.



Page 43

Galloway, J.N., G.E. Likens and E.S. [dgerton. 1975. Hydrogen jon
speciation in the acid precipitation of the northeastern United States.
Pages 383-396 in Dochinger and Seliga.

Galloway, J.N., G.E. Likens and E.S. Edgerton. 1976a. Acid precipitation
in the northeastern United States: pH and acidity. Science 194:722-724.

Galloway, J.N., C.L. Shofield and G.E. Likens. 1976b. Abstract of paper
presented at the 39th Annual HMtg. American Society of Limnology and
Oceanography, Savannah, Georgia, 20-25 June, 1976. Cited in Wright
and Gjessinag, 1976.

Garland, J.A. 1974. Dry deposition of SOzband other gases. Pages 212-227
in E.R.D.A. Atmospheric-surface exchange of particulate and gaseous
poliutants. E.R.D.A. Symposium series CONF-740921.

Georgii, H.W. 1970. Contribution to the atmosphere sulfur budget.
J. Geophys. Res. 75:2365. Cited in CNR 1975.

Giessing, Y.T. and E.T. Gjessing. 1973. Chemical composition of an
Antarctic snow profile. Vatten 3. Cited in Kramer, 1976a.

Gjessing, E.T., A. Henriksen, M. Johannssen and R.F. Wright. 1976. Effects
of acid precipitation on freshwater chemistry. Pages 65-85 in Braekke.

Gorham, E. 1958. Atmospheric pollution by hydrochloric acid. Quart. J. Roy
Meteorol. Soc. 84:275-276. Cited in Gorham, 1975.

Gorham, E. 1961. Factors influencing supply of major ions to inland waters,
with special reference to the atmosphere. Geol. Soc. Am. Bull. 72:795-840.

Gorham, E. 1975. Acid precipitation and its influence upon aquatic eco-
systems-an overview. Pages 425-458 in Dochinger and Selinga.

Gorham, E. and A.G. Gordon. 1960. The influence of smelter fumes upon the
chemical composition of lake waters near Sudbury, Ontario, and upon
the surrounding vegetation. Can. J. Bot. 38:477-487. Cited in
Beamish, 1976. '

Grahn, 0., H. Hultberg and L. Lander. 1974. Oligotrophication-a self
accelerating process in lakes subjected to excessive supply of acid
substances. Ambio 3:93-94. Cited in Conroy et al., 1976 and Wright
and Gjessing, 1976.

Haapala, H., P. Sepponen and E. Meskus. 1975. Effect of spring floods on
water acidity in the Kiiminkijoki area, Finland. Oikos 26:26-31.

Hagen, A. and A. Langeland. 1973. Environ. Pollut. 5(1):45. Cited in
Likens, 1976.

Hendry, G.R., K. Baalsrud, T.S. Traaen, M. Laake and G. Raddum. 1976.
Acid precipitation: some hydrobiological changes. Ambio 5(5-6):224-227.



Page 44

Henriksen, M. 1972. Regresjonsanalyse av pH og hardhetsohservasjoner i
Sorfandselver. Vann 1:1-9. Cited in Wrignt et al., 1975.

Henriksen, a. and R.F. Mright. 1977. Effects of acid precipitation on a
small acid Take in southern Norway. WNordic Hydrology 8:1-10.

Herman, F.A. and E. Gorham. 1957. Total mineral material, acidity, sulfur
and nitrogen in rain and snow at Kentville, Nova Scotia. Tellus 9:180-183.

Hornbeck, J.M., G.E. Likens and J.S. Eaton. 1975. Seasonal patterns in
acidity of precipitation and their implications for forest stream
ecosystems. Pages 597-609 in Dochinger and Seliga.

Hornstrom, £., C. Ekstrom, U. Miller and W. Dickson. 1973. Effects of the
acidification on lakes in the Swedish west coast regieon, phytoplankton,
diatoms, chemistry, =zooplankton. Statens Naturvardsverk publicationer
1973-7. (in Swedish, English summary). Cited in Kramer, 1976a and
Wright and Gjessing, 1976.

