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PREFACE

In August, 1980, the Governments of Canada and the United States
signed a Memorandum of Intent concerning transboundary air pollution.
This action was taken in response to concern for actual and potential
damage resulting from the long-range transport of air pollutants
between countries and in recognition of the already serious problem
of acidic deposition.

Each country has demonstrated concern for the causing of damage to

the other's environment by transboundary movement of its pollutants.
This concern is rooted in international agreements, such as the 1909
Boundary Waters Treaty, the Great Lakes Water Quality Agreement, and

the 1979 E.C.C. Convention on Long-Range Transboundary Air Pollution,
all of which both Canada and the United States have signed.

The Memorandum noted that both countries hae set a priority on
developing a scientific understanding of long-range transport of air
pollutants and resulting environmental effects, and on developing and
implementing policies and technologies to combat such effects.

To achieve the first steps of this overall objective, the memorandum
established a plan of action for the period October, 1980 to January,
1982, during which time five documents are to be prepared by the
following work groups:

1. Impact assessment

2. Atmospheric modelling of pollutant movements

3A. Strategies development and implementation

3B. Emissions, cost and engineering assessment

4, Legal, institutional arrangements and drafting
(preparation of the actual document to be signed).

General terms of reference that apply to all work groups were
established, together with detailed terms dealing with each work
group.

General Terms of Reference (as per MOI)

1. The Work Groups shall function under the general direction and
policy guidance of a United States/Canada Coordinating Committee
co—chaired by the Department of External Affairs and the
Department of State,

2. The Work Groups shall provide reports assembling and analyzing
information and identifying measures as outlined below, which
will provide the basis of proposals for inclusion in a
transboundary air pollution agreement. These reports shall be

provided by January, 1982, and shall be based on available
information.
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3. Within 1 month of the establishment of the Work Groups, they
shall submit to the United States/Canada Coordinating Committee
a work plan to accomplish the specific tasks outlined below.
Additionally, each Work Group shall submit an interim report by
January 15, 1981. i

4, During the course of negotiations, and under the general
direction and policy of the Coordinating Committee, the Work
| Groups shall assist the Coordinating Committee as required.

5. Nothing in the foregoing shall preclude subsequent alterations
of the tasks of the Work Groups or the establishment of g
additional Work Groups, as may be agreed upon by the g
Governments. i

Specific Terms of Reference: Impact Assessment Work Group

The Group will provide information on the current and projected
impacts of air pollutants on sensitive receptor areas, and prepare
proposals for the 'Research, Modelling and Monitoring' elements of an
agreement.

In carrying out this work, the Group will do the following.

1. Identify and assess physical and biological consequences
possibly related to transboundary air pollution.

2. Determine the present status of physical and biological
indicators which characterize the ecoloigcal stablity of
each sensitive area identified.

3. Review available data bases to establish historic adverse
environmental impacts more accurately.

4, Determine the current adverse envirommental impact within
identified sensitive areas (e.g., annual, seasonal,
episodic).

5. Determine the release of residues potentially related to
transboundary air pollution, including possible episodic
release from snowpack melt in sensitive areas.

6. Assess the years remaining before significant ecological
changes are sustained within identified sensitive areas.

7. Propose reductions in the air pollutant deposition
rates (e.g., annual, seasonal, episodic) which would be
necessary to protect identified sensitive areas.
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SECTION 1

SUMMARY

1.1  INTRODUCTION

Wet and dry deposition of acidic substances and other pollutants are
currently being observed over most of eastern North America. The
Impact Assessment Work Group was charged with identifying and making
an assessment of the key physical and biological consequences
possibly related to these transboundary air pollutants.

During the Work Group's assessment of these effects it has been
necessary to conduct the work along strictly disciplinary lines.
Thus the presentation of our findings follows a sectoral approach
(i.e., aquatic, terrestrial). While this approach has been useful
for organizing and presenting our findings, it has also limited our
consideration of the interactions which exist among these sectors.
These effects do not occur in isolation.

The following sections summarize findings of the Work Group with
respect to impacts on aquatic and terrestrial sectors of the
biosphere, health and visibility, and man-made structures. There are
also summary statements with regard to methodologies for estimates of
economic benefits of controls, natural and material resource
inventory, and liming.

1.2 AQUATIC ECOSYSTEM EFFECTS - CANADA

The potential effects from the deposition of acid and associated ions
and compounds (sulphur dioxide, sulphate, nitrate, ammonia, and
others) on water quality, and on the aquatic ecosystem, appear to be
more fully quantified and understood than for terrestrial ecosystems.
Data have been drawn from a number of study areas in eastern North
America including Labrador, Newfoundland, Nova Scotia, New Brunswick,
the southern part of the Canadian Shield in Quebec, and Ontario.
Primary study areas in the U.S. are found in New Hampshire and
southern Maine, Adirondack Park in New York, the Boundary Waters
Canoe Area of Minnesota, and numerous lakes in north-central
Wisconsin.

The findings and conclusions of the Work Group with respect to
acidification effects are contained in the following statements:

Sulphuric acid has been identified as the dominant compound
contributing to the long-term surface water acidification
process. Nitric acid contributes to the acidity of precipi-
tation, but is less important in eastern North America than
sulphuric acid in long-term acidification of surface waters.
Nitric acid contributes to pH depression of surface waters
during periods of snowmelt and heavy rain runoff in some areas.
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Studies of lakes in eastern North America have provided evidence
that atmospheric deposition accounts for sulphate levels in
excess of those expected from natural processes. In the absence
of effects from mine drainage and industrial waste water, the
symptoms of acidification (e.g., pH depressions of surface
waters and loss of fish populations), have been observed only in
lakes and rivers where the accompanying elevated concentrations
of surface water sulphate (and nitrate in some cases) indicate
atmospheric deposition of these ions. Land use charnges, such as
fires, logging, and housing developments have taken place in
many areas with sensitive (low alkalinity) surface waters, but
the symptoms of acidification have not been observed unless
there is an accompanying increase in surface water sulphate
concentrations. Nitrate concentrations also increase in some
areas, especially during snowmelt.

In eastern Canada, the surface waters which have elevated excess
sulphate occur in areas which have high atmospheric deposition
of sulphate. All of the surface waters sampled in northeastern
North America that have experienced loss of alkalinity also have
elevated excess sulphate concentrations. In areas with less
acidic deposition, loss of alkalinity in surface waters has not
been observed. In Quebec, sulphate concentrations in surface
waters decrease towards the east and north in parallel with
deposition patterns. Sulphate concentrations are equal to or
greater than the bicarbonate concentration in lakes in the
southwest part of the Province. This indicates that the surface
water chemistry has been altered by atmospheric sulphur
deposition.

Observed Historical Changes

Sediments from lakes in Maine, Vermont, and New Hampshire
indicate increased atmospheric acidic deposition has affected
terrestrial and aquatic ecosystems as measured by changes in
metal concentrations and diatom populations. It has been
inferred from the sediment record that the rate of acidification
of aquatic ecosystems has increased since the late 1800s as
measured by declines in metals (zinc, copper, iron, calcium,
magnesium and manganese) in the sediments. Corditions of low pH
maintain metals in the water column, where they can be flushed
out of the system before being deposited in the sediments. .
Diatom data are less complete, but they also indicate a
statistically significant pH decline since the early 1900s.

In this report numerous historical chemistry records have been
examined for waters not influenced by local urban or industrial
discharges. Reviews have been conducted for 2 rivers in
Newfoundland and 6 in Nova Scotia; 7 lakes in Nova Scotia and 3
in New Brunswick; 40 lakes in Adirondack Park, New York; 250
lakes in New England; 2 streams in New Jersey Pine Barrens; and
275 lakes in Wisconsin. Historical records which are available




from areas of soils and bedrock with a low potential to reduce
acidity exposed to acidic deposition, show an increase in
sulphate and corresponding decrease in alkalinity and pH. Areas
of similar lithology and land use practices, but not receiving
significant acidic deposition do not show similar losses of
alkalinitye.

Lakes in the Adirondack Mountain range have some of the lowest
alkalinity values amd are located in watersheds with a low
potential to reduce acidity. They are located in the eastern
U.S. in a zone receiving high acidic deposition (26-40 kg/ha.yr
of sulphate in precipitation 1978-81). Historical data on fish
and pH are available for 40 high elevation Adirondack lakes. In
the 1930s, only 8% of these lakes had pH less than 5.0; 10% had
no fish whereas in the 1970s, 48% had pH less than 5.0 and 52%
had no fish. In some cases, entire fish communities consisting
of brook trout, lake trout, white sucker, brown trout, and
several cyprinid species apparently have been eliminated over
the 40-year period. The New York Department of Environmental
Conservation has concluded that at least 180 former brook trout
ponds are acidic amd no longer support brook trout. The
relative contribution of natural and anthropogenic sources to
acidification of these lakes is not known.

In New England, deposition of wet sulphate has been measured to
be 17-40 kg/ha.yr. A study of 95 lakes for which there are
historical pH data from the 1930s to the 1960s has indicated
that 36% either had the same pH or higher while 64% now have
lower pHs. For 56 lakes, a comparison of historical alkalin-
ities to modern values indicated that 30% of the lakes had
increased and 70% had decreased in alkalinity. Over the period
of record, measured alkalinity values have decreased by an
average of 100 neq/L. The lakes were small to medium size
oligotrophic to mesotrophic with moderately to very transparent
water, low to moderate concentrations of humic solute, low
alkalinity and conductance and with moderately disturbed to
pristine watersheds. For four rivers in Nova Scotia data from
1980-81 showed a decrease in bicarbonate, an Iincrease in

sulphate and hydrogen ion concentrations when compared to
1954-55 data.

Short-Term pH Depressions

While the rate of change of water quality of lakes (i.e., the
time required for a lake to become acidified) is one of the
least well-defined aspects of the acidification process, there
is evidence that current acid loadings are damaging to fish
populations and other biota due to short-term pH depressions
following snowmelt and storm runoff. Both sulphate and nitrate
are associated with short-term changes in water chemistry but in
the majority of surveyed cases sulphate appears to be the larger
contributor to the total acidity.
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Short-term pH depressions, and elevated concentrations of
metals, particularly aluminum, have been observed during periods
of high infiltration or runoff. Metal accumulation in surface
waters (Al, Mn, Fe, Zn, Ccd, Cu, Pb, and Ni), first noted in
streams and lakes of Scandinavia, also has been reported from
such places as Hubbard Brook, the Adirondacks, amd the Great
Smoky Mountains of the U.S., and the southern Precambrian Shield
area of Ontario, Canada. Artificial acidification of a lake in
the Experimental Lakes Area of Ontario has also shown rapid
mobilization of metals from lake sediments to the water column.

Data for 57 headwater streams in Muskoka-Haliburton show that
65% experience minimum pH values less than 5.5 and 26% have
minimum pH values less than 4.5. Some inlet streams were

a observed to have pH values below 4.0 during spring snowmelt.

; Data from intensive studies of 16 lakes in the Muskoka-

! Haliburton area of Ontario currently receiving about 23-29
kg/ha.yr sulphate in precipitation have shown that lakes which
have summer alkalinity values up to about 40 neq/L, experience
pH depressions to values below about 5.5 during snowmelt. In
Ontario and Quebec there are about 1.5 million lakes on the
Precambrian Shield. In Ontario, of the 2,260 lakes sampled on
the Precambrian Shield, 19% have alkalinities below 40 ueq/Le.
In the Shield area of Quebec, a 1981 survey of 162 lakes
indicated 37% were extremely sensitive to acidification (CSI

| greater than 5.0), while 15% had summer pH values less than 5.0
(alkalinity less than 0).

A very large number of surface waters are being affected by
acidic deposition, even though the total number of lakes and

‘ rivers in eastern North America which are known to have been

1 acicified (alkalinity less than 0) by atmospheric acidic
deposition is a relatively small percentage of the total aquatic
resource.

Biological Effects

Detailed studies of watersheds have been carried out in
sensitive regions of North America and Scandinavia under a range
of sulphate deposition rates. The results of the studies

| conducted in North America are described below.

; 1 , Observed changes in aquatic 1life have been both correlated with

! measured changes in the pH of water and compared for waters of
different pH values. Differences have been documented in
species composition and dominance and size of plankton
communities in lakes of varying pH. Study results show that the
number of species is lower in low pH lakes compared to lakes of
higher pH. These alterations may have important implications
for organisms higher in the food chain. Individual lakes often
experience several symptoms of acidification at the same time.
For example, in Ontario, Plastic Lake inlet streams have low pH
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and high aluminum concentrations during spring runoff amnd
extensive growth of filamentous green algae, and fish kills have
been observed in Plastic Lake.

For those regions currently receiving loadings of sulphate in
precipitation of less than 17 kg/ha.yr (Wisconsin, Minnesota and
northwestern Ontario), there have been no observed detrimental
chemical or biological effects.

For regions currently receiving betweén 20 and 30 kg/ha.yr
sulphate in precipitation there is evidence of chemical
alteration and acidification. In Nova Scotia rivers which
currently have pH less than 5 there have been salmon population
reductions as documented by 40 years of catch records. Fish
stocks have remained viable in adjacent rivers with pH values
presently greater than 5. Water chemistry records (1954-55 to
1980-81) have indicated a decline in pH to values presently less
than 5 for other rivers in the same area. In Maine there is
evidence of pH declines over time and loss of alkalinity from
surface waters. In Muskoka-Haliburton there is historical
evidence of loss of alkalinity for one study lake and there is
documentation of pH depressions in all study lakes and streams
with low alkalinity. Fish kills were observed in the shore zone
of a study lake during spring melt. In the Algoma region there
are elevated sulphate and aluminum levels in some headwater
lakes.

For regions currently experiencing loading greater than

30 kg/ha.yr there are documented long-term chemical and/or
biological effects and short-term chemical effects in sensitive
(low alkalinity) surface waters.

In the Adirondack Mountains of New York, comparison of data from
the 1930s with recent surveys has shown that some more lakes
have been acidified. Fish populations have been lost from 180
lakes. Elevated aluminum concentrations in surface waters have
been associated with low pH and survival of stocked trout is
reduced by the aluminum.

In the Hubbard Brook study area in New Hampshire where the
influx of chemicals is limited principally to precipitation and
dry deposition there are pH depressions in streams during
snowmelt of 1 to 2 units. Elevated levels of aluminum were
observed in headwater streams.

Many species of frogs, toads and salamanders breed in temporary
pools formed by the mixture of spring rains and snowmelt. Such
pools are subjected to pH depression. Embryonic deformities and
mortalities in the yellow spotted salamander which breeds in
temporary meltwater pools have been observed in New York State
where the acidity of the meltwater pools was l.5 pH units lower
than that of nearby permanent ponds. Population densities of
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the bullfrog and woodfrog were reduced in acidic streams and
ponds in Ontario.

A lake acidification experiment in northwestern Ontario clearly
shows that alterations to aquatic food chains begin at pH values
slightly below 6.0. The remarkable agreement between these
whole-lake experiments and observational studies iIin Scandinavia
and eastern North America provides strong evidence that the
observed declines in fisheries are caused by acidification and
not by other ecological stresses.

Extent of Effects

The terrestrial mapping analysis for eastern Canada supported by
surface water chemistry has demonstrated that the watersheds

of sensitive (low alkalinity) aquatic ecosystems where effects
have been observed have a low potential to reduce acidity and
are representative, in terms of soil and geological
characteristics, of much larger areas of eastern Canada.

Similarly, using related but different criteria, maps have been
developed which characterize considerable areas of the
northeastern United States as having low potential to reduce
acidity. Therefore, there is reason to expect that there are
sensitive surface waters in these other areas which would
experience similar effects If subjected to deposition rates
comparable to those in the study areas. However, quantification
of the number of lakes and rivers susceptible to acidification
in both countries will require validation of the terrestrial
mapping methodologies and increased information on the chemistry
of lakes amd streams.

The present empirical evidence covers a broad spectrum of
physical and climatological conditions across northeastern North
America and therefore provides a reasonable basis on which to
make judgements on potential loading effect relationships.
However the data do have some deficiencies. More data on
historical trends of deposition amd associated chemical and
biological characteristics would improve our understanding of
long-term rates amd effects of acidification. In addition, a
better understanding of all the mechanisms involved in the
acidification process will enhance our ability to estimate
loading/response relationships precisely. Therefore any
estimates of loading/response relationships should be
strengthened in the light of new scientific information as it
becomes available. '

Target Loadings

Sulphate in precipitation has been used as a surrogate for total
acid loading. Sulphate in precipitation can be reliably




measured. It is recognized that dry deposition of sulphate and
sulphur dioxide, and the wet and dry deposition of nitrogen
oxides, nitric acid, particulate nitrate and ammonia, as well as
other compounds also contribute to acidic deposition. Based on
documented effects, wet and dry deposition of sulphur compounds
dominate in long-term acidification.

Sul phur deposition also predominates in the majority of cases
surveyed involving short-term pH depressions and associated
effects. Insufficient data are available to relate nitrate
deposition to short-term water quality effects. Therefore, we
are unable to determine a nitrate dose-response relationship.

The models, which are based on theory, that have been
considered, permit a quantification of the target loadings in
terms of geochemical basin sensitivity. Although these models
require further validation, the derived loading estimates are
generally supportive of the empirical observations for the study
areas discussed above.

Based on the results of the empirical studies, interpretation of
long-term water quality data, studies of sediment cores and
models that have been reviewed, we conclude that acidic
deposition has caused long-term amd short-term acidification of
sensitive (low alkalinity) surface waters in Canada and the U.S.
The Work Group concludes on the basis of our understanding of
the acidification process that reductions from present levels of
total sulphur deposition in some areas would reduce further
damage to sensitive (low alkalinity) surface waters and would
lead to eventual recovery of those waters that have already been
altered chemically or biologically. Loss of genetic stock would
not be reversible.

The Canadian members of the Work Group propose that present
deposition of sulphate in precipitation be reduced to less than
20 kg/ha.yr in order to protect all but the most sensitive
aquatic ecosystems in Canada. In those areas where there is a
high potential to reduce acidity and surface alkalinity is
generally greater than 200 ueq/L, the Canadian members recognize
that a higher loading rate is acceptable.

As loading reductions take place and additional information is
gathered on precipitation, surface water chemistry amd watershed
response, it may be possible to refine regional loading
requirements.

1.2  AQUATIC ECOSYSTEM EFFECTS - UNITED STATES
Acidic deposition has been reported in the literature as a cause of

both long-term and short-term episodic depressions in pH and loss in
alkalinity in some lakes and streams in the U.S. and Canada.
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Elevated concentrations of toxic elements, such as aluminum, and
biological effects including losses in fish populations have been
reported to accompany some of these pH depressions. In most of the
reported cases, clear relationships were not established between
acidic deposition and observed effects. Conclusions are based on an
understanding of the acidification process although mechanisms which
control this process are often not completely understood.

The following summary statements are observations reported to be
occurring in areas receiving acidic deposition.

Both sulphuric and nitric acid contribute to the acidity of
precipitation. It appears, however, that sulphuric acid
contributes more to long-term acidification of surface waters
than does nitric acid. Nitric acid can contribute to pH
depression of surface waters during periods of snowmelt and
heavy rain runoff in some areas. Studies of lakes in eastern
North America indicate that atmospheric deposition accounts for
sulphate levels in some waters in excess of those expected from
natural processes. Lake study areas are located in Labrador,
Newfoundland, Nova Scotia, New Brunswick, the southern part of
the Canadian Shield in Quebec, and in eight regions of Ontario.
Primary study areas in the U.S. are found in New Hampshire and
southern Maine, Adirondack Park in New York, the Boundary Waters
Canoe Area of Minnesota, and numerous lakes in north-central
Wisconsin.

There is evidence of long-term reductions of pH and alkalinity
and other water quality changes for some low alkalinity surface
waters. The rate of change of pH and alkalinity in lakes 1is one
of the least well defined aspects of the acidification process.
However, there is evidence of short~term pH depressions in some
waters following high runoff from snowmelt and storm activity.
Both sulphate and nitrate are associated with short-term changes
in water chemistry but, in the majority of surveyed cases,
sulphate appears to be the larger contributor to total acidity.

Short-term pH depressions and elevated concentrations of metals,
particularly aluminum, iron, zinc, and manganese have been
observed during periods of high runoff. Metal mobilization from
some watersheds, first noted in streams and lakes of
Scandinavia, also has been reported from such places as Hubbard
Brook, the Adirondacks, and the Great Smokey Mountains of the
U.S., and Sudbury, Muskoka, and Plastic Lake in Ontario, Canada.
Artificial acidification of a lake in the Experimental Lakes
Area of Ontario has shown mobilization of metals from lake
sediments to the water column.

Sediments from lakes in Maine, Vermont, and New Hampshire
suggest increased acidity in aquatic ecosystems. It has been
inferred from declines in metals (zinc, copper, iron, calcium,
magnesium and manganese) in the sediments that the acidity of
the water increased since the late 1800s. Low pH maintains
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metals in the water column, where they can be flushed out of the
system before being deposited in the sediments. Diatom data are
less complete, but they also indicate a pH decline since the
early 1900s.

There are few historical records of chemistry of low alkalinity
waters not influenced by local urban or industrial discharges (i.e.,
6 rivers in Nova Scotia; 7 lakes in Nova Scotia and 3 in New
Brunswick; 40 lakes in Adirondack Park, New York; 250 lakes in New
England; 2 streams in the New Jersey Pine Barrens; 270 lakes in
Wisconsin). The above locations are exposed to various levels of
acidic deposition. Some surface waters in these areas have shown a
decrease in alkalinity and/or pH. In Wisconsin, however, most lakes
surveyed had increased in alkalinity and pH.