Hutchinson, T.C. and L.V. Whitby. 1974. Pages 179~188_jg D.D. Hemphill,

ed. Trace Substances in Environmental Health VII. Univ. Missouri
Press. Cited in Govham, 1875,

Hysing-Dahl, P., J. Lag and E. Lykke. 1976. Forward in Brackke.

Jacobson, J.5., L.I. Heller and P. Van Leuken. 1975. Acid precipitation at
a site within the northeastern conurbation. Pages 267-279 in

Dochinger and Setiga.

Johannessen, M., 7. Dale, E.T. Gjessing, A. Henriksen and R.E. Wright. 1975.
Acid precipitation in Norway: the regional distribution of contaminants
in snow and the chemical concentration processes during snowmelt. Proc.
Isotopes and impurities in snow and ice symposium, Grenoble. Int. Ass.
Hydrol. Sci. Publ. 118. Cited in Kramer, 1976a and Gjessing et al., 1976.

Junge, C.E. 1963. -Air chemistry and radioactivity. Academic Press, New
York. Summers and Hitchon, 1973. :

Junge, C.E., E. Robinson, and F.L. Ludwig. 1969. J. Appl. Meteorol.
8:340. Cited in Kellogy et al. 1972.

Junge, C.E. and R.T. Werby. 1958. The concentration of chloride, sodium,
potassium, calcium, and sulfate in rain water over the United States.
J. Meteor. 15(5):417-425,

Kellogg, W.W., R.D. Cadle., E.R. Allen, A.L. Lazrus and E.A. Martell. 1972.
The sulfur cycle. Science 175:587-596.

Kramer, J.R. 1973a. Emission test values at the Copper Cliff stack,
International Nickel Company. From Ministry of Environment Report,
M.S. Cited in Kramer, 1976a.

Kramer, J.R. 1973b. Fate of atmospheric sulfur dioxide and related
substances as indicated by chemistry of precipitation. Unpublished
report, Dept. of Geol., McMaster Univ. Hamilton, Ont. 187 pp.



Page 45

Kramer, J.R. 1975. Fate of atmospheric sulfur dioxide and related substances
as indicated by chemistry of precipitation. Unpublished report,
Dept. of Geol. McHMaster Univ., Hamilton, Ont.

Kramer, J.R. 1976a. ssessment of the ecological effects of Tong-term
atmospheric material deposition. Unpublished report. 83pp.

Kramer, J.R. 1976b. Fate of atmospheric 507 and related substances as
indicated by chemistry of precipitotion. Dept. of Geol. McMaster
Univ., Hamilton, Ont.

Krupa, S.V., M.R. Coscio, Jr. and E.A. Wood. 1975. Evidence for multiple
hydrogen fon donor systems in vain. Pages 371-380 in Dochinger and
Setiga.

Leivestad, H., G. Hendrey, 1.P. Muniz and E. Snekvik. 1976. Effects of acid
precipitation on freshwater organisms. Pages 87-111 in Braekke.

Lenhart, H. "1976. Acid precipitation and its effect on aquatic systems.
Unpublished Titerature review for M.S. degree. Environ. Health Dept.
Univ. of Minn. 27pp.

Likens, G.E. 1972. The chemistry of precipitation in the Central Finger
Lakes region. Tech. report 50, Cornell Univ. Water Resour. and
Marine Sci Ctr., Ithaca., N.Y. Cited in Likens and Bormann, 1974,

Likens, G.E. 1976. Acid precipitation. Chem. and Eng. News Nov. 22:29-44,

Likens, -G.E. and F.H. Bormann. 1974. Acid rain: a serious regional
environmental problem. Science 184 (4142):1176-1179.

Likens, G.E. and F.H. Bormann. 1975. Acidity in rainwater: Has an
explanation been presented? Science 188:957-958.

Likens, G.E., F.H. Bormann, J.S. Eaton, R.S. Pierce and N.M. Johnson. 1975.
Hydrogen ion input to the Hubbard Brook Exp. Forest, New Hampshire,
during the last decade. Pages 397-407 in Dochinger and Seliga.

Lodge, J.P., Jr. and J.B. Pate. 1966. Atmospheric gases and particulates
in Panama. Science 153:408. Cited in CNR 1975.