The total number of lakes and rivers in eastern North America that
are thought to have been acidified by acidic deposition is a very
small percentage of the total aquatic resource. In the absence of
effects from mine drainage and industrial waste water, the symptoms
of acidification (e.g., long-term pH declines and/or short-term pH
depressions of surface waters with loss of fish populations) have
been observed only in clearwater lakes and streams with accompanying
elevated concentrations of sulphate and/or nitrate. Natural
acidification processes do occur but their effects appear greatest in
coloured surface waters. Land use chamges, such as fires, logging,
and housing developments, have taken place in many areas with low
alkalinity surface waters. However, the symptoms of acidification
have not been observed in clearwater lakes and streams except in
areas receiving high levels of acidic deposition.

Lakes in the Adirondack Mountain range exhibit some of the lowest
alkalinity values found in the eastern United States and are located
in a zone presently receiving high acidic deposition (30-40 kg/ha.yr
of sulphate in precipitation). In this area, 52% of the 214 high
elevation lakes sampled in 1975 had pH values less than 5.0. Seven
percent had pH values between 5.0 and 6.0. The New York Department
of Environmental Conservation has concluded that at least 180 former
brook trout ponds are acidic and no longer support brook trout. The
factors causing these population extinctions have not been
demonstrated.

New England currently receives wet sulphate deposition loadings of
17-40 kg/ha.yr. A study of 95 relatively small low alkalinity lakes
in New England for which historical data were available showed that
64% had decreased in pH. However, accompanying historical deposition
data are not available. A comparison of present alkalinity values
with historical values for 56 lakes indicated that 70% had decreased
in alkalinity. Two other studies have indicated pH declines in some
lakes surveyed in Maine. The relative contributions of natural and
anthropogenic sources to acidification of these lakes is not known.
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Data from intensive studies of 17 lakes in the Muskoka-Haliburton
area of Ontario currently receiving about 20-30 kg/ha.yr sulphate in
precipitation have shown that some lakes with summer alkalinity
values up to about 40 ueq/L experience pH depressions to values below
5.5 during snowmelt. One inlet stream was observed to have pH values
as low as 4.1 during spring snowmelt. Other inlet streams had pH
depressions but pH did not drop as low. Of 2,624 lakes surveyed in
Ontario, 50% had alkalinity of less than 200 ueq/L, a value that may
be regarded as the upper limit for potential effects of acidic
deposition; 13% of the lakes sampled in the province had alkalinities
below 40 ueq/L. While these lakes may be representative of the areas
sampled, they may not be representative of lakes located elsewhere in
the Shield. In another survey of 199 lakes of the Precambrian Shield
of Quebec 7.5% had alkalinity of approximately 50 ueq/L or less.
There are about 1.5 million lakes on the Precambrian Shield in the
provinces of Ontario and Quebec; but it is not possible at present
to extrapolate results of the surveys to the total population of
lakes.

Observed changes in agquatic life have both been correlated with
measured changes in the pH of water amd inferred by comparisons of
waters of different pH values. Differences have been documented in
species composition and dominance amd size of plankton communities in
lakes of varying pH. Study results show that the number of species
is lower in low pH lakes compared to lakes of higher pH. These
differences may have important implications for organisms higher in
the food chain, but studies to date have not been done that might
establish this connection.

Many species of frogs, toads and salamanders breed in temporary pools
formed by the mixture of spring rains and snowmelt armd subject to pH
depression. Embryonic deformities and mortalities in the yellow
spotted salamander, which breeds in temporary meltwater pools, have
been observed in New York State where the acidity of the meltwater
pools was 1.5 pH units lower than that of nearby permanent ponds.
Population densities of the bullfrog and woodfrog were lower in
acidic streams and ponds than in those of higher pH sampled in
Ontario. These data are very limited and therefore the extent of the
problem is unknown.

Atlantic salmon populations have disappeared from nine rivers in Nova
Scotia but remain in rivers in the same area having higher pH due to
greater alkalinity. Decreases in alkalinity and the pH of water over
time have been observed in some low pH rivers in Nova Scotia.
However, historical chemical data do not exist for the period of

major decline in angling success nor do they exist for rivers in
which fish declined.

Detailed studies of watersheds and clusters of lakes have been
carried out in regions of North America and Scandinavia containing
low alkalinity lakes and streams under a range of sulphate deposition
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rates. The results of those studies conducted in North America are
summarized below.

There have been no reported chemical or biological effects for
regions currently receiving loadings of sulphate in precipitation at
rates less than about 20 kg/ha.yr.

Evidence of chemical change exists for some waters in regions
currently estimated or measured to be receiving between about 20-30
kg/ha.yr sulphate in precipitation. In Nova Scotia rivers, 40 years
of historical records document reductions in angling success for
Atlantic salmon in nine rivers of low pH. Records over later periods
for other nearby rivers document decreases in alkalinity and pH. In
Maine there is evidence of pH declines over time and loss of
alkalinity from some surface waters. In Muskoka-Haliburton
historical evidence documents loss of alkalinity for one lake and pH
depressions in a mumber of lakes and streams. Fish confined to the
inlet of one lake died during spring melt. In the Algoma region
there are elevated sulphate and aluminum levels in some headwater
lakes.

Long-term chemical and/or biological effects and short-term chemical
effects have been observed in some low alkalinity surface waters
experiencing loadings greater than about 30 kg/ha.yr. In Quebec,
sulphate concentrations in surface waters decrease towards the east
and north in parallel with the deposition pattern of sulphate.
Sulphate concentrations are equal to or greater than the bicarbonate
concentration in some lakes in the southwest part of the province.
In the Adirondack Mountains of New York comparison of data from the
1930s with recent surveys has shown that more lakes are now in low pH
categories. The relative contribution of natural and anthropogenic
sources to acidification of these lakes is not known. The New York
Department of Environmental Conservation has concluded that at least
180 former brook trout ponds are acidic and no longer support brook
trout, although a direct association with acidic deposition has not
been established. In the Hubbard Brook study area in New Hampshire
there are pH depressions in some streams during snowmelt of 1 to 2
units.

In the watershed studies summarized above, sulphate in precipitation
was used as a surrogate for total acid loading. Sulphate in
precipitation can be reliably measured. It is recognized that dry
deposition of sulphate and sulphur dioxide, and the wet and dry
deposition of nitrogen oxides, nitric acid, particulate nitrate and
ammonia, as well as other compounds, also contribute to acidic
deposition. The use of a single substance as a surrogate for acidic
loadings adds unknown error owing to site-to-site variability in: (1)
composition of deposition, and (2) ability of watersheds to
neutralize incoming acidity. Wet and dry deposition of sulphur
compounds appeared to predominate in long-term acidification.
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Insufficient data are available to related nitrate deposition to
short-term water quality effects. Therefore, we are unable to
develop nitrate loading/response relationships.

The terrestrial mapping analysis for eastern Canada has demonstrated
that the watersheds in which some surface waters have been observed
to experience effects are representative, in terms of soil and
geological characteristics, of larger areas of eastern Canada. The
level of variability within terrain classes is not Known.

An alkalinity map of the U.S. shows the location of regions where the
mean alkalinity of most of the sampled surface waters 1is less than
200 veg/L. There is reason to believe that some of these low
alkalinity surface waters could experience effects similar to those
noted in detailed study sites receiving similar total acidic
deposition loadings. However, quantification of the number of lakes
and rivers in both countries susceptible to acidification at specific
loading rates would require validation of mapping methodologies and
increased information on loading rates and the chemistry of lakes ard
streams. The present empirical evidence covers a broad spectrum af
physical and climatological conditions across northeastern North
America and therefore provides a basis on which to make only

gual itative judgements regarding relationships between acidic loading
rates and effects.

Based on the results of the empirical studies, interpretation of
long-term water quality data and studies of sediment cores that have
been reviewed, we conclude that acidic deposition has caused long-
and short-term acidification of some low alkalinity surface waters in
Canada and the U.S. Based on our understanding of the acidification
process the Work Group concludes that reductions from present levels
of total sulphur deposition would reduce further chemical and
biological alterations to low alkalinity surface waters currently
experiencing effects and would lead to eventual recovery of those
waters that have been altered by deposition.

The U.S. members conclude that reductions in pH, loss of alkalinity,
and associated biological changes have occurred in areas receiving
acidic deposition, but cause and effects relationships have often not
been clearly established. The relative contributions of acidic
inputs from the atmosphere, land use changes, and natural terrestrial
processes are not known. The key terrestrial processes which provide
acidity to the aquatic systems and/or amel iorate atmospheric acidic
inputs are neither known or quantified. The key chemical and
biological processes which interact in aquatic ecosystems to
determine the chemical environment are not known or quantified.

Based on this status of the scientific knowledge, the U.S. Work Group
concludes that it is not now possible to derive quantitative
loading/effects relationships.




1-13

1.3 TERRESTRIAL ECOSYSTEM IMPACTS

The effects of transboundary air pollution on terrestrial ecosystems
have been reviewed on the basis of direct effects on vegetation,
effects on soils, and effects on wildlife.

1.3.1 Effects on Vegetation

\
Three main pollutants are of concern with regard to vegetation
effects. These pollutants are sulphur dioxide, ozone, and acidic
deposition. Ozone and acidic deposition occur at concentrations
above background levels at long distances from emission sources.
Sulphur dioxide is more of a concern to vegetation in proximity to
point sources of emissions than at long distances, where dispersion
effects can reduce atmospheric levels to those of background.

1.3.1.1 Sulphur Dioxide

Near point sources, the adverse effects of sulphur dioxide on
vegetation can be both visible and subtle (without development of
visible foliar injury). Visible effects can be associated with both
doses of high concentrations of sulphur dioxide over short periods of
time and low concentrations over extended periods. However, in a few
specific cases, atmospheric sulphur dioxide deposition may have
beneficial effects on agricultural vegetation grown on borderline or
sulphur deficient soils.

Visible effects of sulphur dioxide have occurred on pine forests in
Canada subjected to average growing season concentrations of sulphur
dioxide of 0.017 ppm. Visible injury to the perennial foliage of
coniferous trees results in premature needle drop, reduced radial and
volume growth and early death of trees. Reduced growth and yield of
crops without the development of visible injury have also been found
in certain field experiments.

Annual doses of sulphur dioxide of 0.02 ppm have been associated with
habitat modifications in grasslands and the elimination of certain
sensitive species of lichens near point sources. Lichens may be
markedly affected by sulphur dioxide and are considered as bioaccumu-
lators of very low level sulphur dioxide exposures. Direct effects
including visible injury, effects on reproductive capacity and
species mortality have been encountered in the field at concentra-
tions of sulphur dioxide as low as 0.006 — 0.03 ppm annual average.

Despite such documented evidence of instances of direct effects,
obviously not all, but probably most exposures to sulphur dioxide on
a regional scale are below levels producing phytotoxic reactions.
However, long-term, low-dose studies have demonstrated direct effects
on lichen communities and indirect effects on several plant species.

2
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1.3.1.2 Ozone

Ozone is the most important long-range transported pollutant with
respect to vegetation effects. Air masses carry ozone and its
precursors over long distances and can affect crops and forests in
rural areas remote from sources. As a specific example, ozone
related crop injuries in southern Ontario have been reported
associated with high ozone levels in air masses moving across Lake
Erie. 1In the U.S., experimentally derived crop yield losses ranging
from 2 to 56% (crop dependent) were equated with seasonal 7 hr/day
mean ozone concentrations of 0.06 - 0.07 ppm. Yield losses in the
various crops were as follows: kidney bean 27, soybean 10%, peanut
14~17%, and lettuce 53-56%. Although direct effects of ozone have
been documented on forest growth, an estimate of loss is difficult to
calculate because of the limitations stated in the main report.

1.3.1.3 Acidic Deposition

Acidic deposition in the form of simulated rain has been demonstrated
to induce a variety of direct and indirect effects on plants grown
under greenhouse or semicontrolled conditions. Foliar injury, growth
reductions, and growth stimulations have been found under these
growing conditions following treatment with simulated acidic precipi-
tation. However, visible foliar injury has not been documented in
the field for vegetation exposed to ambient levels of acidic
precipitation. The potential effects of acidic deposition on forest
growth have been difficult to assess because of the complicating
influence of other environmental and climatic factors. To date,
there have been too few studies to establish a clear relationship on
the interactions of acidic deposition/sulphur dioxide/ozone to reach
a definitive conclusion on effects.

1.3.2 Effects on Terrestrial Wildlife

Direct effects of acidic deposition on terrestrial wildlife have not
been reported and are not considered likely. Nevertheless, in some
instances, indirect effects have been suggested through three
possible mechanisms:

1) contamination by heavy metals mobilized by acidity;
2) reduction in nutritional value of browse or food source;
and

3) 1loss of browse species or impairment of habitats.

1.3.3 Effects on Soil

Soils vary widely with respect to their properties, support different
vegetation communities, are subjected to different cultural
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practices, are situated in different climatic zones, and are exposed
to a broad spectrum of acid loadings. The following effects of
acidic deposition probably occur and in some cases are supported by
observation, although the number of field situations where investi-
gators have been able to attribute acidity to precipitation or to
compare present with former soil pH value is small.

On soils derived from calcareous parent materials, the effects of
acidic deposition will lead to only insignificant increases in lime
requirement, except in situations near strorcg point emitters. Heavy
metal deposition from these same point source emitters may also cause
soil toxicities. :

On acid soils, the absence of clear effects upon tree growth from
radial-increment measurements covering several decades suggests there
will be no short-term effects attributable to acidic deposition.

From the few field situations where earlier investigations permit a
comparison over a reasonable time-frame, there is evidence that less
acutely acid soils increase in acidity and lose bases at a faster
than normal weathering rate. For acutely acid soils, pH may show
only minor changes, while over the same period moderate to
appreciably larger amounts of soil aluminum are mobilized. These
depend upon whether the forest cover is deciduous (e.g., beech) or
coniferous (e.g., spruce).

From one comprehensive field investigation, it has been suggested
that the additional amounts of aluminum brought into solution kill
feeding roots and permit the invasion of fungi causing tree
“dieback”, but it is not known whether this phenomenon would occur on
other sites and soils. What appears well established from a variety
of hydrological, limnological and catchment studies is that acidic
deposition can lead to the release of additional amounts of soluble
aluminum, thus disturbing previous aluminum/calcium ratios in soils,
sediments and streamwaters. An eventual reduction in base status and
fertility is suggested.

The sulphate component of acidic deposition appears to be adsorbed by
soils containing active aluminum and iron oxides, but where these are
absent or present in limited amounts, sulphate functions as a
balancing anion, leading to the leaching loss of bases and other
cations.

The fate of the nitrate component depends upon wet precipitation/
snowmelt characteristics. Nitrate, reaching the surface organic
horizons of acid forest soils is held there for assimilation by tree
roots during the growing season. There are, however, forested catch-
ments in the northeast where nitrate is passed to water bodies.

The lack of appropriate experimental approaches from which the
effects of acidic deposition on soil might be assessed and safe
deposition ceilings estimated, has caused scientists to exploit
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indirect or special situations. These include working near strong
point sources, studying soils treated with acidifying fertilizers,
and designing lysimetric experiments incorporating simulated acid
rains. From such approaches, a variety of soil effects have been
demonstrated, usually of an undesirable nature, but at the present
time the problem remains of quantifying the dose-response reactions
in the field situations.

1.3.4 Sensitivity Assessment

Regions which may be sensitive to acidic deposition have one or more
components (i.e., forests, aquatic life, soil, or water) susceptible
to degradation under the influence of acidic deposition. Relative
sensitivity of these components is reflected in the rate at which an
ecosystem component degrades under a particular acidic deposition
loading. Different underlying criteria have to be used to represent
sensitivity for the different ecosystem components, such as rate of
tree growth, characterization of the soil-base status, or water
alkalinity. Because so little is known about the acidic deposition
dose-response relationships, the underlying criteria are often
imprecise. Therefore, relative sensitivity can only be approximately
represented or mapped, and then perhaps for only a few species,
ecosystems or theoretical effects.

Attention is focused on the sensitivity of soils and bedrock because
results from studies which address vegetation and ecosystem effects
are limited and not well understood at this time. In the approach
used, the emphasis has been to map a combination of potentially
important soil attributes as a best available indicator of relative
sensitivity. Soil attributes incorporated include texture, depth to
carbonate, pH and cation exchange capacity, as well as glacial and
bedrock features. Incompleteness of survey data for certain
important properties (e.g., sulphate adsorption capacity, internal
proton production, and the role of dry deposition) precludes their
use in identifying detailed sensitivities of land or aquatic
resources. As far as possible, the eastern parts of the United
States and Canada are mapped using a similar conceptual framework
which indicates the general extent of areas of different possible
sensitivities to the effects of acidic deposition. The significance
of these categories will increase as more effects are documented.

1.4 HUMAN HEALTH AND VISIBILITY

l.4.1 Health

Available information gives little cause for concern over direct
health effects from acidic deposition. The potential indirect health
effects associated with transboundary air pollution discussed are:
(1) contamination of the food chain with metallic substances,




especially mercury; (2) leaching of watersheds and corrosion of
storage and distribution systems, leading to elevated levels of toxic
metals; and (3) health implications of recreational activities in
impacted waters.

The principal conclusions of the report are as follows:

Acidification of lakes is a concern because it may be related to
increased mercury contamination of the food chain, thus
increasing the health risks associated with high levels of
consumption of contaminated organisms. A correlation exists
between low pH in lakes and higher mercury concentrations in
some species of fish, although the mechanism for this accumu-
lation is not presently known. In addition to the effects
produced by acidic deposition, the increased input of anthropo-
genic sources (air or water effluents) of mercury and other
heavy metals may further complicate the issue and lead to health
problems when affected fish are consumed by humans in large
amounts.

Acidic deposition may liberate metals in some groundwaters,
surface drinking water supply systems and cisterns. However,
groundwater may also be acidic due to increased partial pressure
of COy at depths of a few metres or more. This should not be
confused with acidity due to atmospheric deposition. Elevated
metal concentrations in acidified drinking water supplies have
been found. Lead levels in tap water from cisterns were much
higher than those found in the source water; about 167 of the
households sampled in one western Pennsylvanian county had tap
water levels in excess of the United States drinking water
standards. Surface drinking water supplies which are not
treated (i.e., small communities or individual water supplies)
are susceptible. No adverse health effects resulting from
consumption of such water have been reported. Concern has been
expressed that recreational activities in acidified waters, such
as swimming, may prove to cause eye irritation. To date, no
compelling evidence has been forthcoming that indicates that
humans are being adversely affected by these waters in their
current state.

With respect to the direct inhalation of transported air
pollutants for which standards exist (i.e., particulate matter,
photochemical oxidants, sulphur oxides, and nitrogen oxides), no
adverse human health effects are anticipated, providing the
ambient air quality standards are not exceeded (see Table 5-2).
However, in regions where transboundary air pollution
contributes to the violation of the standard, health related
problems cannot be ruled out.

Although some concern has been expressed over the effects of
acid sulphates on mortality/morbidity, the available data appear
insufficient to single out this species as the sole pollutant of
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concern in the sulphur-particulate complex. As with the gaseous
pollutants, the long-range transport of particulate matter
should only be viewed as a concern when violation of the ambient
air quality standards occur.

1.4.2 Visibility

Effects of transboundary air pollution on visibility are related to
fine particle air quality and only indirectly to acidic deposition.
The major precursors of acid deposition that can significantly affect
visibility are sulphuric acid and various ammonium sulphate aerosols.
These form a large fraction of the fine particle loadings that
dominate visibility impairment from anthropogenic sources. Available
data do not suggest that nitrates (predominantly in the vapour phase)
play a significant role in impairment of visibility, but visible
brown plumes from NOp have been reported at a distance of 100 km
from a few isolated point sources.

From available information on background and incremental fine
particle loadings and relative humidity, estimates of visibility
impacts (reduction in visual range and contrast, discolouration from
haze or plumes) can be made. Analysis of airport data indicate a
substantial decline in regional summertime visibility in the eastern
U.S. and portions of southern and eastern Canada between 1950 and
1975, with stable or small improving trends since that time. These
changes may be associated with changes in the level and distribution
patterns of sulphur oxide emissions.

Areas such as those found in western North America, are the most
sensitive to visibility degradation. Usually, good visibility is
valued most highly in natural settings such as parks and wilderness
areas. Any area, however, with normal viewing distances of a mile or
more may be affected by episodic regional haze carrying acid
precursor substances. Studies of the value of visibility and public
perception indicate that the public cares about visibility and is
willing to pay for maintaining or improving it. Accurate economic
assessments are not, however, available for eastern North America.

1.5 MAN-MADE STRUCTURES

Certain airborne chemicals can accelerate deterioration of materials.
There is evidence that materials in urban areas of Europe and North
America have suffered and are suffering from exposure to these
pollutants. Materials at risk include statuary and structures of
cultural value as well as commonly used construction materials. 1In
the present discussion, exterior surfaces are the focus of interest.

It is reasonable to assume that acidic deposition due to long-range
transport and transformation of air pollutants contributes somewhat
to material effects. Current understanding of material decay




processes leads to the tentative conclusion that local sources of
corrosive pollution mask the effects resulting from long-range
transport of acidic deposition.

The principal findings of the Work Group are:
The majority of sensitive materials tend to be located in
urban/suburban areas. However, materials at risk cannot be

assumed to be proportional to population density.

Relationships between concentration of corrosive gases and

damage are better documented than relationships between acidic

precipitation or particulates and deterioration.

The main groups of materials which are damaged by outdoor air
pollutants are: metals, coatings and masonry. The pollutants

are delivered to the surfaces in wet and dry form.

It is generally accepted that SO is the primary species
causing damage to materials. The importance of nitrogen

compounds is closely related to its particular species and may

increase with the predicted increases in NO; emissions
relative to SOy emissions.

Chemical degradation processes include deterioration of
calcareous building materials by the removal of calcium

carbonate through conversion to calcium sulphate and the removal
of protective corrosion products on metals, particularly zinc

and copper.

Mechanical deterioration of masonry occurs when calcium sulphate
enters the porous material and causes internal rupturing due to

the pressure of crystallization or hydration.

Regional field studies, chamber tests and atmospheric corrosion

sites have indicated the nature and extent of accelerated
corrosion associated with metal-pollutant interactions.
Dose-response relations have been determined for SO and
low-carbon steel and zinc. In some areas of eastern North
America, urban centres have experienced extensive and
significant deterioration of zinc coverings.

Common materials of construction at risk include, limestone,

carbon steel and galvanized steel sheet. Carbon steels must be

coated in order to provide useful service life and, thus the
coating becomes the material at risk.

Dose-response relations have been determined for sulphur dioxide
and ozone for some paints and coatings. In some urban centres,

ozone can have a significant impact on the durability of
elastomers.
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For porous materials such as masonry, the long-term accumulation
of pollutants is a major concern especially for deterioration
associated with sulphate.

Materials at risk and some active corrosion agents have been
identified in numerous field and laboratory tests. Confidence
in dose-response relationships is weakened in some cases because
of incomplete monitoring of air quality and meteorological
parameters in field tests.

1.6 METHODOLOGIES FOR ESTIMATING ECONOMIC BENEFITS OF CONTROL

Traditionally, the decision-making process has required an
appreciation of the costs and benefits associated with following a
prescribed set of actions. Basic to this process has been the
transformation of the implications of these actions, (i.e.,
converting changes in crop yield and fish catches, into comparable
units of measurement). Monetary units are widely accepted as
providing comparable weighting units for individual variables. In
order to provide the Canada/United States Coordinating Committee with
guidance in this important area, the Work Group has undertaken a
review of the methodologies available for assessing the economic
benefits of controlling long-range tramsport of air pollution.

The following are the conclusions of the Work Group:

A number of methodologies have been reviewed but presently the
basic conclusion of this effort is that application of available
approaches for conducting a benefit/cost analysis must either
omit real but intangible benefits or include a wide uncertainty
range. Despite these real limitations, these methodologies can
provide a useful estimate of benefits for some sectors.

There are several techniques which can be applied to determine
the primary economic benefits associated with a particular
receptor category recognizing that option and legacy values are
not captured. However, the lack of data on dose-response
relationships limits the application of most of these techniques
at this time. For some sectors, differences in producers'
income may provide benefit estimates even in the absence of
explicit dose-response data.

The value of the secondary benefits can be estimated for
specific economic sectors and regions, to derive a partial
estimate of the impacts in various geographical areas.

It is evident that more economic research is required. Economic
techniques have yet to be rigorously tested in some sectors,
such as historical value, and are limited in their treatment of
option and legacy values, and in dealing with the issues of
property rights.

Eovrmemr—

|
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The initial design of future research efforts to document the
effects of acidic deposition should reflect the data require-
ments for an economic benefit estimate. Interdisciplinary
cooperation at the design stage is the best way to ensure
results which are amenable to economic analysis.

1.7 NATURAL AND MATERIAL RESOURCE INVENTORY

1.7.1 Introduction

A natural and material resource inventory is a necessary component of
an assessment of the benefits of emission reductions. Consequently,
the Work Group attempted to compile an inventory for aquatic,
terrestrial and man-made resources.

In all cases, the sectoral inventories are incomplete and somet imes
lacking in sufficient detail. For example, not only does the aquatic
inventory not include an accurate accounting of lakes and streams
with their associated alkalinity, but it also does not include a
consideration of the population size and diversity of aquatic
organisms depending on the maintenance of a stable aquatic environ-
ment. Similarly the terrestrial inventory has been limited to only a
consideration of hardwoods and softwoods because a comprehensive
inventory at the species level is presently lacking.

The inventory has been established on the basis of sulphate depo-
sition regimes coincident with the location of terrestrial features
such as soils and bedrock which have a limited capacity to reduce the
impact of acidic deposition on aquatic regimes. In no cases were
there sufficient data to indicate which particular resources are
being damaged by acidic deposition. Thus, this inventory is a
categorization of resources potentially at risk, rather than a list
of resources now adversely affected by acidic deposition. The
completion of this inventory has served to underline the considerable
weakness which exists in our ability to adequately quantify the
extent of the resource at risk.

1.7.2 Aquatic - United States

Approximately 36,000 km?2 of the eastern U.S. surface water area
(25%) is located in areas of low and moderate potential to reduce
acidity (high and moderate sensitivity) and of deposition greater
than 20 kg/ha.yr sulphate in precipitation. Only 24% are located in
areas with a high potential to reduce acidity (low sensitivity) and
of deposition greater than 20 kg/ha.yr sulphate in precipitation.
The actual surface water area would be more restricted if data had
been available on surface water chemistry (i.e., alkalinity).
Additional refinements on the inventory should include data on this
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variable as well as more accurate measurements of surface water
area,

1.7.3 Aquatic - Canada

Approximately 52,000 km? of surface water area is estimated to be

at risk in areas with deposition exceeding 20 kg/ha.yr. Of this
total, about 54% (28,000 km2) is located in areas with a low
potential to reduce acidity (high sensitivity). The inventory could
be improved by better data availability on actual surface areas of
waters and kilometres of rivers and streams. Moreover, actual data
on aquatic alkalinity and aquatic biota will be required to define
more accurately the extent of the resource at risk.

1.7.4 Agriculture - United States

Major crops in the eastern U.S. (corn, soybeans, hay, wheat, tobacco
. and potatoes) are grown under varying sulphate deposition regimes.
Soybeans and tobacco are the only ones, however, with approximately
20%Z of their yield grown under sulphate deposition greater than 40
kg/ha.yr. For the other crops, less than 10% of their total yield is
grown under sulphate deposition greater than 40 kg/ha.yr.

1.7.5 Agriculture - Canada

Many of Canada's most valuable crops are grown in areas of high
deposition. These include both grains and vegetables. Importantly,
for 6 of the 12 crop types included in the inventory, more than 50%
of their individual total yields is grown in areas where sulphate
deposition exceeds 40 kg/ha.yr. Only 4% or less of each crop is
grown in areas experiencing annual deposition levels of 10-20
kg/ha.yr sulphate in precipitation.

1.7.6 Forests - United States

The annual forest growth in those states east of the 100° meridian in
1977 was 476 million m3. Approximately 10% of this combined

hardwood and softwood growth occurs under sulphate deposition regimes
greater than 40 kg/ha.yr. Over 75% of the growth occurs under
sulphate deposition regimes between 20-40 kg/ha.yr.

1.7.7 Forests - Canada

Canadian forest growth occurs in a slightly different pattern than in
the U.S. Of the total annual yield of 150 million m3, about 10% of
the hardwood growth is located in the highest deposition area, but
only 1% of the softwood growth and 8% of the mixed growth.
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Approximately 647% of the hardwood and 70% of the mixed growth occurs

in the area of moderate deposition, but only 28% of the softwood
growth.

1.7.8 Man-Made Materials - United States

There is no adequate U.S. inventory of renewable or cultural
resources. Past efforts to create an inventory of renewable
resources have combined per capita material estimates and census data
on population distribution. These per capita estimates have been
shown to be very site specific and are not an adequate basis for
creating a national inventory. The only inventory prepared by the
Work Group is one on historic resources exposed to various levels of
ambient sulphur dioxide.

1.7.9 Man-Made Materials - Canada

As in the case in the U.S., Canada has no adequate inventory of
renewable materials or cultural resources. The historic resources
inventory includes historical landmarks, buildings and monuments and
parks. The inventory presented here indicates the numbers of each of
these which are located in 2 categories of deposition: greater than
40 kg/ha.yr and under 40 kg/ha.yr. Geographically, these resources
are located in the area around Quebec City, one of the earliest towns
in Canada, and in southwestern Ontario (Windsor-Sarnia).

1.8 LIMING

Mitigation of the effects of acidic deposition by adding neutralizing
agents to the receptors has been an obvious action to be considered.
Limestone is most often used although other chemicals have been
tried. The term "liming” has often been used to describe such
treatments and in this section will be used to describe artificial
neutralization experiments regardless of the chemical or chemicals
actually used.

Extensive work has been carried out on aquatic systems affected by
acidic deposition. However, the application of lime products to
aquatic resources will not address the potential for damage to
forests or buildings and structures.

1.8.1 Aquatic Systems

Liming will not eliminate all problems associated with acidification
of surface waters but may be necessary on a limited basis as a

means of temporarily mitigating the loss of important aquatic
ecosystem components. However, it cannot be used in all situations.
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Further, its long-term viability and impact on fish populations needs
additional. study.

The following observations support this overall conclusion:

Liming can only treat certain aquatic situations, mostly lakes,
and must be repeated periodically. It is not practical to
locate and treat small temporary meltwater pools because of
their large number and widespread occurrences. These pools,
however, are an important habitat for amphibians and dependent
wildlife. The technology for reliably treating high discharge
rivers (such as the salmon rivers of the eastern North American
coast) is not available.

Swedish experimental liming programs report some success in
being able to promote the growth and reproduction of fish
populations. However, all results to date are from experiments
which have been run for five years or less. The long-term
effectiveness of liming to protect aquatic ecosystems is not
known. As a result of liming acidic waters, aluminum poisoning
of salmon and rainbow trout has been encountered.

No experimental data on liming are available for surface waters
containing some of the important sport fish species in North
America, such as muskellunge, walleye and bass.

Anthropogenic acidic deposition will alter the original
uniqueness of "wilderness” aquatic environments. The additions
of neutralizing agents will further modify the character of
these ecosystems and will not preserve the "wilderness” nature
of these waters.

1.8.2 Terrestrial Liming '

The liming of forest lands to neutralize potential acidic deposition
effects on terrestrial ecosystems has serious limitations. These
include evidence that liming would not prevent direct foliar injury;
that under certain conditions lime additions can disrupt important
soil biological relationships and adversely affect forests; and that
the area coverage required would tend to be so large as to be
economically prohibitive.

1.8.3 Drinking Water Supply

Liming techniques have been effectively applied to the treatment of
low pH municipal supplies. The per capita costs range from $0.18 to
$0.57.
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INTRODUCTION

World attention was drawn to the problem of transboundary air
pollutants and their deposition on surface waters in 1972, when
Sweden and Norway reported the so-called "acid rain"” phenomenon.

From these Scandinavian studies, sc1entlsts in many other nations
became increasingly aware that, because atmospheric dilution does not
eliminate waste, there may be effects on "receiving” aquatic
ecosystems, caused by the transport and deposition of pollutants.
Since 1972, the acidic deposition phenomenon has become recognized in

North America, as detailed in many articles by both Canadian and
U.S. scientists.

2.1 THE EXTENT OF RESOURCES EXPOSED TO ACIDIC DEPOSITION AND
POTENTIAL FOR LARGE-SCALE EFFECTS

Acidic deposition is currently being observed over most of eastern

North America. The effects on watersheds and aquatic resources are
most strongly expressed in the areas where elevated inputs of acid

combine with low natural acid neutralizing capacity (ANC) of soils

and water to reduce the pH of surface water, leading to effects on

aquatic ecosystems.

Over most of this area, acidic deposition, sulphate particulates, and
oxidants occur together. In addition, there are local exposures
occurring to sulphur dioxide, nitrogen oxides and fluorides, with
biological uptake and subsequent cycling of these compounds.

Although acidic components of acidic deposition remain the focus of
this report, due to their important impacts on aquatic/terrestrial
ecosystems and on human health and man-made structures, the effects
attributable to oxidants are also considered.

Hydrogen ion concentration (acid, H*) is a critical factor
controlling the rate of most chemical reactions. Processes such as
solubilization, corrosion, and mobilization of minerals and metals
are accelerated by increasing the acid concentrations in soils and

water. Soil weathering and nutrient balances are altered by changes
in the acidity of soilwater. Household water supplies from shallow
wells, or acidic surface waters, in turn, can be modified by the
further mobilization of metals from lead and copper pipes. The
hydrogen ion load (mass per area per time) affects the extent of
chemical reactions in soils and other materials whereas the
concentration affects the rates of reactions. For example, the total
amounts of chemical constituents leached from soils annually is more
closely related to the annual load on hydrogen ion than to the
concentration in any precipitation event. The load is also used in
the following ways: (1) in comparison with loads of acid-forming iomns
to determine the influence of acid neutralizing materials in




atmospheric deposition; (2) to simulate the acidity of streams
receiving snowmelt runoff from an accumulated snowpack; and (3) to
determine the acidity of lakes which average the inflow from a number
of runoff events,

The effect of acidic deposition on watersheds is quite different from
one region to another due to differences in climate, soils and
geology. Generally speaking, ecosystems seen as sensitive to acidic
deposition are characterized as having thin soils, low in exchange-
able bases and cation exchange capacity, overlying granitic bedrock
(noncalcareous). Figure 2-1 provides a small scale overview of areas
seen as sensitive based on bedrock geology. Efforts are now underway
and preliminary results are presented in Sections 3.5 and 4.5 of
larger scale mapping of sensitive areas. In the United States, the
four most susceptible regions are the Northeast, the Appalachian
Mountains, the Minnesota-Wisconsin-Michigan highlands, and the
western mountain areas of Colorado, Oregon, Washington, Idaho and
California. In Canada, sensitive regions include parts of the
Atlantic Provinces and portions of the Precambrian Shield areas of
Ontario and Quebec. Other areas may be considered sensitive based on
soil characteristics or other variables.

What is known of the complexity and geographic range of acidic
deposition ecosystem interaction and long distance transport of air
pollutants pose a significant dilemma for federal, state and
provincial regulatory agencies. Aquatic life is apparently being
damaged by regional air emissions, but air quality standards were not
designed to protect water quality. Nevertheless, important resources
over a large part of the continent appear to be at risk and new
multinational control approaches may be required.

2.1.1 Methods of Measuring Effects

Lakes, rivers, and watersheds act as "collectors” of atmospheric
pollution. Therefore, one research approach has been to study lakes
and watersheds as large—-scale "calibrated”™ collectors since the
surface environment experiences a total loading that is an
integration of all deposition processes. This approach has led to
establishing "calibrated watersheds™ as monitoring sites which are
combinations of streams, lakes, and plant communities under intensive
measurement. In these watersheds, hydrologic weirs are set up in
streams entering and leaving small study lakes or settling pools.
The flows of water and dissolved substances are measured upon
entering and leaving the lake, and these data are combined with
measures of atmospheric inputs and water loss by evaporation, to
calculate "substance budgets”. The difference between the inputs
measured by the budgets and inputs measured from wet deposition
monitoring can provide a preliminary estimate of dry and gaseous
deposition.

Detailed sampling of biota within such a watershed, together with
chemical data, allow an assessment of the chemical and biological
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Location of Ten Calibrated Watersheds:

1. Experimental Lakes

2. Boundary Waters Canoe Area
3. Northern Highlands, WI

4. Saulte Ste. Marie

5. Dorset

6. Sagamore Lake

7. Hubbard Brook

8. Laurentide

9. Kejimkujik Park

- 10. Coweeta

Figure 2-1. Regions of North America containing lakes that may be
sensitive to acidification by acidic deposition, based
on bedrock geology, showing where calibrated watershed
studies on sensitive areas are in progress (modified

from Galloway and Cowling 1978).
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effects that air pollution can have on the system. Calibrated
watersheds have been established at a number of locations, such as
Kenora, Sault Ste. Marie, and Dorset in Ontario; Laurentide Park,
Quebec; Kejimkujik Park, Nova Scotia; Hubbard Brook, New Hampshire;
Coweeta, North Carolina; and Sagamore Lake, New York (Figure 2-1).

2.1.2 Hydrologic Cycle

Although the hydrologic cycle seems to be well-known, questions do
emerge as to the potential for high evaporation/precipitation ratios
to concentrate sulphate, and the availability of water for many of
the acid-forming reactions, as well as for the wet deposition and
soil flux processes. For example, in low-humidity regions, or during
drought periods, long-distance gaseous transport of SO2 may provide

a greater fraction of the deposition than in wet regions. Similarly,
conditions of low rainfall and high evaporation, or seasonal droughts
will alter the soil solution flux processes and associated reactions.
In regions where annual precipitation is less than potential annual
evaporation, movement of dissolved ions is upward (calcification).
This movement of bases would tend to neutralize acidic deposition
falling onto soil surfaces. Indeed, in regions where potential
evapotranspiration approaches total rainfall, flushing of HY or
5042' becomes limited to short-season processes or those that

occur only every few years.

Because of the evidence that in many poorly-buffered northern soils,
the sulphate ion is a relatively conservative substance (Harvey

et al. 1981), high rates of evaporation can leave the precipitation
sulphate concentrated in the soil solution (and lake water) by a
factor controlled by the evaporative losses. The equations for lake
sulphate concentration developed by Henriksen (1980), show this
factor plus dry deposition to be 1.9 for central Norway. Regions of
proportionately high evaporative losses are expected to have higher
observed sulphate concentrations in lake water than are predicted by
the Henriksen equations for a given atmospheric loading rate (Glass
and Brydges 1981). These processes vary with precipitation and
temperature patterns between regions, from one watershed to the
next, and from areas having strong topography.

Thus, local processes governing the hydrologic balance need to be
considered as a part of the surface water acidification process.
Knowledge of the periodicity of atmospheric cycles, and of the
geographic patterns of these transport processes and precipitation is
essential to understanding what happens over long periods to
sensitive aquatic systems, as well as when and where it will happen.
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2.2  ATMOSPHERIC INPUT, TRANSPORT AND DEPOSITION OF POLLUTANTS

2.2.1 Emissions of Pollutants to the Atmosphere

Extensive research attributes most of the acidity in rainfall in
eastern North America and elsewhere to the presence of sulphuric and
nitric acids. These acids are formed by a complex series of chemical
and physical processes during and subsequent to the burning of fossil
fuels, ore smelting, and petroleum refining.

|

Vehicular transportation, construction, agriculture, municipal
incineration uses of home wood burning stoves and natural processes
also contribute to the atmospheric burden. Other substances are also
emitted to the atmosphere during these processes. Prevailing weather
conditions in eastern North America foster the large-scale movement
of pollutants within and between Canada and the United States, so
that the movements of pollutants are regional issues. .

Current emissions in the United States and Canada have been estimated
by Work Group 3B (Table 2-1).

Substantial increases in these emissions are expected if consumption
of fossil fuels continues to increase. Estimated emission rates for
other constituents from the burning of coal are presented in

Table 2-2. A recent U.S. National Academy of Sciences report

(NAS 1978) further estimated that from 25 to 30% of the present day

atmospheric mercury burden is due to man-made emissions.

Much study is presently being devoted to the characterization of
emissions from both natural and anthropogenic sources. Table 2-3
presents a comparison of these sources for several gases. Rasmussen
et al. (1975) estimated that greater than 90% of the global
anthropogenic 802 is emitted from the Northern Hemisphere. It is
evident that the natural sources of many gases far exceed the
man-made sources on a global basis. However, because such natural
gases are usually well distributed throughout the atmosphere, their
concentration, known as the background concentration, is extremely
low. Anthropogenic sources of many pollutants are centered near
urban complexes and, therefore, their local pollutant concentrations
are higher and may pose major threats to the urban environment. This
spatial concentration of pollutant emission sources causes many
atmospheric constituents to exceed their natural levels several
fold.

2.2.2 Atmospheric Transport of Pollutants

The fate of a pollutant once emitted into the atmosphere depends on
several factors, some meteorological and some a function of the
pollutants themselves. It is important to have information about
these factors since sensitive receptor areas are often located at
considerable distances from the pollutant source regions. -




TABLE 2-1. CURRENT EMISSIONS IN THE U.S. AND CANADA (106 Tons)

U.S.A.
(1980 Estimated) CANADA 19792 TOTAL
NOy SOy NOy SO0 NOx SOy

Utilities 6.2 19.5 0.3 0.8 6.5 20.3
Industrial Boilers/ 7.1 7.3 0.6 1.1 7.7 8.4
Process Heaters/
Residential/

Commercial
Nonferrous 0.0 2.0 0.0 2.2 0.0 4.2

Smelters
Transportation 9.0 .9 1.1 0.1 10.1 1.0
Othel‘ - - 002 1-1 002 1.1
TOTAL 22.3 29.7 2.2 5.3 24,5 35.0

2 Inco, Sudbury at 1980 emission rate.

From: Canada/United States Work Group 3A Interim Report "Strategies
Development & Implementation™ Feb. 1981, Ottawa, Ont.