Lodge, J.P., Jr., J.B. Pate, W. Basbergill, G.S. Swanson, K.C. Hill,
E. Lorange, and A.L. Lazrus. 1968. Chemistry of United States
precipitation.. National Precipitation Sampling Network, National
Center for Atmos. Res. Boulder, Colo. Cited in Likens, 1976.

Malmer, N. 1974. On the effects on water, soil, and vegetation of an
increasing atmospheric supply of sulfur. Swedish Environ. Protect.
Board SNV PM 402E. Solna, Sweden. Cited in Kramer, 1976a.

Malmer, N. 1975. Inventering om sjoars forrsuring (Inventories of lake
acidification). Statens Naturvardsverk PM 676. Solna, Sweden.
(in Swedish, English summary). Cited in Wright and Gjessing, 1976.



Page 46

Matmer, . 1976. Acid precipitation: chemical changes in the soil.
Ambio 5(5-6):231-~234,

Meetham, A.R. 1950. HNatural removal of pollution from the atmosphere.
Quart. J. Roy. Meteorel. Soc. 76:358-371. Cited in Garland 1974.

Middleton, J.R., ed. 1970. Air quality criteria for sulfur oxides.
“Nat. Afr. Poliut. Control Admin. Publ. No. AP-50. 178 pp.

Minnesota Environmental Quaiﬁty Board. 1977. Copper-Nickel Study data.

National Acadeny of Engineering. 19 . Abatement of sulfur oxide emissions
from stationary combustion sources.  COPAC-2. Cited in CNR 1975.

Norton, S.A. 1975. Changes in chemical processes in soils caused by acid
precipitation. Pages 711-735 in Dochinger and Seliga.

Oden, S. 1975. The acidity problem--an outline of concepts. Pages 1-36 in
Dochinger and Seliga.

Oden, S. and T. Ahl. 1970. The acidification of Scandinavian waters.
Fish Res. Board Can. Trans. Ser. No. 2535, Freshwater Institute,
Winnipeg, Manitoba. Cited in Kramer, 1976a. '

iminary report on the

Ontario Water FResources Commission. 1970. Prel
takes in the Sudbury area.

influence of industrial activity on the

Overvein, L.N. 1972. Sulfur poliution patterns observed: Teaching of
calcium in a forest soil determined. Ambio 1:145-147. Cited 1in
Wright et al., 1975,

Overrein, L.N. 1975. A presentation of the Norwegian project "Acid
Precipitation-~Effects on Forest and Fish." Pages 37-42 in Dochinger
and Seliga.

Pearson, F.d., Jr. and D.MW. Fisher. 1971. Chemical composition of atmos-
pheric precipitation in the northeastern U.S. Geol. Survey. Water
Supply Paper 1535-P. U.S. Govt. Printing Office, Washington, D.C.
23pp.

Reuss, J.0. 1975. Chemical biological relationships relevant to ecological
effects of acid rainfall. EPA--600/3-75-32. U.S. Govi. Printing
Office, Washington, D.C. 46pp.

Ritchie, I. 1977. HMinnesota air quality, 1971-1976. Division of Air
.Quality, Minnesota Pollution Control Agency. 111 pp.

Robinson, E. and R.C. Robbins. 1968. Sources, abundance, and fate df
gaseous atmospheric pollutants. Stanford Research Institute Final
Rept. Proj. PR-6755. Menlo Park, California. Cited in Friend 1973.



Page 47

Sawyer, James W. 1977. A skeptical evaluation of the sulfate problem.
J. Metals (May):11-17.

Scheider, W., J. Adamski and M. Paylor. 1975. Reclamation of acidified
lake . ..eav Sudbury, Ontario. Ontario Ministry of the Environment,
Rexdale, Ontario. Cited in Wright and Gjessing, 1976.

Schofield, €. 1975. The precipitation samples from the Adirondack Mountains
were collected and analyzed by Dr. Carl Schovield, Natural Resources
Dept., Cornell Univ., Ithaca, New York. Cited in Galioway et al., 1975.

Schofield, C.° 1976. Acid precipitation: effects on fish, Ambio 5(5-6):
228-230. . . :

Schaldager, J. 1673. Sulfur pollutants in air and precipitation at
Norwegian background stations, daily measurements, Nov., 71 to Jdune, 72.
Norwegian Inst. for Air Res. Teknisk Notat Nr. 52-73, Kjellar, Norway.
Cited in Kramezvr, 1976a. ‘

Semb, A. 1975. Measurement of acid precipitation in Norway, Pages 119-129
in Dochinger and Seliga.

Shiomi, M.T. and K.W. Kuntz. 1973. Great Lakes precipitation chemistry.
Part 1. Lake Ontario basin. Proc. 16th Conf. Great Lekes Res.
Intevnat. Assoc. Great Lakes Res. Cited in Kramer, 1976a.

Shriner, D.5., S.B. Mclavghlin, and C.F. Baes. 1977. Character and
transformation of pollutants from major fossil fuel energy sources.
Environmental Sciences Division Publication No. 1049. ORNL/TM-5919.
Gak Ridge National Laboratory, Oak Ridge, Tennessee. 39 pp.

Summers, P.W. and B. Hitchon. 1973. Source and budget of sulfate in
precipitation from central Alberta, Canada. J. Air Pollut. Control
Assoe. 23(3):194-199,

Summers, P.W. and D.M. Whelpdale. 1975. Acid precipitation in Canada.
Pages 411-421 1in Dochinger and Seliga.

U.S. Department of Health, Education, and Welfare. Public Health Service.
1966. Air quality data from the National Air Sampling Networks,
1964m1965 edition. Cited in Altshuller 1973.

U.S. Environmental Protection Agency. 1971. Air quality data for 1967
from the National Air Surveillance Networks. Publ. No. APTD-D741.

Cited in Altshuller 1973.

~~~~~~ . 1872a. Air quality data for 1968 from the National Air Surveillance
Networks. Publ. No. APTD-0978. Cited in Altshuller 1973.

—————— . 1972b.  Air quality data for sulfur dioxide, 1969, 1970, and 1971.
Office of Air Programs Publ. No. APTD-1354. Cited in CNR 1975.



U.S. Environmental Protection Agency. 1974 . Monitoring and air quality
trends report, 1973. EPA-450/1-74-007. Cited in Shriner et al. 1977.

---===, 1975, Sulfate briefing for regional administrators. Draft of
report presented February, 1975, New York. 76 pp. Cited in Shriner
et al. 1977. ‘

—————— 1976a. Naticnal air quality and emission trends.reportg‘1975c
" Office of Air and Waste Management. EPA-450/1-76-002. 55 pp.

------ . 1976b. Monitoring and air quality trends vreports, 1974. O0ffice of
Rivr Quality Planning and Standards. EPA-450/1-76-001.

Wetzel, R.G. 1875. Limnology. W.B. Saunders Co. Cited in Lenhart, 1976.

Whelpdate, D.M. and P.W. Summers. 1975. Acid precipitation in Canada.
Atmos. Environ. Sevv., Atmos. Dispersion Div. Report ARQT-5
Downsview, Ont. Cited in Kramer, 1976a.

Wiebe, H.A. and D.M. Whelpdale. 1975. Precipitation scavenging from a
tall-stack plume in Precipitation Scavenging--1974. U.S.A.E.C.
(in press). Cited in Summers and Whelpdale, 1975.

Wolaver, T.G. and H. Lieth. 1972. The distribution of natural and anthro-
pogenic elements and compounds in precipitation across the U.S.
Theory and quantitative models. Div. of Ecological Res. EPA Res.
Triang?e Park, N.C. 75pp. Cited in Benarie, 1975.

;WPTQHt R.F.. T. Dale, E.T. Gjessing, G.R. Hendrey, A. Henriksen, M. Jchannessen
and 1. P Muniz. 1975. Impact of acid precipitation on freshwater
ecosystems in Norway. Pages 459-476 in Dochinger and Seliga.-

Wright, R.F. and E.T. Gjessing. 1976. Acid precipitation: changes in
the chemical compesition of Takes. Ambio 5(5-6):219-223.

Wright, R.F. and A. Henriksen. 1976. Chemistry of Norwegian lakes, with
special reference to acid precipitation. Paper submitted to Limnology
and Oceanography. 43pp.