TABLE 2-2. AIR EMISSIONS FROM A TYPICAL 1000 MW COAL-FIRED

STEAM PLANT®
Constituent Mean concentration in t:oalb Annual air emission
(kg/yr)

Major - - - - - - - - - - - -
Ash 11,4 73 2,5 x 108
Total carton 70.3 13 1010 tas c0y)

107 ¢as cO)
Tota! sulphur 3.3 ) (9 65 x 106
Water 9, 1 9) 450 x 105
Total nitrogen 1.3 %3] 108 (a5 NO,)
Al 1.3 %) 0,24 x 10
Ce 0.77 (%) 0.14 x 106
¢! 0.14 ) 7 x 10% (mostly vapor)
Fe 0,9 (%) 0,31 x 10
K 0.16 13 0,062 x 108
Mg 0.05 (£) 0.014 x 106
Na 0.05 (£) 0,02 x 10
St 2,49 (£) 0,54 x 10
Tt 0.07 () 0,034 x 10

Minor - - - - - - - - - - - -
Organic C - 5,000,
Fluoranthane - 35.
Benzo(gnl)perylene - 14,
Benzo(a)pyrene - 13,
Benzo(a)pyrene - 7.

Pyrene - 13,
Perylee - 6,
Phenanthrene - 3.
Corenene - 0.6

Ag 0.1 (ppm) 3.

Au 0,001 (ppm) 0.3

As 14, (ppm) 3,500,

B 102, (ppm} 3,100,

Be 1.6 (ppm) 80

Br 15.4 {ppm) 70,000, (mostly vapor)
cd 2.5 (ppm} 680,

Co 9.6 (ppm) 640,

Cr 13,8 {ppm) 1,700,

Cu 15.2 (ppm) 915,

F 61, {(ppm} 15,000, (40% as vapor)
Ga 3.1 (ppm) 172,

Ga 6.6 (ppm) 1,600,

Hg 0.2 (ppm) 1,000,

Ll 9, (ppm) 365,

Mn 49 .4 (ppm} 1,500,

Mo 7.5 {ppm) 940,

NI 21,1 (ppm) 1,300,

P FAN (ppm) 2,700,

Pb 34,8 (ppm) 11,000,

Ra 0.1 (C1)
Rb 40, (ppm) 1,200,

Sb 1.3 (ppm} 360,

Se 2,1 (ppm) 335, (20% vapor)
Sn 4,8 (ppm) 1,200,

Sr 34, (ppm) 1,100,

Ta 0,16 {ppm) 6.5

Te 50, {ppm) 2,600,

Th 30 (ppm) 96,

Ti 680, (ppm) 33,000,

1] Se (ppm) 250,

v 32,7 (ppm) 3,400,

w 3. (ppm) .

Zn 272, (ppm) 37,000,

r 72,5 (ppm) 2,200,

a Plant has olecfgosfaﬂc precipitator etticlency of 99,58, no scrubbers, and
consumes 5 x 10" tons ot coal per year,

b western, midwest and eastern coal mean of 101 sampies,

From: AW, Andren personal communicetion; Bauer et al, 1982s, 1982b; EPR! 1980;
Klein et al, 1975; NAS 1977; ORNL 1977,
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TABLE 2-3. SUMMARY OF GLOBAL SOURCES, ANNUAL EMISSION, BACKGROUND CONCENTRATION, MAJOR SINKS, AND
RESIDENCE TIME OF ATMOSPHERIC GASEQUS POLLUTANTS
Poi tutant® Major Source Estimated Emission Major identifled Sinks Rcsldogc.
ka/yr Time
Anthropogenic Naturai Anthropogenic Naturai Concentrat ion Days
gm
502 Combustion of coal and Volcanoes 130 x IO9 2 x IO9 1-4 Scavenging: Chemicai reactlions; i=>
ol 9 9 Soll and surface water (Average)
(North America)® 16 x 10 0.8 x 10 adsorption; Ory deposition
SO. Combustlon Sea Spray - - 0,5=5 Scavenging; Ory deposition 35
(Aerosol)
st Chemicai processes; Voicanoes; Blologlical 3 x IO9 100 x IO9 0.3 Oxidation to SO2 1=3
Sewage treatment decay
N20 None Blologlcal decay None 590 x IO9 460-490 Photodissoclation in strato- 3,500
sphere; Surface water and soll
adsorption
NO Combust lon Bactertal action in 0,3-2,5 Oxldat lon to NO2 0,15
soll; Photo-dissoclation 9 9
of N,0 and NO2 53 x 10 768 x 10
NO2 Combustion Bacterial actlon In 2-2,5 Photochemical reactions; 1=5
soll; Oxldatlion to NO Oxlidatlon to nitrate; Scavenging
My Coal burning; Fertllizer; Biological decay 4 x10° 170 x 10° 40 React lon with S0,; Oxlidation to 7
Waste treatment nltrate scavenging
co Auto exhaust and other Oxldatlon of methane; 360 x 109 3000 x IO9 100 Soll adsorptlon; Chemical 36
combust ion processes photo-dissociation of oxidat ion
002; Forest fires; Oceans
03 Electricai dlischarge; Tropospheric reactions (&3] (7 20~-60 Photochemical reactions; 110
No! convers lon and transport from Absorption by land surfaces
processes stratosphere (Soll and Vegetation; Surface
Water)
Non~ Auto exhaust; Blological processes In 70 x 10° 300 x 109 CH,4=1000 Blologlical actlon 700
reactive Combustion of oll swamps non=Ch, |
hydro-
carbons
Reactlive Auto exhaust; Bloioglcai processes In 27 x IO9 175 x IO9 | Photochemical oxidation -
hydro=- Combustion of oll forests
carbons
From: 3 Rasmussen et al, 1975 : Sze 1977
Roblnson and Robblns 1970 b Liu 1978
Rodhe 1978 b Keilogg et ai. 1972
Soderlund and Svensson 1976 b Junge 1972, 1974, 1977

Spadding 1972
b Stowart et al, 1978

Gramat et al, 1976
€ Galloway and Wheipdale 1980
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Several types of meteorological factors influence long distance
transport. The prevailing wind regime over much of the eastern U.S.
and Canada is one of westerly winds. This pattern is complicated by
seasonal trends, in that there is a southerly component in the -summer
and a northerly component in the winter (Figures 2-2 a and b).
"Long-range transport” is facilitated by tall stacks, high wind, and
a stable lower atmosphere (i.e., where the temperature increases with
altitude). Absence of precipitation also increases the distance of
transport. Figures 2-3 a and b show isopleths of precipitation for
the North American continent. The numbers on the contours represent
the average number of centimetres of water falling on the land during
two periods, warm and cool, over 12 months. The amount of
precipitation in any particular locality usually varies from year to
year, but over a long period its average is fairly constant. The
precipitation patterns shown in Figures 2-3 a and b partially govern
the removal processes of pollutants from the atmosphere.

The properties of the pollutants also will determine their ultimate
fate in the atmosphere. Junge (1977) has argued that atmospheric
constituents may be put into three categories, each describing the
fate of a set of compounds: (1) accumulative gases; (2) gases
determined by chemical or physio-chemical equilibria with the earth's
surface; and (3) gases and particulate matter (aerosols) determined
by steady-state conditions of their cycles.

The third category comprises most trace gases and particulate matter
and is the prime concern of this report. The atmospheric concen-
tration of these constituents is determined by dynamic processes
between sources and sinks. The average atmospheric residence or
turnover time varies between constituents. A large percentage of
compounds with relatively short residence times (a few days) are
deposited within tens to hundreds of kilometres from the point of
emission. Compounds with longer residence times may travel thousands
of kilometres. Galloway and Whelpdale (1970) estimate, for example,
that some two—thirds of sulphur emissions in eastern North America
are deposited there, the remainder being transported out over the
Atlantic Ocean. Table 2-3 presents typical residence times for other
selected parameters.

2.2.3 Atmospheric Removal Processes

Substances transported through the atmosphere are removed via wet and
dry processes. There are presently a number of deposition models,
both empirical and theoretical, which may be used in delineating
pollutant deposition patterns. The suitability of these models
depends on the time and space scales of the transport processes under
consideration and the complexity of the chemicals of interest. The
transport process models require knowledge of the chemical and
physical characteristics of the airsheds involved, for example,
reaction rates under ambient conditions; the concentration in the
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Figure 2-2. Wind patterns for North America based on surface
stream—lines for (a) January and (b) July (Bryson and
Hare 1974).




2-11

Total Precipitation (cm)
Apr-Oct 1979

&9

Total Preclpitation {cm)
Nov 19798-Mar 1980

Figure 2-3. Seasonal precipitation for North America patterns, total
precipitation as water depth (cm), shown for (a) )
“Summer"” April - October 1979, and (b) "Winter” November
1979 - March 1980. Data reporting sites (A) are from
NADP and CANSAP precipitation monitoring networks (Glass
and Brydges 1982).
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solid, vapour, and liquid states; size distributions, morphology, and
sorptive characteristics of aerosols; and the vertical, aerial, and
temporal variability of these parameters.

Particles and unreactive gases in air may be removed by rainout
(in-cloud processes) and washout (below-cloud removal). The wet flux
of these substances is a function of their concentration in
precipitation and the amount of precipitation. The particle washout
ratio has been completed by several authors for different chemicals
(Slinn et al. 1978). Slinn et al. (1978) have also summarized data
on enhanced solubility coefficients for reactive gases. These gases
include SO,, where the dissolution, hydrolysis and oxidation to
sulphuric acid are considered.

Accurate and direct measurements of dry deposition, both for aerosols
and gases, are not possible at present (Hicks and Williams 1980).

The mass transfer is especially difficult to estimate for trace
chemicals because long sampling times are required (often greater
than 24 hours) and meteorological conditions may change drastically
during such a sampling interval. Dry flux estimates will undoubtedly
change in the future as deposition measurement techniques and models
improve. At the present time, it seems that the best experimental
strategy is to collect accurate data for atmospheric constituents
with the best possible time resolution, at an appropriate reference
height, and with as much meteorological information as possible.

Several approaches are available for indirectly calculating mass
transfer of aerosols to the earth's surface. The most popular
approach has been to use the relation by Chamberlain (1966):

F = V)Cgz (1)

where F = flux, V = deposition velocity, and Cz = pollutant
concentration at a certain reference height. Deposition velocity
data, determined by wind tunnel experiments for several particle
diameters, roughness lengths, and friction velocities, have been
furnished by Sehmel and Sutter (1974), Cawse (1974) and Moller and
Schumann (1970). The data, which have been summarized by Gatz
(1974), represent time-averaged deposition velocities for a variety
of meteorological conditions and thus do not necessarily give
realistic values for aerosol depositions to water. Sievering et al.
(1979) has used the profile method for estimating fluxes across the
air/water interface. Hicks and Williams (1980) have proposed a new
spray capture model, indicating that very little (if any) transport
is possible during calm conditions. Slinn (1980) has proposed a more
sophisticated resistance model, where aerosol growth in the surface
layer is included. Sehmel and Hodgson (1974) have presented a model
based on dimensionless integral mass transfer resistances. Surface
integral resistances were evaluated with deposition velocities of
monodispersed aerosols determined in wind tunnel experiments.
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Similar models are also available for gaseous deposition to various
surfaces. Garland (1980), Gramat (1980) and Liss and Slater (1974)
have devised models based on resistance of transfer to various
surfaces, such as grass, snow, water, and forest canopies. These
models usually include an aerodynamic, stagnant film, and stomatal
(for vegetation) resistance. The same caveats are necessary on these
models as are applied to dry particle deposition.

The relative importance of each process (i.e., dry vs. wet !
deposition), is still being evaluated. Although the results are not

fully conclusive, modelling and mean balance studies indicate wet and

dry deposition of sulphur compounds are of equal importance in north

Europe and North America (Fowler 1980; Haines et al. 1981). Dry

deposition seems to be of lesser importance in remote areas. Harvey

et al. (1981) conclude that dry deposition is relatively more

important than wet deposition in areas like the Ohio Valley, whereas

the opposite is true in remote Canadian Shield lakes.

2.2.4 Alteration of Precipitation Quality

The seasonal quantity and quality of precipitation are important for
determining the potential for acidic deposition impacts on the
environment. Acid pollutants accumulating in the snowpack have a
higher potential for causing deleterious effects on organisms and
habitats in areas with higher amounts of snowfall than in areas with
lower amounts of snow accumulation. This is due to the rapid
flushing of accumulated acid during snowmelt. Large storms, on the
other hand, tend not to have as low a pH for the entire rainfall as
do light rains. Thus, the distribution of precipitation during the
year, the temporal behaviour of rainfall, and the location of
pollution sources within rainfall pathways are linked to the
potential for damage to the aquatic ecosystems. In addition, many
areas in the east with the greatest annual precipitation have the
least buffering capacity in soils and waterways.

Distilled water in equilibrium with atmospheric carbon dioxide has a
pH value of about 5.6. Results of CANSAP + NADP monitoring presented
in Figure 2-4 show large areas of North America which are receiving
precipitation with a pH less than 5.6. This results in elevated
concentration and deposition of acids to the surface as shown in
Figures 2-5 a and b.

All precipitation contains a wide variety of chemical constituents

from sources such as sea spray, dust particles and the natural : '
cycling of carbon, nitrogen and sulphur. The discharge of wastes to

the atmosphere increases the amounts of compounds containing elements

such as nitrogen, carbon and sulphur, and adds to the variety of

compounds, such as PCBs, PAHs and heavy metals, which are found in

rainfall. The four ions usually of most importance to rainfall

acidity are: hydrogen (1Y), ammonium (NH4+), nitrate (N03_) and

sulphate (8042_). Other ions (e.g., calcium) may be important
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under some conditions. Some of the nitrogen and sulphur-containing
pollutants are oxidized to nitric and sulphuric acids, so that the
acid content of precipitation is mainly a secondary result of the
primary emissions.

Table 2-4 lists the concentrations of these four major ioms in bulk
precipitation and total bulk deposition for various sites in North
America. Precipitation at pH 5.6 has a hydrogen ion content of about
2.5 peq/L (microequivalents/litre). It is evident that the most
westerly study area, the Experimental Lakes Area, has an acid
concentration of about 4 times this value, while Dorset and Hubbard
Brook are about 30 times this value. Sulphate is the dominant anion
in terms of eq/L (equivalents/litre). In the wet precipitation at
Kejimkujik National Park, Nova Scotia, the most easterly study area,
the pH is about 4.6, while sulphate is the second highest anion,
surpassed by chloride (41 peq/L), which is a reflection of the strong
maritime influence on the precipitation in Nova Scotia.

Figures 2-6, 2-7 and 2-8 illustrate the concentration and deposition
patterns of sulphate, ammonium and nitrate ions, respectively. Both
sulphate and nitrate ion concentrations are highest in the east with
high values also recorded in southern Alberta and Saskatchewan.
Table 2-5 defines the conversion factors for ion deposition and
concentration.

The percent of normal precipitation for 1980 is shown in Figure 2-9.
While most areas received at least 75% of the normal precipitation,
others received up to twice as much precipitation as normal.
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TABLE 2-5. CONVERSION FACTORS FOR CONCENTRATION AND DEPOSITION

UNITS
10N CONCENTRATION | DEPOSITION
mg/L PER umole/L kg/ha PER  mmole/m2
ot 0.0010 0.010
NH} 0.0180 0.180
Na‘t 0.0230 0.230
caZt 0.0401 0.401
Mg 2+ 0.0243 0.243
5042~ 0.0961 0.961
NO3 0.0620 0.620 B
c1L- 0.0355 0.355
\
Example for 8042_ 0.0961 mg/L equal 1 yumole/L

0.961 kg/ha equal 1 mmole/m?
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A 1980 » normal
o precip

Figure 2-9. Percent of normal precipitation in North America
in 1980.
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SECTION 3

AQUATIC EFFECTS

3.1 INTRODUCTION

This assessment is structured to address three major questions
concerning aquatic effects of acidic and pollutant deposition in
North America: ’

1. What is the nature and extent of the chemical alteration of the
hydrologic cycle due to pollutant deposition?

2. What is the nature and extent of biotic alteration in aquatic
ecosystems as a result of acid-induced chemical alterations?

3. What is the geographical distribution and acid-loading
tolerance of watersheds of various sensitivities?

Several approaches were used to evaluate these questions. Firstly,
emphasis was placed on identifying and substantiating historical
(long-term) changes in aquatic systems possibly related to long-range
transport of acidifying substances. This evaluation has required
some consideration of the complexity of hydrologic systems, as well
as of the complexity and the extent of aquatic resources that are at
risk. Included are detailed documentations of affected aquatic
environments, both chemical and biotic components, and definition of
time trends for observed changes.

Secondly, consideration was given to the significance of the episodic
nature of atmospheric pollutant loading and flushing processes, such
as snowmelt, as well as the seasonal character of the receiving
environments and biota, such as periods of fish spawning. Thus,
these sections relate pollutant loading levels to the observed
extremes in chemical conditions and biological effects.

Finally, this section focuses on the aquatic ecosystems and biota
that are sensitive to acidic deposition. It was, therefore,
necessary to define an acid-loading tolerance, to identify regions
sensitive to acid inputs, to identify aquatic resources at risk from
higher acid-loading levels, and to discuss recovery possibilities for
aquatic systems showing apparent damage.

3.2 ELEMENT FLUXES AND GEOCHEMICAL ALTERATIONS OF WATERSHEDS

For a complete understanding of the effects of acidic deposition on
aquatic ecosystems, it is necessary to examine the fate of ions
deposited from the atmosphere, directly on aquatic systems and
indirectly through deposition on watersheds. In the latter case
deposition may result in geochemical alterations of watersheds.
These geochemical alterations must be considered before a complete
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understanding of chemical inputs to and changes in aquatic ecosystems
can be achieved.

3.2.1 Hydrogen Ion (Acid)

Hydrogen ions (acid) (H') drive most chemical weathering reactions.
They are supplied from both external and internal sources. The major
external source is acid supplied by atmospheric deposition
(meteorological input). Internal sources are biological and chemical
processes occurring within the watershed.

Carbon dioxide (CO2) in the atmosphere represents a large, but
occasionally rate-limited, reservoir of carbonic acid (HpCO3).
Carbon dioxide contributes to both internal and external sources of
hydrogen ions. The major process of chemical weatherlng is the
exchange of protons (H') for cations (Ca2t, Mg2t, Na*, and K+*). The
proton source for the weathering process is derived from the external
supply (precipitation) and from internal biochemical generation. In
a typical calcium carbonate-or silicate-bearing soil or rock, this
normal weathering process gives rise to waters having calcium and
bicarbonate as the major ionic constituents. (See standard texts on
limnology; e.g., Hutchinson [1957] or Wetzel [1975].)

The hydrogen ion cycle within soils is quite complex and not well
understood. At the Hubbard Brook Watershed, New Hampshire, the
average external net annual input of hydrogen ion equivalents
observed over the 1963-74 decade was 86.5 + 3.3 meq/m2.yr
(milli-equivalents/square metre.year) (Likens et al. 1977b). If this
were the only source of H' ions at Hubbard Brook and the ecosystem
were in a steady state, one might expect this hydrogen ion input to
be balanced by hydrogen ion exports plus the net rate at which ionic
Ca, Mg, K, Na, and Al are leached from the soil. In fact, there are
more of these cations removed from the ecosystem each year than there
are external hydrogen ions to replace them. The difference is
statistically significant, and implies the yield of internally
generated H' and/or an underestimate of dry deposition and/or the
influence of ammonium and nitrate ions on the charge balance.
Internal sources of HY at Hubbard Brook were identified as:

(1) nitrogen compounds, particularly NH4 (2) reduced carbon
oxidized in the soil; (3) organic acids, such as citric, tartaric,
tannic, and oxalic acids, produced by biological activity within the
soil; (4) oxidation of small amounts of sulphide minerals in the
bedrock; and (5) the uptake of cations (e.g., K¥, Ca2t) by the
forest vegetation and the forest floor.

Currently, in eastern North America, the amounts of hydrogen ion
being deposited generally are in the range of 50-100 meq/m .yr for
areas receiving the highest acidic deposition. To neutralize this
acid input, a base equivalent of 25-50 kg/ha.yr (kilograms/
hectare.year) of calcium carbonate would be required. Carbonate
soils can neutralize this amount of acid for an indefinite time with




3-3

only a small percentage increase in total runoff of calcium and
magnesium salts which is a small loss compared to the total stored in
the watershed. However, in areas underlain by rocks resistant to
weathering and with shallow noncalcareous soils, such as much of the
Precambrian Shield region, the amount of salts and alkaline materials
normally leached are on the order of 10-100 meq/mz.yr. External
hydrogen ion loadings to these areas are of the same order of
magnitude as this leaching rate. When hydrogen ion inputs exceed the
levels of available Ca and Mg, other less available metals are
leached. For example, some of the acid results in leaching of such
cations as aluminum, iron, zinc and manganese. In some cases,
hydrogen ion inputs exceed the ability of the soils to fix hydrogen
ions and excess hydrogen ions are exported to surface waters.

In most parts of the Precambrian Shield, current levels of hydrogen
ions from rainfall are neutralized within the soils of the watersheds
during most of the year. Retention (neutralization) of hydrogen ions
deposited in bulk deposition has been measured at 88, 94 and 98% on
an annual basis, at the Experimental Lakes Area (Ontario), Hubbard
Brook (New Hampshire) and Muskoka-Haliburton (Ontario), respectively
(Schindler et al. 1976; Likens et al. 1977b; Scheider et al. 1979c).
On the other hand, hydrogen ions deposited in snow tend to be
stripped from snow crystals early in the spring snowmelt process, and
much of the total annual H* export from a watershed occurs during a
brief period in the spring. This large volume of water, coupled with
less opportunity for infiltration and interaction with the soil, has
resulted in some cases in "shock level” concentrations of acid
exported to streams and surface waters of lakes (Schofield 1981).
Hultberg (1977) reported on such shock level pH declines in Swedish
lakes and rivers and demonstrated that in some cases these pH
declines were associated with fish kills.

The total ionic strength of surface waters is determined largely by
the hydrological and geochemical properties of the catchment basin.
"Soft" waters, of low ionic strength, occur within basins having
chemically resistant and very little readily-exchangeable material,
often associated with igneous bedrock or its soil derivatives.

"Hard" waters of higher ionic strength are derived from basins having
greater amounts of carbonate lithology (see Section 3.5). The amount
of cations exported from a basin thus becomes a parameter which,
under similar hydrologic and acid-loading conditions, characterizes
the basin in an integrated sense. The chemical composition of
receiving waters is dependent on the types of weathering reactions
within the surrounding watershed. If the weathering has been the
result of reactions with CO9 and carbonic acid, the major ionic
constituents in surface waters will be bicarbonate and calcium. When
strong acids such as HS50; are introduced (for example, as acidic
deposition) into a bicarbonate-weathering system, the generation of
bicarbonate alkalinity may be altered (see Section 3.3). Instead of
weathering resulting primarily from reactions with carbonic acid and
yielding bicarbonate ions as a major end product:




2+

CaCO3 + H2003 —> Ca”~ + 2HC03 (1)

or

+ _
3 KA1Si40g + 2H,CO5 + 12H,0 —> 2K + 2HCO3 + 6H,S10, (2)
(K-feldspar)
+ KA13Si3010(0H)2
the reaction of sulphuric acid with limestone or other rocks yields
sulphate as a major anion:

2+ 2- :
CaCO4 + H,S0, —> Ca“" + S0, + Hy0 + CO, (3)

Alternatively, the reaction can be considered as a progressive
titration of bicarbonate alkalinity.

2+ - 2+

+ 5042' + Hy0 + 2C0, (4)
Alkalinity of waters is a measure of the reserve acid neutralizing
capacity (ANC) that remains to be titrated to any chosen pH level.
Dissolved carbonate species (HCO3 and CO32+), if present in
sufficient concentrations, react together as a buffering system,
tending to retard or limit changes in pH. (See Figure 3-1 [Wetzel
1975] for the relationship of the inorganic carbonate species to pH.)
For a monoprotic acid [HA]:

alkalinity [ANC] = [AT] + [0H"] - [H'] (5)
For a diprotic acid [HpA]:
alkalinity [ANC] = [HAT] + 2[A%7] + [oB] - [H'], (6)

where the acids are HA and HpA, respectively (Stumm and Morgan
1970). The major source of buffering in freshwaters is the carbonate
system. Therefore for surface waters:

[ANC] = [HCO™] + 2[C0,%7] + [0HT] + [B7] - [H'] (7

where IB~ is the sum of all titrable bases (Lerman 1978). Thus,
the loss of bicarbonate during the H9SO4 titration represents a
decrease in the buffering capacity of the water (lower alkalinity).

As a result of the above reactions, 5042’ replaces HCO3™ in the ionic
balance of outflow waters until the titration endpoint is reached,
that is, when all the HCO3~ has been consumed (Kramer 1981). The
HCO3~ remaining at any stage above the titration endpoint largely
determines the pH or alkalinity of the waters, although organic
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Figure 3-1. Relationship between pH and the relative proportions of
ingrganic carbon species of COs (HpCO3), HCO3, and
C03- in solution (from Wetzel 1975).
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materials may provide some additional buffering at lower alkalinities
(see Section 3.3). Beyond the titration endpoint, large
concentrations of hydrogen ion will be present and other buffers such
as aluminum or humic materials may also become important in the
control of pH of the waters (see Section 3.2.4), Thus, the
concentration of cations in surface waters for any given alkalinity
reflects a basin's ability to produce cations and may be used as an
index of its capacity to neutralize acidic deposition added to the
basin.

Henriksen (1980) and Thompson (1982) have used this assumption and
the necessity of ionic charge balance to estimate surface water
sensitivity or the ability of a basin to respond to an external
stress of acidification. Hesslein (1979) has applied similar
assumptions and used alkalinity to estimate acid loadings which would
be required to produce acidification. Thus, if arbitrary "loading”
or acidification stress levels are specified, alkalinity can provide
a quantified measure of the sensitivity of a basin to further
acidification of waters. For example, HCO3 concentrations of

100 to 200 uteq/L, have been identified as approximate levels below
which a basin may be considered to be sensitive to acidification
(Altshuller and McBean 1979; Glass and Loucks 1980). When the flow
rates through a basin are specified, the alkalinity provides a flux
or basin yield of reserve ANC. If significant loss of alkalinity has
not occurred this equates to the Ca2* or cation flux used in the
Cation Denudation Rate (CDR) model of Thompson (1982). Alkalinity
(concentration or flux) or CDR therefore provide techniques to
estimate quantitatively the capacity of a drainage basin to withstand
acid loading (see Sections 3.9.2 and 3.9.3).

Acidification of nonorganic surface waters by external sources of
H may thus be a combination of two processes: (1) a retardation
of the development of alkalinity in the watershed (Kahl et al. 1982),
and (2) a titration (Henriksen 1979) of surface water alkalinity.

The Calcite Saturation Index (CSI), was defined by Conroy et al.
(1974) as the undersaturation of waters with respect to CaC03. As
modified by Kramer (1981):

CSI = log K - log [Ca2+] -log [HCOS] -pH
where log K = 2,582 - 0.024t
t = temperature (°C) and [ ] are concentrations.

The CSI allows for assessment of pH and alkalinity on a single
logarithmic scale. Saturation with respect to calcium carbonate
gives a value of zero with degree of undersaturation on an increasing
positive scale. Kramer (1976) considered values greater than CSI = 3
to indicate waters sensitive to acidification. To date, a
quantitative relationship between acidification potential and CSI
units has not been developed.
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3.2.2 Nitrate and Ammonium Ions

Atmospheric deposition of nitrate is only about one-third to one-half
as great on an equivalent basis as the sulphate deposition in eastern
North America, but in some areas of the western United States nitrate
may represent up to 60% of the annual acid fractions in rainfall
(Lewis and Grant 1979; Liljestrand and Morgan 1978).

Nitrogen deposition can result in either acidification or
neutralization of surface waters 'depending on the ionic form.
Nitrogen, as nitrate ions (NO3~), can be incorporated directly by
vegetation resulting in the release of hydroxyl ions (OH™) into the
environment (Figure 3-2). The hydroxyl ions neutralize hydrogen ions
and raise the pH of the soil and water. Natural decomposition of
nitrogenous plant material releases hydrogen ions, but net annual
accumulation of plant tissue dominates in most ecosystems (Bormann
and Likens 1979). Hence, net production of neutralizing capacity
from nitrate addition is often dominant, especially during warm
periods of the seasons (see data from Harvey et al. 1981; Brewer and
Goldman 1976). This is particularly significant where forest harvest
rather than decomposition removes plant materials, because the
neutralizing portion of the cycle is left in the system and a portion
of the acidification source (decomposition) is removed.

Ammonium salts and sulphate particulates are present in both dry and
wet deposition. Ammonium is a source of hydrogen ions (Figure 3-2)
when the nitrogen is utilized by plants. This release of hydrogen
ions can be a significant source of acidification in soils and
surface waters. Nitrogen is usually in short supply in terrestrial
habitats, and is readily incorporated and retained by ecosystems
(Reuss 1976) (Table 3-1).

Nitric acid and ammonium salts are stored in snowpack and released as
acid components to streams and lakes during spring snowmelt and may,
therefore, be partially responsible for the documented episodic
increase in acidity in aquatic ecosystems. During the growing
season, however, both terrestrial and aquatic vegetation use most of
the deposited nitrate and ammonium ions, except for periods of heavy
rainfall. Because nitrate ions often occur at higher concentrations
in precipitation than do ammonium ions, there is often a net
production of alkalinity.

3.2.3 Sulphate

Sulphur, like nitrogen, is an essential plant nutrient and the
incorporation of sulphate into vegetation releases hydroxyl ions
(Figure 3-3). As opposed to nitrogen, sulphur in soil is usually in
adequate supply for plant growth. Additions of sulphur may not be
entirely incorporated into living tissue. Sulphate ions can also be
absorbed by soils and reduced by bacterial action. This reaction
consumes acid and raises the pH of the soil-water environment.
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TABLE 3-1. THE RETENTION OF NITRATE, AMMONIUM ION AND TOTAL NITROGEN
BY FORESTED WATERSHEDS IN SEVEN CALIBRATED WATERSHED STUDIES

\

7% Retention in the watershed on an annual basis

Substance ELA2 Muskoka- . Hubbard Kejimkugik Sagamore Woods Panther
Haliburton® Brook® Park Lake® Lake® Lake®
Ontario Ontario New Nova Scotia New York New York New York
Hampshire

NO3~ - 75 15 99 43 70 15

NH4+ - 95 89 98 90 90 90

Total -

Nitrogen 81-90 - - - - - -

2 Schindler et al. 1976.
b gcheider et al. 1979c.

C Likens et al. 1977b.

(=9

Kerekes 1980.

€ Galloway et al. 1980 (figures estimated from published bar graphs).
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Sulphide (S27) can subsequently be oxidized back to sulphate,
resulting in the production of hydrogen ions.

In spite of these possible reactions in granites and related rock
types, much of the SO and 8042' deposited in acidic deposition is
not retained. Sulphate is leached out of soils and is often the
anion balancing the presence of H' and other cations in surface and
shallow ground waters. The amount of 8042‘ in runoff from the
Shield areas is very close to the amount deposited in precipitation.
At the Experimental Lakes Area (ELA) in Ontario, Schindler et al.
(1976) found the atmospheric 5042~ input measured in bulk
precipitation and the 8042' export in the runoff were in balance.
Likens et al. (1977b) found 67% of the total input in runoff at
Hubbard Brook, New Hampshire. Kerekes (1980) reported that outputs
of sulphate were about 80% of the annual inputs for the Lower Mersey
River system in Nova Scotia. In the Adirondack Mountains of New
York, Galloway et al. (1980b) observed that sulphate inputs and
outputs were in balance for two lake/watershed systems, while for a
third watershed some accumulation of sulphur may be occurring within
the terrestrial system. 1In some cases, the S04~ in surface

waters is greater than the total input measured in precipitation and
the difference may be due to sulphur inputs in dry deposition (see
Section 3.6.1).

Although little sulphate is retained in granitic watersheds, in
certain kinds of soils, such as are common in the southeastern U.S.,
a large portion of sulphate inputs may be retained in the soil by
soil adsorption processes (Johnson et al. 1980). This will have the
very important effect of retarding the movement of cations, including
H*, from the soil to aquatic systems. (See Section 4.4.2 for

further discussion.)

3.2.4 Aluminum and Other Metals

Surveys of waters in regions affected by acidic deposition indicate
elevated levels of aluminum (Al), cadmium (Cd), copper (Cu), lead
(Pb), manganese (Mn), nickel (Ni) and/or zinc (Zn) in many acidic
lakes and streams (Almer et al. 1978; Beamish 1974; Conroy et al.
1976; Henriksen and Wright 1978; Schofield 1976b). These increased
concentrations of metals may result from either increased atmospheric
loading (associated with or independent of acidic deposition) or
increased metal solubility caused by increasing surface water
acidity. Elevated concentrations of Cd, Cu, Pb, and Ni are probably
derived from increased atmospheric deposition. For these metals,
deposition and concentrations significantly above background levels
occur principally in lakes and streams in relatively close proximity
to pollutant sources (e.g., Sudbury region of Ontario; Conroy et al.
1976). Although increased atmospheric loadings of these metals may
occur in conjunction with acidic deposition, acidic deposition and
acidification of surface waters are not direct causative factors.‘ On
the other hand, increased concentrations of Al, Mn, and Zn can occur
without increased atmospheric metal loadings. For example, addition
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of acid to limnocorrals in the Experimental Lake Area, Ontario,
produced substantial increases in lake water concentrations of Al,
Mn, Zn, and Fe at pH levels 6 and 5 (Schindler 1980). Elevated
concentrations of these metals result from an increase in solubility
at lower pH levels (Stumm and Morgan 1970) and their mobilization
from the surrounding watershed and lake and stream sediments
(Galloway et al. 1980a). Elevated concentrations of Al, Mn, and Zn
in acidic waters are for the most part, a direct consequence of
atmospheric deposition and acidification.

Discussions of the effects of acidic deposition on geochemical
cycling of metals have focused on aluminum. One of the effects of
soil acidification is the mobilization of aluminum. The solubility
of this metal is pH dependent, with a minimum solubility at about

pH 6 (May et al. 1979; Stumm and Morgan 1970) (Figure 3-4). Several
reports have documented elevated aluminum concentrations in acidic
surface waters (Figure 3-5) (Cronan and Schofield 1979; Dickson 1978;
Driscoll et al. 1980; Richard 1982; Wright and Gjessing 1976; Wright
et al. 1980), and in effluent from lysimeters in soils treated with
acid solutions (Abrahamsen et al. 1977; Dickson 1978). While
aluminum ordinarily is leached from the upper soil horizon of podsol
soils by carbonic acid, tannic and humic acids, and organic
chelation, it is usually deposited in lower horizons. Under the
influence of strong acids in precipitation, however, the aluminum may
be mobilized in the upper (slightly acid) soil horizons and
transported by saturated flow through the surface layers into lakes
and streams (Cronan and Schofield 1979; Herrmann and Baron 1980).
Elevated aluminum concentrations in streams have been shown to occur
during the spring melt of the snowpack, when large quantities of H*
ions are released into the saturated surface layers (Driscoll 1980b;
Seip et al. 1980).

The mechanism supplying A13* to soil water, and therefore to
shallow interflow water, is the dissolution of aluminum minerals or
exchange reactions on soil organic matter. Norton (1976) and Reuss
(1976) suggest the following as an explanation of weathering
reactions for aluminum minerals:

+ 3+

AlZSiZOS(OH)4 + 6H = 2A1 + 2H48104 + H20

AL(OH), + H' <= AL(OH)," + H,0

Ar(om),* + HY= A1(om)?* + 1,0

Ao 2t + HY e a7+ Hy0

These reactions are likely to occur in watersheds where there are no
carbonates to consume HY. In such instances, the reactions above
become the primary buffering mechanism (N.M. Johnson 1979; Kramer
1976). The pH at which this buffering occurs is around 4.5-5.0

(Johannessen 1980). Henriksen (1980) has shown that lakes with pH
4.6-4.8 have a higher pH than expected from a theoretical titration

|
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curved based only on bicarbonate buffering, and that the extra
buffering can be explained by the presence of aluminum.

In aquatic systems, aluminum forms a variety of complexes with water
and its constituents, including hydroxide, fluoride, silicate,
organic matter, and sulphate (Driscoll et al. 1980). In surface
waters of the Adirondack Region of New York, Driscoll (1980b) found
aluminum-organic complexes were the predominant monomeric aluminum
form (average = 44%). Concentration increased linearly with total
organic carbon content. Aluminum-fluoride complexes were the most
abundant inorganic form (average = 29% of the total monomeric Al),
with concentrations increasing with decreasing pH, although their
formation was generally limited by fluoride concentration.

3.3 NATURAL ORGANIC ACIDS IN SOFT WATERS

Surface and ground waters can have low pH values or become acidified
as a result of natural processes including:

1) natural chemical weathering of pyrite and other
sulphide-rich rocks (Herrmann and Baron 1980; Huckabee
et al. 1975);

2) net oxidation of reduced organic material due to aerobic
biological decay (Likens et al. 1969);

3) oxidation of reduced inorganic material following a
lowering of water tables, lake levels, with subsequent
exposure to oxygen (Urquhart and Gore 1973);

4) strong cation exchange, especially by Sphagnum sp., with
subsequent. release of HY (Clymo 1967); and

5) production of organic acids which are dissociated in the pH
range 3 to 6 (Oliver and Slawych 1982).

Natural acidification due to chemical weathering (process 1) is
usually identifiable because of local geologic conditions (e.g.,
bedrock geology and Fe-rich secondary soil and sediment
mineralization). Processes 2 and 3 are not steady-state phenomena
and can generally be related to mechanical disturbances in the
watershed or meteorological changes. Process 4, common in humid
temperate or sub-arctic climates, is normally distinguishable by
analysis of the local hydrology, vegetational studies, and the
presence of coloured (humic) waters (related to process 5).

A major portion of the dissolved organic carbon in natural waters is
organic acids, especially humic and fulvic acids. These acids are
produced (process 5) by microbial degradation of plant and animal
matter. They are.poorly characterized in terms of chemical and
physical properties but serve two important functions. They display
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acidic properties and contribute significantly to acidity in some
organic-rich waters. Secondly, these organic compounds chelate
various metals that: (1) increase total metal solubility, and

(2) may decrease the concentration of biologically available metals
(Reuter and Perdue 1977).

The relationship between colour (Platinum units) and dissolved
organic carbon (DOC) has been evaluated by several workers (e.g.,
Juday and Birge 1933) and the relationship between DOC and organic
acid has been evaluated empirically by Thurman and Malcom (1981).
The extent of dissociation of the acid can be estimated by methods
developed by Oliver and Slawych (1982). Thus, the organic anion
concentration can be estimated with a knowledge of DOC and pH, both
commonly made measurements. Alternatively, the organic anion
concentration can also be estimated based on a complete chemical
analysis (cations and anions) using an ion balance approach.

Many bogs and organic rich soils have undiluted water pH values in
the range of 3.5 to 4.5 due to high concentrations of DOC and
associated acidity. The high H' concentration is not totally
balanced by 5042', NO3™ C17, or HCO3~ and the pH is clearly
determined largely by organic acid production and cation exchange
(Clymo 1967).

The synoptic surveys of acidic clearwater lakes (Dickson 1980; Haines
1981b; Haines and Akielaszek 1982; Norton et al. 198la; Wright and
Henriksen 1978; among others) have concentrated on lakes that have
relatively low or no water colour, and therefore having low DOC, low
organic acid content, and low organic anion concentrations. Ion
balances are achieved largely using only HY, major cations and
sulphate for lakes with pHs below about 5.5 where HCO3~ becomes
relatively unimportant.

Natural soil processes in well-drained terrain may produce
considerable acidity due to soil respiration (which raises dissolved
COo and carbonic acid concentrations) and biological breakdown of
organic material to produce organic acids and chelators. Water
percolating through the soil profile may commonly have pH levels
lowered to near 4.0 in the organic horizons. As these solutions
descend further, acidity is consumed by inorganic reactions including
mineral weathering and desorption of cations. Additionally, organic
compounds precipitate with increasing pH and/or oxidize to COy and
Hp0. The result is that acidic soil solutions commonly have their
pH raised from about 4.0 to 5.5-6.5 within a few vertical meters of
travel (Cronan 1982). Should these solutions emerge as surface
water, the pH would be elevated, "nonacidic”, and HCO3~ would be

a major charge balancing anion, along with sulphate. However, if
soils are shallow and unreactive, solutions may reach streams prior
to effective neutralization (A.H. Johnson 1979) and prior to the
development of the maximum allowable HCO3~ alkalinity. The

addition of excess acidity (as HpS04 or (NHz)p SO4) to soil waters
decreases the pH of soil solutions further (even for soils with pH
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values originally around 4). As a result, given the same flow path,
a smaller proportion of the acidity will be consumed. Therefore,
surface water emerges with a lower pH, lower alkalinity, and possibly
elevated concentrations of cations due to accelerated cationic _
leaching (Abrahamsen 1980). A number of processes may ameliorate the
impact of increased acid loading, the most important of which are net
uptake of NO3~ by plants (Reuss 1976) and S044~ adsorption

by soils (Johnson et al. 1980).

Humic materials have recently been shown to have low buffering
capacity even when present in high concentrations (Wilson 1979). The
weak buffering capacity they do exhibit is between pH 4 and 5
(Driscoll 1980a; Wilson 1979), the pH region in which the endpoint of
alkalinity titrations occurs. In systems with low alkalinity, the
presence of humics can lead to a significant underestimation of
alkalinity when the usual acidimetric determination method is used
(Driscoll 1980a). In addition, these substances can influence the
bioavailability of acid-leached cations such as Al, Mn, Fe and Zn by
acting as chelators.

3.4  CATION AND ANION BUDGETS

"Calibrated lakes and watersheds, that is, natural catchments
for which the input and output rates of substances can be
measured, are an established research tool in environmental
studies. For example, the development of strategies for the
management of eutrophication of lakes by phosphorus control was
based largely on mass balance studies and models (Dillon and
Rigler 1975; Oglesby 1977a, 1977b; Reckhow 1979; Vollenweider
1975).

"Common reasons for the use of this approach include:

(a) the relative importance of different inputs of a pollutant
can be assessed and abatement planned accordingly;

(b) mass balances can be used with mathematical models to
predict the chemical concentrations of compounds in the
receiving body, either the stream draining the calibrated
watershed, or the calibrated lake itself;

(c) the quantitative accounting of the flow of substances in
the watershed or lake may provide information concerning
the processes and mechanisms occurring there.”

(Pillon et al. 1982)

Ionic balances of watersheds have been used as a means of quantifying
net basin chemical fluxes (Figure 3-6). This approach is being used
to evaluate the effects of acidic deposition on element budgets.
Several studies have been underway since the early 1960s. One of the
earliest studies and the longest continuous record (1963~present) is
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from Hubbard Brook, New Hampshire, summarized by Likens et al.
(1977a).

3.4.1 Element Budgets at Hubbard Brook, New Hampshire

The ionic composition of bulk precipitation at the Hubbard Brook
ecosystem is essentially characterized by acids, such as HS0y

and HNO3. 1In contrast, water leaving the system is characterized
mainly by neutral salts, composed of Ca2t, Mg2* and Nat balanced in
solution by 8042“ and, to a lesser extent, by chloride, nitrate, and
bicarbonate species. The chemical and biological reactions of
hydrogen ion, nitrate, ammonium, and sulphate are very important in
driving displacement and weathering reactions.

Observed trends and annual ion budgets for 11 years at Hubbard Brook
demonstrate the influence of atmospheric inputs on surface water
quality. High rates of HY, NO3~, and 8042' inputs were observed
throughout the period. The average annual weighted pH of
precipitation from 1964-65 through 1973-74 ranged between 4.03 and
4.21. The lowest value recorded for a storm at Hubbard Brook was pH
3.0 and the highest was 5.95. During the period 1969-1974 (the
latter being the last year of the 1977 summary), no weekly
precipitation average exceeded a pH of 5.0. Fluctuations in hydrogen
ion deposition can be explained in large part by the fluctuation in
total precipitation. Concentrations for 8042' and NH4+ varied from
year to year, but showed no statistically significant time-trends for
the period. In contrast, annual weighted NO3~ concentrations

were about 2.3-fold greater in 1971-74 than they were in 1955-56
(Likens et al. 1977b).

From 1964 to 1970, there was a general downward trend in the
percentage sulphate contribution to the total anion equivalents
(Figure 3-7). During the period 1970-77, the rate of decline
decreased or perhaps the trend even reversed. The proportion of
nitrate to the total anion equivalents has increased throughout the
period. Two conclusions were drawn: (1) nitric acid was of
increasing importance in precipitation at Hubbard Brook (Likens

et al. 1976), and (2) the average annual change in nitrate was
somewhat smaller after 1970, apparently due to slower increases in
nitrate concentration relative to sulphate in precipitation. The
proportion of hydrogen ion to the total cations increased throughout
the period even though the total equivalent concentration of cations
decreased (Likens et al. 1980).

The Hubbard Brook study site is an isolated headwater catchment. As
a result, the influx of chemicals is limited principally to
precipitation and dry deposition, and the outflow to drainage waters.
Theoretically, differences between annual input and output for a
given chemical indicate whether that constituent is being accumulated
within the ecosystem, is being lost from the system, or is simply
passing through the system. Likens et al. (1977b) were, therefore,
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able to estimate with reasonable accuracy the mean annual budgets for
most of the major ions (Table 3-2). Over the long term, there was
considerable variation. However, calcium, magnesium, potassium,

sodium, sulphate, aluminum, and dissolved silica budgets indicated

net annual losses. Net annual gains of ammonium, hydrogen ion, and
phosphate occurred in these undisturbed, accreting watershed
ecosystems. Nitrate and chloride budgets indicated a net
accumulation in all but 3 of the 11 years of study.

Overall, during 1963-74 there was! an annual net loss of total
dissolved inorganic substances from the experimental watersheds
amounting to 74.7 kg/ha.yr. The average net output of dissolved
inorganic substances minus dissolved silica (1963-1974) was

38.4 kg/ha.yr. The smallest annual net loss of dissolved inorganic
substances (27.8 kg/ha, or 7.0 kg/ha for total material minus
dissolved silica) occurred during 1964-65, the driest year of the
study. The largest net losses of dissolved inorganic substances
occurred during the wettest year, 1973-74 (139.7 kg/ha).

Likens et al. (1977b) also noted the complexity of computation of the
long-term cationic denudation rate in the Hubbard Brook ecosystem
because of the need to consider accumulations in living and dead
biomass. The net accretion of biomass should be viewed as a
long-term sink for some of the nutrients supplied from the weathering
reactions. The total amount of cations sequestered by this means is
72.2 meq/mz.yr. They concluded that: (1) cations stored within

the biomass must be included in calculations of contemporary
weathering; (2) the rate of storage is a consequence of the current
state of forest succession and changes with time; and (3) the
existence of the forest and its state of development must be included
in geological estimates of weathering.

If this appraisal of the biological system at Hubbard Brook is
correct, the flux of cationic nutrients being diverted into biomass
accretion (72.2 meq/mz.yr) must be added to that actually removed
from the system in the form of dissolved load (126.7 meq/m2.yr) and
particulate organic matter (1.0 meq/mz.yr). Therefore, the best
estimation of cationic denudation (net loss from ecosystem plus
long-term storage within the system) at Hubbard Brook is about

200 meq/m2.yr.

These long-term estimates of cationic denudation at Hubbard Brook
allow estimation of the relative importance of external and internal
sources of HY ions. The external supply rate is 100 meq/mz.yr

and, by difference, the internal source becomes 100 meq/mz.yr.

This suggests that under prevailing biological and chemical
conditions (perhaps altered by changes in atmospheric precipitation),
external and internal generation of HY ions play nearly equal roles
in driving the weathering reactions at Hubbard Brook (Figure 3-8).
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TABLE 3-2, ANNUAL BUDGETS OF BULK PRECIPITATION INPUTS AND STREAM-WATER
OUTPUTS OF DISSOLVED SUBSTANCES FOR UNDISTURBED WATERSHEDS WITHIN
THE HUBBARD BROOK EXPERIMENT FOREST (Likens et al. 1977b)

Substance 1963 1964 1965 1966 1967 1968 1969 1970 1971 1972 1973 Total Annual
(kg/ha) to to to to to to to to to to to  1963-1974 mean
1964 1965 1966 1967 1968 1969 1970 1971 1972 1973 1974 kg/ha kg/ha

CALCIUM

I nput 3.0 2.8 2.7 27 28 1.6 23 1.5 1.2 1.2 20 23.8 2.2

Output 128 6.3  11.5 12,3 14,2 13.8 16,7 13.9 12.4 15.6 21.7  151.2 13.7

Net “9.8  =3.5 8.8 =9.6 =-11.4 -12,2 =-14.4 =124 -11.2 -14.4 -19.7 -127.4 -11.5
MAGNES | UM

Input 07 1.1 0.7 0.5 0.7 0.3 0.5 0.5 0.8 0.5 0.4 6.3 0.6

Output 2.5 1.8 2.9 3.1 3.7 3.3 3.5 3.0 2.8 33 4.6 34.6 3.1

Net <148 0.7 =2.2 2.6 =3,0 =3.0 =3.0 -2.6 <-2.4 <-2.8 4.2 -28.3 -2.5
ALUMINUM

Input a a a a a a a a a a a a a

Output 1.6 1.2 1.7 1.9 2.1 2.2 2.2 1.8 1,7¢ 2.3¢ 3,2¢ 21,9 2.0
Net 1.6 =1.2  =1.7  =1.9 <2.1 -2.2 =2.2 -1.8 -1.7 =2.3 -=3.2 -21.9 -2.0
AMMON | UM

Input 2.6 2.1 2.6 2.4 3.2 3. 27 39 2.8 2.5 3.7 31.6 2.9

Output 0.27° 0.27 0.92 0.45 0.24 0.16 0.51 0.23 0.05 0.18 0.42 3.7 0.34
Net 2.3 1.8 1.7 2,0 3.0 29 2.2 3.7 2.8 2.3 3.3 27.9 2.6
HYDROGEN

Input 0.85¢ 0,76 0.85 1.05 0.96 0.85 0.93 1.18 0.97 1.08 1.14  10.62 0.96
Output 0.08S 0.06° 0.05 0.07 0.06 0.09 0.09 0.14 0.13 0.16 0.20 1.13 0.10

Net 0.77 0.70 0.80 0,98 0.90 0.76 0.84 1.04 0.84 0.92 0.94 9,49 0.86
SULPHATE

I nput 33.7b 30.0 41.6 42.0 46.7 31.2 29.3 34.6 33.0 43.4 52.8  418.3 38.0

Output 42.7b 30.8 47.8 52.5 58.5 53.3 48.1 51.1 46.8 64.0 84.7  580.3 52.8

Net -9.0 -0.8 -6.2 -10.5 -11,8 =22.1 =-18,8 -16.5 =-13.8 -20.6 -31.9 -162.G -14.8
NITRATE

Input 12.85 6.7 17.4  19.9 22,3 15.3 14.9 21.6 21.4 26,3 30.9  209.5 19.0

Output 6.7C 5.6 6.5 6.6 12,7 12,2 29.6 24.9 18,7 19.2 34,8  177.5 1641

Net 6.1 11 10,9 13,3 9.6 3.1 =-14,7 =33 2.7 7.1 =3.9 32.0 2.9
BICARBONATEY

Input a a a a a a a a a a a a a

Output 6.2> 4.6 6.2 9.4 9.6 7.0 6.0 7.1 .60 9.0b 12,50 84,2 7.7

Net “6.2 4.6 =6.2 =94 =9.6 <-7.0 =6.0 <=T7.1 =-6.6 =-9.0 -12.5 -84.2 -7.7

Not measured, but trace quantities.

b Calculated value based on welghted average concentration durlng years when chemical measurements were made
and on amount of precipitation or streamflow during the specific year.

€ Calculated from welghted concentration for 1964-1966 times precipitation for 1963-1964.
Based on annual concentration of 0.50 mg/1 (Juang and Johnson 1967).

d  Watershed 4 only.
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Precipitation + 960
Dry Deposition + 362
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Weathering Reactions Net Accumulation in Forest Floor and
Forest Biomass
Ca -1055 Ca + 475
Mg - 288 Mg + 74
Na - 252 Na + 7
K - 182 K + 156
S + 25 S -125
Al - 211 Fe + 103
Fe - 78 MO - 47
P + 83 NH}+ 144
P - 90
TOTAL -1957 + 697
Stream
Exports
Stream pH (HY) -100
Stream Alkalinity (HCOj) +126
Discrepancy in Charge Balance + 26
(organic anions, hydroxide Iigands)
SUMMARY
Hydrogen lon Sources + 2541
Hydrogen lon Sinks - 2428
Budget Discrepancy + 113

Figure 3-8. Hydrogen ion budget (meq/m2.yr) for Hubbard Brook
Experimental Forest (Driscoll and Likens in press).
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3.4.2 Element Budgets in Canada

The calibrated watershed technique for measuring rates of movement of
elements has also been used in Canada and results have been
summarized by Harvey et al. (1981):

"Input-output budgets (mass balances) for major ions are being
measured at a number of locations in Canada as described in
Table 3-7 [Table 3-3 this report]. In all cases, mass balance
measurements have excluded possible contributions via subsurface
flow, although the evidence available for these lakes suggests
that these contributions are negligible (Schultz 1951). Net
exports of CaZt, Mg?* and Kt are shown in Table 3-8
[Table 3-4 this report] for Canadian watersheds, along with
input of inl by precipitation. Output of HCO3~ and input-
output data for 8042_, NH4+ and NO3~ are also included, where
reported. No Canadian information on inputs and outputs of
aluminum was found. Nicolson (1977) reported only output of
major ions from 12 watersheds in the Experimental Lakes Area,
northwestern Ontario; input by precipitation to the nearby
Rawson Lake watershed (Schindler et al. 1976) was used to
calculate a net export for these 12 watersheds.”

Harvey et al. (1981) drew attention to several main observationms.
With one exception, Clear Lake, all of the watersheds studied had a
net output of the major cations (Ca?* + Mg2* + Na* + k'). The net
export of CaZt + Mg2t dominated the ion budgets particularly

in the watersheds in British Columbia which contain some calcareous
till. The study sites in British Columbia received a larger amount
of precipitation (260 to 450 cm/yr) a factor which may increase the
export of cations. Potassium export is low in all cases reflecting
the biological demand for this element in the watersheds. 1In all
cases there is a net accumulation of NH;¥ + NO3™ in the

watersheds.

The export of cations from ELA and Rawson Lake watersheds on the
Precambrian shield in Western Ontario was about 30-40% of the export
from the Hay Lake watersheds in the Muskoka-Haliburton area. The
corresponding gt inputs were 5-10 times greater at Harp Lake, also
in Muskoka-Haliburton.

More sulphate was exported from the watersheds than entered via wet
or bulk deposition. In some cases (Rawson Lake and Jamieson Creek)
the differences may be within experimental error, and in some cases
the input may be underestimated due to dry deposition and canopy
effects.

-




TABLE 3-3., DESCRIPTION OF WATERSHEDS IN CAMANA UTILIZED FOR MASS BALANCE STUDIES (Harvey et al. 1981)

DESCRIPTION OF WATERSHED

Annual ppt. Study
Study Location A (km?) (cm) Forest, soil and bedrock geology perlod Reference
Carnation Creek, 10 300 Forest: hemlock, fir, cedar 2 yr Scrivener
Vancouver is. Solls: shal low, medium to coarse textured 1975
al luvial podzols; some areas of high
organlic content
Bedrock: massive, metamorphic, primarily sili-
cates of variable composition with
some marble and lIgneous intrusions
Jamleson Creek, 2.99 450 Forest: fir, hemlock, cedar 1 yr Zeman
Seymour Basin, Soils: shallow, podzolic tills and colluvium 1975
Southwest B.C. (somet imes gleyed)
Bedrock: massive plutonic, horneblende~diorite
3 watersheds 0.23-0.44 257 Forest: hemiock, cedar, fir 2 yr Fel ler
at Haney, Soils: generally deep, permeable podzolic tills 1975,
Southwest B.C. and col luvlum (sometimes gleyed) 1977
Bedrock: massive, plutonic, horneblende-diorite
12 watersheds, 0.35-12.5 est. 60~-100 Forest: pine, spruce, birch, aspen 4 yr _ Nicolson
Experimental Soils: shal low, podzolic basal tills; exten~ 1977
Lakes Area, slve bedrock exposure on hill crests;
Western Ont, deep solls (10-15 m) in low areas
Rawson Lake water- 3,42 70-100 Bedrock: massive, plutonic, grandodiorite 4 yr pub- Schindler
shed, Experimental lished, 5 yr et al.
Lakes Area, Ont. unpub 1 ished 1976
Clear Lake 1.25 126 Forest: maple, beech, oak, birch, balsam, hemlock 1 yr Schindler &
watershed, Haii- Solls: shal low, podzolic basal tiils with Nighswander
burton, Ont. bedrock exposure on steeper slopes 1970
Bedrock: Jointed, infruded, metamorphic, granite
gneiss
Harp Lake 3.70 82 Forest: maple, beech, birch, balsam, and hemlock 4 yr unpub-
watershed, (99 is long=- Solls: generally shal low podzolic tills with lished,
Hal iburton- term mean) some deeper sand deposits ongoing
Muskoka, Ont. Bedrock: jointed, intruded, metamorphic

horneblende-gneiss and amphibollte
with smail occurrence of diorlte

GZ-¢




TABLE 3-4, NET EXPORT OF MAJOR IONS FOR CALIBRATED WATERSHEDS IN CANADA (Harvey et al, 1981)

Net export (meq/mz.yr)

Input of H*
+ + + + - - -
Watershed Ca? Mg? Na K IM NHg as N NO3 as N HCO3 50,2 as S (meq/mZ,yr)
Carnation Creek, 269 61,2 118,5 5.8 454 .5 =7.7 -4,3 270,0 1314 1-3
Vancouver Is,
Jamieson Creek, B.C. 171,6 54,4 53.9 4,3 284 -0,2 2,2 48,7 4,9 -
Twelve watersheds, ELA, 36,63 24,0 18,0 3.4 82,0 -0,9 -0.8 - 38,8 est, 7-10
Western Ontarlo 17.7° 16,4 1.1 0.5 45,7
!
Rawson Lake watershed, 11,2 12,1 9.0 0.4 32,7 Total N reported 0,9 7-10
Western Ontario
Four subwatersheds, of 52,7 33,0 6,6 2,3 94,6 -30,2 =323 31.7 43,9 67

Harp Lake; Muskoka=
Hal iburton, Ontario

3 Gross output,
b Estimated net output using input in precipltation from Rawson Lake watershed studies.

97-¢
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"The mechanism for cation export is apparent in some cases. At
Carnation Creek, the output of HCO3~ is substantial, suggesting
that carbonic acid is the principal weathering agent responsible
for cation export. At Jamieson Creek, the output of cations
greatly exceeds the output of HCO3~ and supply of HY, while "
at the Haney watersheds, the opposite situation is observed. 1In
view of these contradictory observations, the mechanisms for
cation export in this area is uncertain. At the Experimental
Lakes Area in northwestern Ontario (including the Rawson Lake
studies), the release of catiohs probably is a result of
carbonic acid weathering, although the H' loading of
7-10 meq/mz.yr in precipitation may account for 207 of the net
cation export. On the other hand, in southern Ontario where the
cation export is ~3 times greater than in northwestern Ontario,
50% or more of the cation yield probably results from input of
H" in strong acid form. Although the evidence is
circumstantial, it appears likely that the increased H* input
of southern Ontario has resulted in a two- to four-fold increase
in net output of cations.”

3.4.3 Effects of Forest Manipulation or Other Land Use Practices on
Watershed Outputs

Land use practices within watersheds have been suggested as an
influence on acidification (Henderson et al. 1980; Likens et al.
1978; Rosenqvist et al. 1980). Henderson et al. (1980) have
summarized results from watersheds at Hubbard Brook (New Hampshire),
Fernow (West Virginia), and Coweeta (North Carolina) which were
experimentally manipulated through a series of forest cutting
practices (Table 3-5). The work was designed to estimate changes in
streamflow concentrations of cations, particularly the potential
effects of H' concentrations. At Hubbard Brook, after felling of
all vegetation and herbicide treatments for three successive years,
nitrogen discharges into stream flow increased by 245.9 kg/ha.yr.
Export of dissolved Ca2t and K' increased by 65.2 and 28.7 kg/ha.yr
respectively compared to a control watershed (Bormann et al. 1974).
Increased acidity from biomass decomposition amounted to 69.9 x

103 veq/ha.yr of Ht. This additional acidity is presumed to have
been a major contributor to the accelerated loss of cations from the
soil, shown in Table 3-5.

Strip cutting of one-third of the vegetation at a second Hubbard
Brook watershed produced significantly less effect on soil leaching
rates. Organic matter decomposition was about 5% of that of the
total vegetation removal (500 kg/ha.yr versus 10,500 kg/ha.yr).
Subsequently, internal mt production was also less, as was
resultant cation leaching than in the deforestation experiment
discussed above (Likens et al. 1977a).

Commercial clear—cutting at the Fernow watershed generated fewer )i
equivalents possibly because only economic biomass was removed,
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TABLE 3-5. SUMMARY OF TOTAL CATION RELEASE, HYDROGEN ION PRODUCTION,
AND THE CATION RELEASE RATIO FOR THREE MANIPULATED
WATERSHED STUDIES (Henderson et al. 1980)

Total cation Cation release
H* produced release H" produced
(eq/ha) (eq/ha) (eq/eq H')
Hubbard Brook,
New Hampshire
Deforested 69,960 6,850 0.10
Strip-cut 8,400 390 0.05
Fernow,
West Virginia
Clear-cut 960 170 0.18
Fertilization 55,710 2,420 0.04
Coweeta,
North Carolina
Clear-cut and 360 50 0.14

cable-logged




3-29

reducing overall decomposition rates and resultant H' formation
(Henderson et al. 1980). The Coweeta clear-cut and cable logging
experiments resulted in even less production of HY ions. When the
Fernow watershed was fertilized with 260 kg/ha of urea, a 10-fold
increase in stripping of calcium ions occurred, plus a 6-fold
increase in magnesium, a 50% increase in potassium leaching, and a
3.6-fold increase in sodium ion denudation (Henderson et al. 1980.)

The possibility of changes in land use causing acidification of
surface waters, rather than atmospheric inputs of acid, has been
explored in great detail by two recent studies in Norway. Seip
(1980) concluded that, while land use changes probably have
contributed to the acidification process in some areas, "there is no
reason to doubt that the increase in the deposition of acidifying
components has played an important role in the acidification of
freshwater.” Drablos et al. (1980) also reviewed land use changes in
relation to lost fish populations in lakes and could find no
relationship between the two. The greatest number of lakes from
which fish populations have been lost occurred in areas without
farming activity. Although it is well documented that land use
changes affect the quality of runoff, including pH, these reports
conclude that the large scale acidification of lakes in Scandinavia
is apparently not due to land use changes.

In Canada, all of the surface waters which have elevated excess
sulphate occur only in areas which have high atmospheric deposition
of sulphate (Figure 2-6b). Land use changes, such as logging, have
taken place in many areas, including those areas which do not have
excess sulphate in surface waters (see Section 3.6.1). All of the
surface waters sampled in Northeastern North America that have
experienced loss of alkalinity also have elevated excess sulphate
concentrations. In areas with less acidic deposition, loss of
alkalinity in surface waters has not been observed. These
observations indicate that loss of alkalinity from surface waters is
associated with increased sulphates resulting from atmospheric
deposition rather than land use changes.

Wright et al. (1980) summarized their observations as follows:
"Acidified lakes often barren of fish are found in southern Norway,
southern Sweden, southwestern Scotland, the Adirondack Mountains,
New York, and southeastern Ontario. These areas have in common
granitic or other highly siliceous types of bedrock, soft- and
poorly-buffered surface waters and markedly acidic precipitation
(average pH below 4.5)."

A recent USGS report (Peters et al. 1981) provided a l4-year data
analysis of precipitation in New York state (nine stations) and
stream chemistry. “Statistical analyses of chemical data from
several streams throughout New York yielded little evidence of
temporal trends resulting from acid precipitation, except in the
Adirondack mountains, where the soils lack significant buffering
capacity. In most areas of the state, chemical contributions from -
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urbanization and farming, as well as the neutralizing effect of
carbonate soils, conceal whatever effects acid precipitation may have
on chemical quality of streams.” (Peters et al. 1981)

In summary, the experiments concerning different forest and
vegetation-removal practices showed wide variation in the short-term
(less than five years) patterns of H' produced and cation releases.

A survey of European information on land use changes found no
evidence that land use changes had an important role in acidification
of water or impact on fish populations. Therefore, we conclude that
although land use changes can affect the quality of runoff and loss
of alkalinity in surface waters, land use changes do not appear to
have a major impact on alkalinity nor pH changes in surface waters,
with the exception of some waters affected by mine drainage.

3.5 AQUATIC ECOSYSTEMS SENSITIVE TO ACIDIC DEPOSITION

The roles of soils, bedrock and vegetation in regulating surface
water chemistry must be considered when assessing the sensitivity of
aquatic ecosystems to acidic deposition. The geochemical properties
of a watershed provide the primary controls determining surface water
alkalinity. Sensitivity evaluations can be based on parameters such
as lake and stream alkalinity or calcite saturation index. These
parameters do not necessarily reflect the long term capacity of
watersheds to buffer or neutralize acidic deposition. Ideally,
aquatic and terrestrial data should be evaluated in combination.
Unfortunately, the present data base is not sufficient to do so for
all of eastern North America. Data on terrestrial systems
(especially soils and bedrock) are more readily available.
Therefore, terrestrial data have been used to identify areas likely
to contain potentially sensitive aquatic ecosystems for all of
eastern North America. The mapping of such areas is based on an
estimation of the capacity or potential of the terrestrial system
within an area to reduce the acidity of incoming atmospheric
deposition. To identify aquatic regimes already acidified and those
most susceptible, in terms of present levels of acidic deposition, it
will be necessary to compare terrestrial-based mapging with aquatic
chemistry data and regional deposition maps of S04<~ in
precipitation (Section 3.9).

3.5.1 Mapping of Watershed Sensitivity for Eastern North America

Cowell et al. (1981) considered a number of characteristics of
terrestrial environments to be essential for the assessment of
aquatic sensitivity (Table 3-6). Important factors include soil
chemistry, soil depth, drainage, landform relief, vegetation type and
bedrock geology. Each of these factors plays a significant role in
ameliorating the effects of acidic deposition. It is important to
evalute as many factors as practical in order to derive an overall
assessment for any area. Single factor assessments can be

S”TO REDUCE

TERRESTRIAL FACTORS AND ASSOCIATED CRITERIA FOR DETERMINING THE POTENTIAL OF TERRESTRIAL ECOSYSTEM
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i TABLE 3-6.

TERRESTRIAL FACTORS AND ASSOCIATED CRITERIA FOR DETERMINING THE POTENTIAL OF TERRESTRIAL ECOSYSTEMS TO REDUCE

THE ACIDITY OF ATMOSPHERIC DEPOSITION (modlifled after Cowell et al. 1981)

TERRESTRIAL FACTORS

POTENTIAL TO REDUCE ACIDITY OF ATMOSPHERIC DEPOSITION

HIGH

MODERATE

LOw

Soll Chemlstry
|) Exchangeable Bases Surrogates:
(a) Famlly Particle Slze and
pH In water

(b) Texture

(c) Catlon Exchange Capaclty

i) SO%‘ Adsorption Capaclty

>15 meq/100g
clayey, > pH 5.0
loamy,> pH 5,5

all calcareous solls

clay, sllty clay, sandy
clay (>35% clay)

>25 meq/100g

high sulphate adsorption:
low organic matter

AND

high A1,05 and/or

Fep03 + Fez04 content

6 to 15 meq/100g
clayey, pH 4.5 to 5,0
loamy, pH 5,0 to 5,5
sandy,” pH 5,5

slity clay loam, clay loam,
sandy clay loam, sllt l|oam,

loam (10 to 35% clay)

10 to 25 meq/100g

<6 meq/100g
clayey,< pH 4,5
toamy, <pH 5.0
sandy, <pH 5.5

stlt, sandy loam, loamy
sand, sand (<10% clay)

<10 meq/100g

low sulphate adsorption:
high organic matter
AND/OR

low_Al,03 and/or

Fey03 + Fe304 content

Vegetatlon Cover

contlinuous & 60%)

discont|nuous to sparse
(20 to 60%)

Sol !l Depth > m 25 cm - 100 cm <25 cm
Soll Drainage poor Iimperfect to well rapid
Landform Rel |l ef level rol ling steep
Vegetation decliduous mixed conlferous

sparse to barren K 20%)

Underlying Material
I) Parent Material

i1) Bedrock Material

carbonate bearing

|imestone, dolomite, and
metamorphic equivalents,
cailcareous clastic rocks,
carbonate rocks interbedded
with noncarbonate rocks

noncarbonate bearing

volcanic rocks, shales,
greywackes, sandstones,
ultramafic rocks, gabbro,
mudstone, metaequivalents

noncarbonate bearing

granite, granlte gnelss,
orthoquartzite, syenite

1€-¢
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misleading, especially in areas where soil mineralogy differs from
underlying bedrock lithology such as glacially-derived soils and old,
deeply weathered soils over limestone (such as in United States,
south of the glacial limit).

In both the U.S. and Canadian mapping, soils and bedrock are the
primary factors assessed. It is assumed that resultant lake or
stream water chemistry will reflect the combined interaction of the
varying soil and bedrock characteristics on acidic deposition.
Surface and shallow groundwater flow conditions are assumed to best
characterize the surface water regime. Groundwater residence times
and deep groundwater circulation were not considered.

Certain types of vegetation, especially broad-leaved deciduous trees,
are capable of reducing acidity of intercepted precipitation (Fairfax
and Lepp 1975, 1976). The nature of chemical modifications by
vegetation species, however, is not yet fully understood. Therefore,
the effect of vegetation type and cover on aquatic system sensitivity
has not been included in this analysis.

Lucas and Cowell (1982) have mapped the potential of soils and
bedrock to reduce acidity of atmospheric deposition across eastern
Canada (east of Manitoba). A similar study has been carried out by
Olson et al. (1982) for the eastern U.S. The mapping was coordinated
in order to produce a comparable basis for evaluation. Although the
conceptual framework is similar, data availability and quality varied
considerably both between and within countries.

The maps of eastern Canada and the eastern United States presented
here combine bedrock, soil and certain other factors (Table 3-7) in
order to interpret the potential ability of terrestrial ecosystems to
reduce acidity. A low potential implies that acidic deposition could
reach aquatic systems with little neutralization. Many of the low
potential ecosystems are naturally acid and may contribute a high
capability to acidify incoming precipitation because of organic
acids, especially in areas receiving low inputs of mineral acids.
High potential areas would generally be capable of reducing acidity
such that impacts to aquatic systems would be minimal.

Specific factors used in the mapping for both Canada and the United
States are listed in Table 3-7. The assessment of relative potential
to reduce acidity may be inferred from Table 3-6. The methodologies
for combining and weighting the variables shown in Table 3-7 are
discussed below.

The map of eastern Canada (Figure 3-9 in map folio) is presented at
the compilation scale of 1:1,000,000. The U.S. map (Figure 3-10 in
map folio) is shown at 1:5,000,000.
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TERRESTRIAL FACTORS AND ASSOCIATED DATA BASES UTILIZED

FOR THE INTERPRETATION OF THE POTENTIAL TO REDUCE
ACIDITY OF ATMOSPHERIC DEPOSITION (After Lucas and

Cowell 1982; Olson et al. 1982)

TERRESTRIAL FACTORS/SURROGATES

DATA SOURCES2

EASTERN CANADA

1) Soil Chemistry
Surrogates: i) Texture (sand, loam
or clay) - Quebec,
the Maritimes and
Newfoundland/Labrador,
northern Ontario
ii) Depth to Carbonate
(high, low or no
lime) - Ontario
iii) Glacial Landforms -
northwestern Ontario
iv) Organic Soils (>50%
of mapping unit)

2) Soil Depth - shallow (25 cm to 1 m)
- deep (>1 m)

3) Bedrock Geology - type

- % exposed (<25 cm deep)

Ecodistrict Data
Base (Environment
Canada

1981a, b, c¢)

Ontario Land
Inventory
(MNR 1977)

Pala and
Boissonneau 1979

Ecodistricts
(Environmert
Canada 1981la,

b, ¢) and Ontario
Land Inventory
(MNR 1977)

Ecodistricts
(Environment
Canada 198la,

b, ¢) and Ontario
Land Inventory
(MNR 1977)

Shilts et al.
1981

Ecodistricts _ o
(Environment

Canada 1981la,

b, ¢) and

Ontario Land

Inventory
(MNR 1977)
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TABLE 3-7. CONTINUED

TERRESTRIAL FACTORS/SURROGATES DATA SOURCES2

EASTERN UNITED STATES

1) Soil Chemistry Soil Map
i) mean soil order pH (USGS 1970)
(in distilled water)

1i) 5042~ adsorption

(assumed for Ultisols only) Johnson et al.
1980
2) Elevation - landform Hammond's

Landform Map
(USGS 1970)

- 2000 ft a.s.l Topographic Map
(USGS 1970)

3) Bedrock Geology - type Hendrey et al.
1980; Norton 1982

4) Land Use - urban areas 1977 National
Resource
Inventory

(USDA 1978)

- cultivated (managed) soils 1978 Census of
Agriculture
(usbC 1979)

2 All U.S. data sources listed have been compiled within the
Geoecology Data Base (Olson et al. 1980).
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3.5.1.1 Eastern Canada

The map of Eastern Canada (Figure 3-9) was prepared from several data
sources (Table 3-7). Quebec, the Maritimes and Newfoundland-
Labrador were interpreted using the Ecodistrict Data Base
(Environment Canada 1981 a, b, c) described in Cowell et al. (1981)
and the bedrock sensitivity evaluation of Shilts et al. (1981). 1In
northeastern Ontario, north of 50°N latitude, Ecodistricts were used
in combination with the Ontario bedrock geology maps (Ontario
Ministry of Natural Resources, Maps 2198 and 2200). In northwestern
Ontario, the recent physiographic mapping of Pala and Boissonneau
(1979), and bedrock geology mapping (Ontario Ministry of Natural
Resources, Maps 2199 and 2201) provided the basis for interpretations
north of 52°N. Interpretations for the area to the south are based
on Shilts et al. (1981) and the Ontario Land Inventory (OLI) (OMNR
1977; also described in Richards et al. 1979). The OLI was
originally generated at 1:250,000. As much information as possible
has been retained in the 1:1,000,000 scale mapping presented here.
This partially accounts for the apparent variation in map detail.

A cautionary point regarding the use of the Ecodistrict data base in
Quebec, the Maritimes and Newfoundland-Labrador must be emphasized.
The Ecodistrict delineations are based on a series of biophysical
factors including geology and soils. However, the units are not
based solely on these two factors. In an attempt to isolate the
critical geological factor in sensitivity assessment, the bedrock
sensitivity evaluation compiled by Shilts et al. (1981) was
superimposed directly on the Ecodistrict map south of 52°N latitude.
As no similar map is available for soils for eastern Canada and, with
the premise that the ecodistricts delineate major soil
characteristics the Ecodistrict base is assumed as the soil base for
the combined map. Because of this assumption, for the resultant
subdivisions of ecodistricts, the soils data represent the dominant
characteristics as described for the original ecodistrict and not the
more site specific combined units. However, the Shilts et al. (1981)
interpretation was used primarily to improve the resolution in areas
where carbonate predominated or where soils were thin and
discontinuous and the bedrock sensitivity was most important in the
overall evaluation.

In assessing map units, each factor in Table 3-7 is assigned a high,

moderate or low potential to reduce acidity of atmospheric deposition

independently (except percent bedrock exposure). Dominant factors v
were then combined and weighted in order to derive an overall rating . BB
for the map units. Subdominant characteristics were not considered. ' ’
Specific combinations of the factors mapped as high, low or moderate

potential for reducing acidity are identified in Table 3-8. This

table shows 74 classes (of which 65 actually occur) which have been

grouped into high, low and moderate potentials to reduce acidity. 1In

addition there are 10 classes representing terrain dominated by

organic deposits for which no specific interpretation has been made.
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TABLE 3-8. TERRESTRIAL CHARACTERISTICS OF AREAS HAVING HIGH, MODERATE AND LOW POTENTIAL TO REDUCE ACIDITY FOR
EASTERN CANADA (after Lucas and Cowell 1982) TABL
TERRAIN DESCRIPTION MAP AREA
Polygon Soil Soil Bedrock # Bedrock % of Eastern
Classification Dep‘rha Texture Lifhologyc Outcropping km2 Canada
HIGH POTENTIAL Hla deep clay Type 1 0-49 78,890 2,51 MOD
TO REDUCE ACIDITY Hib deep loam Type 1 0-49 65,960 2,10 TO
Hlc deep sand Type 1 0-49 8,105 0.26
H1d deep clay Type 1 50~99 N/A N/A
Hle deep loam Type 1 50-99 1,004 0,03 3
H1f deep sand Type 1 50-99 109 <0,01 |
Hlg shal low clay Type 1 0-49 7,989 0.25
H1h shal low loam Type 1 0-49 5,305 0.17
H1i shal low sand Type 1 0-49 8,959 0,29
H1j shal low clay, loam Type 1 50-99 1,405 0.04
or sand
Hlk bare Type 1 100 N/A N/A
H2a shal low clay Type 2 0-49 4,317 0,14
H2b shal low clay Type 3 0-49 5,467 0.17
H3a deep clay Type 2 0-49 20,567 0.66
H3b deep clay Type 3 0-49 65,470 2,09
H3c deep clay Type 4 0-49 101,420 3.23 LOW
TO
MODERATE POTENTIAL Mla deep clay Type 2 50-74 7,104 0,23
TO REDUCE ACIDITY M1b deep clay Type 3 50-74 N/A N/A
Mic deep loam Type 2 50-74 83 <0.01
M1d deep loam Type 3 50-74 5,543 0,18
Mle deep sand Type 2 50-74 N/A N/A
M1f deep sand Type 3 50-74 9,615 0,31
Mlg deep clay Type 2 75-99 N/A N/A
M1h deep clay Type 3 75-99 N/A N/A
M1i deep loam Type 2 75-99 2,325 0.07
M1j deep loam Type 3 75-99 489 0.02
Mik deep sand Type 2 75-99 N/A N/A
M1l deep sand Type 3 75-99 N/A N/A
Mim shallow clay Type 2 50-74 N/A N/A
Min shal low clay Type 3 50-74 1,038 0.03
Mlo shal low loam Type 2 50-74 3,114 0.10
Mip shal low loam Type 3 50-74 740 0.02
Miq shal low sand Type 2 50-74 48 <0,01
Mir shal low sand Type 3 50-74 14,345 0.46 OR
Mis shal low clay, loam Type 2 75-99 374 0.01
or sand
M1t shal low clay,loam Type 3 75-99 2,218 0.07
or sand
Milu bare Type 2 100 415 0,01 ___
Mlv bare Type 3 100 14 <0,01
1
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TABLE 3-8, CONTINUED

TERRAIN DESCRIPTION MAP AREA

Polygon Soit Soil Bedrock £ Bedrock 2 % of Eastern
Classification Dep?ha Texture LH'hoIogyc Outcropping km Canada
|

MODERATE POTENTIAL M2a deep clay Type 4 50-74 82 <0.01
TO REDUCE ACIDITY M2b shal low clay Type 4 50-74 982 0.03
M3 shal low loam Type 4 © 0-49 60,388 1.93

Mda shal low sand Type 2 0-49 15,234 0.49

M4b shal low sand Type 3 0-49 202,167 6.44

M5 shal low clay Type 4 0-49 13,776 0.44

Mé6a shal low loam Type 2 0-49 14,155 0.45

M6b shal low loam Type 3 0-49 51,297 1.64

M7a deep loam Type 2 0-49 35,546 1.13

M7b deep loam Type 3 0-49 104,406 3,33

M7c deep loam Type 4 0-49 64,804 2,07

LOW POTENTIAL Lla deep clay Type 4 75-99

TO REDUCE ACIDITY Lib deep loam Type 4 75-99 3,322 0.1
Lic deep sand Type 4 75-99 6,538 0.21

Lid shal low clay, loam Type 4 75-99 80,800 2,58

or sand

Lle bare Type 4 100 10,405 0.33

l L2a deep loam Type 4 50-74 47,460 1.51
L2b deep sand Type 4 50-74 2,150 0.07

L2¢c shal [ow loam Type 4 50-74 11,905 0.38

L2d shal low sand Type 4 50-74 156,862 5.00

L3 shal low sand Type 4 0-49 527,190 16.80

L4a deep sand Type 2 0-49 15,595 0.50

L4b deep sand Type 3 0-49 161,509 5.15

Ldc deep sand Type 4 0-49 676,252 21,55

ORGANIC TERRAIN® Ola organics Type 1 0-50 205,748 " 6,56
01b organics Type 2 0-50 40,426 1.29

Olc organics Type 3 0-50 52,949 1.70

01d organics Type 4 0-50 142,200 4,53
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TABLE 3-8, CONTINUED |
TERRAIN DESCRIPTION MAP AREA
Polygon Soll Soil Bedrock % Bedrock 2 % of Eastern
Classlification Depfha Texture Llfhologyc Outcropping km Canada
ORGANIC TERRAIN® 02a organics Type 1 51-74 34 < 0,01
02b organics Type 2 51-74 N/A N/A
02c organics Type 3 51-74 207 <0.01
02d organics Type 4 51-74 377 0.01 i
%
03a organics Type 1 75-99 48 0.01
03b organics Type 2 75-99 N/A N/A
03¢ organics Type 3 75-99 55 < 0,01
03d organics Type 4 75-99 327 0.01
8 Soll depth Is defined as follows: deep - >1 m average soil thickness
shallow = 25 cm - 1 m average soil thickness
bare - <25 cm average soil thickness

b Soil texture is used to interpret soil sensitivity for most of eastern Canada. In Ontario where depth to
carbonate information is available, the following corresponding classes were used:

clay - high or very high lime
loam - moderate and low lime
sand - low base or no lime

€ Bedrock sensitivity classes were defined by Shilts et al. (1981) on the basis of lithology. Specifically:

Type 1| - Limestone, marble, dolomite

Type 2 - Carbonate-rich siliceous sedimentary: shale, limestone; non-
calcareous sillceous with carbonate Interbeds: shale, siltstone,
dolomite; quartzose sandstone with carbonates

Type 3 - Ultramafic rocks, serpentine, noncalcareous siliceous sedimenfan
rocks: black shale, slate, chert; gabbro, anorthosite: gabbro,
diorite; basaltic and associated sedimentary: mafic volcanic
rocks,

Type 4 - Granite, gneiss, quartzose sandstone, syenitic and assoclated
alkalic rocks.

d Average bedrock outcropping within each map unit is shown as a percent of map unit.

© Organic materials are the dominant soil constituent wherever organics are indicated.
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These are areas of high natural acidity which contribute organic
acids to enclosing watersheds.

Percent bedrock exposure and soil depth were key parameters for
weighting the relative contribution between bedrock type and soil
chemistry. Generally, the emphasis was on the bedrock capacity to
reduce acidity where bedrock exposure was greater than 50%Z of an
area. If soils were deep (greater than 1 m) and occurred in more
than 50% of the map unit, then soil chemistry was emphasized. Soil !
and bedrock potentials to reduce acidity in map units having
combinations of shallow soils and bedrock exposures less than 757
were either averaged or assigned the highest potential. Soil
chemistry was interpreted using texture and depth to carbonate
because of the nature of the data bases. However, in comparing these
with the smaller-scale Soil Map of Canada (Clayton et al. 1977) there
appears to be a good correlation with soil order. Hence, sand or no
lime soils are dominantly acid Podzols (or "Rockland”) and clay or
high lime soils are dominantly Luvisols and Gleysols. Loam or low
lime soils tend to be more varied including Podzolic, Luvisolic and
Brunisolic orders.

Map units identified as having a high potential to neutralize acidic
deposition are predominantly areas underlain by carbonate bedrock
(H1) or areas dominated by deep clay or high lime soils (H3). These
each cover approximately 6% (Table 3-8) of the map area represented
in Figure 3-9. The former assumes at least some interaction between
carbonate-rich bedrock and precipitation prior to entering the
aquatic regime. This is probably valid for most of eastern Canada
where limestones have either been exposed or buried under carbonate-
rich tills by the latest glaciation. In the Hudson Bay Lowland
(northernmost Ontario and part of northwestern Quebec) organic
deposits blanket the carbonate-rich substrate. Although large
streams, rivers and lakes in this region intersect mineral soil,
smaller peatland lakes, ponds and streams have naturally soft waters
which developed as peat material accumulated over the carbonates.
All such organic terrains are considered separately for this reason.

The two dominant combinations of soil and bedrock identified as
having a moderate potential to reduce acidity are shallow loam or low
lime soils overlying bedrock of moderate (M6) and deep loam or low
lime soils (M7). Each of these occupy approximately 7% of eastern
Canada. The distribution of all moderate classes is highly variable
across eastern Canada.

All five combinations identified as having a low potential are
recorded in eastern Canada. In Ontario and Newfoundland-Labrador the
dominant class is deep sand (L4). Shallow sands (L3) are frequently
found in the more northerly regions, notably in Quebec and Ontario.
These two classes are predominately acid Podzols. Areas of high
bedrock exposure (L2) are common to shore zones of lakes and northern

areas.




Major areas of organic soils overlying noncalcareous bedrock (O5b,
05¢c and 05d) are identified in western New Brunswick, southern
Labrador and Newfoundland and in the west central portion of Quebec.
Large areas of peatland are identified adjacent to the Hudson Bay
Lowland in northwestern Ontario. Throughout central and western
Ontario are numerous small pockets of organic soils. These areas
are, to varying degrees, undergoing natural organic acidification and
hence already contribute low pH, low bicarbonate waters to enclosed
watersheds. It is not clear to what degree peatlands and organic
groundwater are affected by, or in turn modify, incoming
anthropogenic mineral acids.

3.5.1.2 Eastern United States

The potential for terrestrial systems to reduce acidity of atmos-
pheric deposition was determined by combining information on soil
chemistry, bedrock geology, terrain characteristics, and land use
(Table 3-7). A map covering the eastern 37 states (Figure 3-10) was
produced at Oak Ridge National Laboratory to characterize the
relative potential for areas to reduce acidity of acidic depositiom
prior to being transferred to aquatic systems. The analysis utilized
available national resource inventories and was interpreted according
to the current understanding of mechanisms of transport and
alteration of acid inputs in terrestrial systems (Seip 1980).
County-level data from the Geoecology Data Base (Olson et al. 1980)
were used in the analysis to provide a regionmal perspective. As more
detailed data or new studies are completed, the resolution or inter-
pretation of the map may need to be revised.

Initially, counties that were predominantly ( > 50%) urban or
agricultural were excluded from the analysis. Management and land
use practices (liming, fertilizing, etc.) in these areas would tend
to dominate modifications resulting from acidic deposition. The 1977
National Resource Inventory (USDA 1978) was used to define land in
urban built-up areas and transportation corridors. The 1978 Census
of Agriculture (USDC 1979) provided data on cropland. This resulted
in 1,648 of the 2,660 counties in the east being included in the
analysis. They contained predominantly forest, range, or pasture.

Rapid surface runoff of precipitation or snowmelt can preclude
significant interaction with soils or bedrock. Steep areas with
greater than 160 m of relief and elevation greater than 600 m based
on Hammond's landform map (USGS 1970) and a gemeral topographic map
(USGS 1970) were identified as areas in which topography dominated
the movement of rainfall to streams and lakes.

Counties covered by 50% or more of soil types with a surface pH of
less than 5.0 were assigned a low potential to reduce the acidity of
incoming precipitation. However, it should be noted that these soils
are naturally acid and could contribute natural acidity to aquatic
ecosystems. Criteria for natural acid generation in the soil are
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lacking and thus it is not known how significantly acidic deposition
adds to the natural acidification in areas with low soil pH (see
Section 3.5.2). Thus, the interpretation of all areas having a low
potential to reduce acidity as being highly sensitive ignores natural
acidity contributions.

Chemical and physical soil characteristics employed in the analysis
represent average values for the A horizon (upper 20-25 cm) for the
82 great soil groups occurring in the eastern United States. These
values were obtained from published literature (Klopatek et al.
1980). The great soil groups were combined to estimate values for
the 195 soil mapping units identified (USGS 1970) in the east.
Although the exact proportions of great soil groups within map units
are not readily available, the dominant great soil group was given a
weighting factor of 0.66 to calculate average map unit values.
Proportions of soil mapping units within counties were estimated from
the 1:7,500,000 scale soil map of the United States (USGS 1970).

Sulphate adsorption capacity of soils provides additional
neutralization of acidic water infiltrating the soil. Sulphate
adsorption prevents at transport and can increase soil cation
exchange capacity (see Section 4.5 on soil sensitivity mapping).
Ultisols generally have high sulphate adsorption capacity, although
few studies have determined the current status of adsorption capacity
in existing Ultisols, such as occur extensively in the southern
United States (Johnson et al. 1980). Counties containing 50% or more
Ultisols were identified on Figure 3-10 as having high potential to
reduce acidity.

Bedrock influence was based on the occurrence of type 1 (low to no
ability to neutralize acidic inputs) and type 2 (medium to low
ability to neutralize acidic inputs) bedrock as defined and mapped by
Hendrey et al. (1980). Counties having 50% or more area in type 1
and 2 were defined as having low potential to reduce the acidity of
acidic deposition which comes in contact with bedrock. These are
also designated sensitive. The remaining counties were generally
dominated by type 4 (greater ability to neutralize acid inputs) with
a high potential to neutralize acid water coming in contact with '
bedrock. Such areas are often called insensitive to acid rain.

The influence of these factors on the ability of the watersheds to
neutralize acid inputs was evaluated on a county by county basis.
Although counties are generally uniform in size in the eastern United
States, some of the larger counties occur along the Canada-United
States border in Maine and Minnesota. For each factor, 50% or : '
greater of land surface area was used as dominance criterion to
classify counties. Therefore, significant areas can exist within
counties that differ from the final designated classification. Thus,
Figure 3-10 displays the broad regional patterns but evaluation of an
individual county requires more detailed analysis to determine the
extent and coincidence of the various factors within that county.

The analysis identified the dominant factor(s) in each county that .
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would determine if a county had relatively low, moderate or high
potential to reduce the acidity of acidic deposition. The moderate
class would both be between the extremes in reducing acidity and also
may be more variable, that is, within a moderate county, there may be
both areas of low and high of sensitivities.

Seven classes were used to describe the combinations that occurred
(Table 3-9) with the agricultural/urban areas shown as blank on the
map (Figure 3-10). The factors in each class and the assignment of
low, moderate or high potential are defined in Table 3-8. Classes 3,
4 and 6 are combinations of soils and bedrock having opposite
potentials for reducing acidity. 1In these areas, the soil depth and
other terrain characteristics (such as glaciation or soil pans) will
determine whether soil or bedrock properties dominate. Class 3
consists of low pH soils overlaying bedrock with high ability to
neutralize acid. 1In the south these soils are generally very thick
and bedrock would be an insignificant factor. However, in northern
glaciated areas, the thin, porous soils would probably result in a

~high potential to reduce acidity of precipitation through the

interaction with the bedrock.

3.5.2 Aquatic - Terrestrial Relationships

The maps shown in Figures 3-9 and 3-10 identify areas of low,
moderate or high potential to ameliorate the impact of acidic
deposition on aquatic regimes. Map units having the lowest capacity
to reduce the acidity of atmospheric deposition should not be
interpreted as representing the total land area with acidified lakes
and streams in eastern North America. These are the areas where
acidification would theoretically be most pronounced provided the
input of anthropogenic acids add significantly to natural acid
production or, in the case of bedrock dominated systems, exceeded the
acid neutralizing capacity of the strata. In order to determine
which aquatic ecosystems are already acidified, detailed water
chemistry data are necessary (Section 3.6). However, as noted
earlier, soil and bedrock information provides the best indication of
the long term capacity of watersheds to buffer acidic deposition.

Many questions remain as to how the dilute acid in precipitation can
be transported through terrestrial systems without being dominated by
organic/soil buffering mechanisms. Current knowledge of terrestrial-
aquatic transport fail to account mechanistically for the large
changes in surface water pH attributed to acidic deposition.

However, lake and stream acidification effects are observed in water-
sheds where soils are present (Section 3.9). These changes are
through mechanisms not now fully understood. Such mechanisms
probably relate to rapid drainage through soil macropores as
represented by root channels, voids surrounding coarse fragments
(such as common in glacially—-deposited soils) and other routes. Thus
at this stage sensitivity criteria are hypothetical (e.g., soil
texture). The maps presented in this section should not be
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TABLE 3-9. CHARACTERISTICS OF MAP CLASSES FOR THE EASTERN UNITED

STATES AS TO THE POTENTIAL TO REDUCE ACIDITY OF ACIDIC
DEPOSITION (Olson et al. 1982)

Class Potential to No. of Characteristics
Reduce Acidity Counties
1 Low 72 Steep slopes, high relief,
high elevation
2 Low 89 Low soil pH, sensitive
bedrock
3 Low-High 114 Low soil pH, nonsensitive
bedrock
4 Moderate 291 Low soil pH, sensitive
bedrock, sulphate
adsorption
5 High 326 Low soil pH, nonsensitive
bedrock, sulphate
adsorption
6 Moderate 241 High soil pH, sensitive
bedrock
7 High 515 High soil pH, nonsensitive

bedrock
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considered strictly as sensitivity maps. They are objective
representations of soil and bedrock characteristics as provided by
available data bases. Map units are identified by their "potentials™
to reduce acidity based on one interpretation of the criteria. The
criteria are plainly visible if anyone should desire some other
interpretation or sensitivity assessment. The application of these
maps for surface water sensitivity interpretation can, at present,
only be tested using emprically based surface water acidification
data (Section 3.9).

Low pH soils (eastern U.S.) and acid podzolic soils (eastern Canada)
are representative of much of the area identified in Figures 3-9 and
3-10 as having the lowest potential to reduce the acidity of
rainfall. According to Wiklander (1973/74) as reported in Seip
(1980) as soil pH decreases below 5.0 there 1is an increasing
probability that streams and lakes within a watershed will receive
acid and aluminum associated with anion inputs from the terrestrial
systems due to increased acidic sulphate deposition. Because these
soils generally have low quantities of basic cations (e.g., Ca2+,
Mg2+) a significant portion of the increased cation concentration
required to balance the increased sulphate input must be HY and Al
(Johnson and Olson in press). Because these soils are naturally
acid, they are also the ones most likely to contribute natural
acidity to surface waters (Rosenqvist 1978). Such soils do indeed
have the lowest potential to reduce acidity of rainfall, but they
also have the potential to acidify incoming rainfall in areas where
low acidic deposition occurs (Johnson 1981; Johnson and Cole 1977).
Thus, the question of acidic deposition effect is one of quantity,
that is, to what extent does acidic or sulphate deposition via the
mobile anion mechanism described by Seip (1980) contribute to the
natural acidity of waters from such soils?

Aquatic ecosystems most sensitive to acidification and Al mobility,
therefore, are those areas identified as having a limited ability to
reduce acidity. They may also receive significant inputs of anthro-
pogenic acids. What constitutes a "significant input” can only be
determined at present by monitoring surface water chemistry in areas
undergoing acidification. It should then be possible to extrapolate
these results to other areas by comparing watershed characteristics
such as bedrock, soils, proportion of open water to watershed area
and vegetation. This would need to be carried out at a more detailed
level than the present mapping. However, the maps in Figures 3-9 and
3-10, in combination with acidic deposition maps, illustrate the
distribution of the areas within which efforts need to be
concentrated in eastern North America.

Groundwaters and surface waters which cross areas of differing
capacity to reduce acidity would reflect the chemistry of the most
reactive bedrock or soils upstream from any sample point (Hendrey

et al. 1980). Thus, both local and regional hydrological and hydro-
geological conditions need to be assessed when comparing measured
aquatic chemistry with potential of areas to reduce acidity.
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It is also important to consider the topographic position of streams
and lakes within watersheds. Generally, the most susceptible aquatic
resources are those in the headwater portion of watersheds, or in
small enclosed watersheds. During spring snowmelt runoff reaches
surface waters with little or no contact with soils or bedrock,
resulting in episodic pH declines. This effect may occur even in
watersheds that are not very sensitive to long-term acidification.

3.5.3 Geochemical Changes Due to Acidic Precipitation

Nearly all precipitation is processed terrestrially before becoming
surface water. Thus, changes in soil chemistry might be expected as
a result of atmospheric deposition of acids and metals. Many
geochemical changes in soils are difficult to measure directly, due
to large reserves of elements, and due to complex ecology. However,
changes in outputs of soil and groundwaters from stressed systems may
be manifested as changes in surface water chemistry. In dilute
waters such as found in the Adirondacks and New England, any change
should be readily observed, if historical data cover the time
interval of change.

Acidification rate (or lack of) is in part a function of relative
maturity of the water in question. Low order streams and small
headwater ponds will reveal acidification effects before major
streams, rivers and lakes (Haines 1981b). Johnson and Reynolds
(1977) examined the chemistry of headwater streams in New Hampshire
and Vermont. These streams ranged from pH 5.0 to 7.8. Streams
situated in sensitive bedrock such as granite or quartz monzonite
ranged from pH 5.0 to 6.8. Total dissolved solids were generally
very low (12-30 ppm), lower than TDS for many waters in areas that
are not experiencing acidic precipitation. Similar results are
reported for Hubbard Brook (Likens et al. 1977a). The implication is
that cation denudation in New England is relatively low, in spite of
acidic precipitation (Johnson et al. 1972, 1981). Studies by
Schofield (1982) and Johnson et al, (1972) concur that it is not
possible to conclude that increases in weathering (or increases in
dissolved load) have occurred in areas receiving acidic deposition.

While major cations are generally low in sensitive terrain, trace
metals such as Zn, Mn, Al and Cu have been shown to be elevated in
acidified systems (Norton et al. 1981b; Schofield 1982). This
increase is a function of the solubility relationships for the
metals, as well as atmospheric inputs of heavy metals (Galloway

et al., 1980a). Continued inputs of acids may alter soil pH regimes,
and result in mobilization of metals into ground- and surface-waters
(Burns et al. 1981; Johnston et al. 1981; Kahl and Norton 1982).
Aluminum mobilization may neutralize acids, as suggested by

N.M. Johnson (1979), but once mobilization has occurred, Al species
may buffer acidic waters at low pH (about pH 4.9), much like the
carbonate buffer system, but at a lower pH. Once acidified, recovery
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of waters with high concentrations of Al may be hindered by these Al
hydrolysis reactions.

Atmospheric inputs of Pb and Zn can be demonstrated in organic soils
in New England. In Massachusetts, Siccama et al. (1980) report that
Pb is accumulating in the forest floor at a rate of 30 mg/m<.yr.

No increase was reported for Zn, but Zn is much more mobile than Pb.
Benninger et al. (1975) estimate that the retention time for Pb at
Hubbard Brook Experimental Forest (HBEF) is nearly 5,000 years: thus
Pb is largely being retained terrestrially. Other studies have
reported concentrations of Pb and Zn above background in the
northeast U.S. (Kahl and Norton 1982; Lazrus et al. 1970; Reiners et
al. 1975; Schlesinger and Reiners 1974). Hanson et al. (1982) found
a gradient of Pb in sub-alpine litter, suggesting that Pb was more
concentrated in litter (and therefore in precipitation) in southwest
New England, than in northeast New England or the Gaspé Peninsula.
Concentrations of these metals may be hundreds of times those found
in underlying inorganic soils (Kahl and Norton 1982).

The study by Johnson and Reynolds (1977) did not reveal any markedly
acidic streams in New Hampshire or Vermont (low pH = 5.0). Burns
et al. (1981) also report nonacidic headwater streams in New
Hampshire (mean pH 6.1). However, they conclude that significant
acidification has occurred since the 1930s, based on historical
colorimetric data. They report that their colorimetry data agreed
with their pH meter data. Regardless of the validity of time trend
comparison, they also conclude that alkalinity to total base cation
ratios are 0.2-0.5 in New England. This indicates that some chemical
weathering is occurring through the reaction with strong acids,
rather than by carbonic acid, with implications for surface
alkalinities in the future. Similar findings have been presented by
Cronan et al. (1978) for New Hampshire sub-alpine soils, where
sulphuric acid, instead of carbonic or organic acids, is supplying
most of the hydrogen ion for weathering reactions. The net result is
a replacement of HCO3~ by 5042' as the dominant anion inwaters of the
Adirondacks and New England. This replacement is complete in very
acidic waters, and may be used as an estimate of acidification when
only partial replacement by sulphate has occurred (Henriksen 1979).
Schofield (1982) reports an apparent, although not significant,
increase in 8042' in Adirondack lakes during the past 15 years,
although the validity of the comparison between methods is unknown.

3.6 ALTERATIONS OF SURFACE WATER QUALITY

The chemistry of surface water is an integrative measure of
precipitation inputs and watershed influences. Altered precipitation
inputs may cause biogeochemical changes and account for differences
in regional water chemistry. The available data are discussed below
as three topics: the present chemistry of aquatic systems; evidence
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of time-trends in water quality measures; and the patterns of
seasonal or episodic variations in water quality.

3.6.1 Present Chemistry of Aquatic Systems

A decade of results in Scandinavia indicates that as lakes are
subjected to acidic precipitation cations are mobilized and some of
the bicarbonate ions are replaced by sulphate. As a result, the
normal relationship between the dominant cations, calcium and
magnesium, and alkalinity is altered. Although these lakes are not
necessarily acidic, the alkalinity will be less than predicted, from
the sum of calcium plus magnesium (Henriksen 1980).

The report by Harvey et al. (1981) gives a similar evaluation of lake
data for North America. Their description is as follows:

"Comparable data for lakes on the Canadian Shield are shown in
Figure 4-3 [Figure 3-11 this report]. Lakes that can be
considered unaffected by acidic deposition include those in the
Northwest Territories, probably Labrador and Newfoundland, and
northern Manitoba and Saskatchewan. These lakes have close to a
1:1 relationship between [CaZt + Mg2+] and [HCO3~], as do
several lakes in calcareous pockets in the Killarney area of
Ontario. [Ca2t + Mg2t] may be overestimated for several
of the Newfoundland and Labrador lakes, because the
concentrations are not corrected for sea salt contributions.
Many of the other lakes, however, have a HCO3™ deficiency
relative to Ca2t plus Mg2*; most of the Killarney lakes,
including all the La Cloche Mountain lakes ... almost all of the
lakes within a 100 km radius of Sudbury, Ontario, and all of the
Muskoka~Haliburton lakes and Nova Scotia—-New Brunswick lakes
(although the latter data were also not corrected for sea salt
contributions), have HCO3™ deficiencies. The distance below
the [solid] line in Figure 3-11 may be an indication of the
extent of acidification; lakes found below zero alkalinity [the
hatched line] are considered to be acidified.

If the other major source of Ca2t and Mg2* in lake water

is weathering by strong acids in precipitation, and if most of
this acid is associated with sulphate, then there should be a
good relationship between [8042‘] and [Ca2+ + Mg2+ - HCO3™]

on an equivalent basis. This relationship provides an estimate
of the Ca?* and Mg2+ not derived from carbonic acid weathering.
Data for Canadian Shield lakes are shown in Figure 4-4 :
[Figure 3-12 this report]; the agreement between [5042’]

and [Ca2t + Mg?-+ - HCO3”] for most lakes is very good although
it can be argued that this may be expected, based on the
principle of charge balance and implies no cause-effect
relationship. All of the lakes in Nova Scotia and New Brunswick
have excess Ca2' and Mg2+, suggesting that ca2t and Mg2+

may be supplied in part by sea salt. «eecs.
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Figure 3-11.
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Figure 3-12. [Caz‘*‘ + Mgz‘*‘ - alkalinity] vs. [5042-] for lakes in

Canada. Solid line represents theoretical relationship
for [Ca2* + Mg2*] not derived from carbonic acid
weathering reactions (modified from Harvey et al.
1981).
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The fact that most lakes or grougs of lakes have reasonably
close correspondence between [Calt + MgZt - HCO3 ] and

[S0427] supports the hypothesis that the CaZ* and Mg2*
content of lakes is not derived from carbonic acid weathering,
but is related to the input of sulphate. Because the other
major strong acid anion, NO3~, is a nutrient in lakes and
streams, (i.e., is non-conservative), it is not possible to
incorporate it into a more complete relationship.”

In a study of the most recent available data for lakes in Quebec,
Bobée et al. (1982) have shown that a similar relationship between
[CaZt + Mg2*] - [alkalinity] and [8042‘] exists on the southern
slope of the Canadian Shield in Quebec. Figure 3-13 shows the
different hydrographic regions sampled and Figure 3-14 shows the
sulphate versus [Ca] + [Mg] - alkalinity relationship for six of the
regions. The highest sulphate concentrations and greatest alkalinity
deficiencies were observed in the southwest part of the province
(Region 04). The concentrations of sulphate and the alkalinity
deficits decrease to the north and east. 1In Region 10, sulphate
concentrations average about 30 ueq/L and the alkalinity values were
equal to or slightly greater than the calcium plus magnesium values
indicating no alkalinity deficit. This supports the hypothesis of
atmospherically deposited sulphur being a major influence on lake
chenistry.

Current data on pH, alkalinity, sulphate, and other chemical
variables are available for surface waters in a wide variety of
climatic, geological and biological conditions in eastern North
America. These data give an idea of the current chemistry of aquatic
systems, but do not necessarily indicate how or when that status was
achieved, or whether it is currently changing. Some insight into
these questions is given by comparisons of water quality data from
areas with quite different rates of acidic deposition. This approach
was used by Thompson and Hutton (1982) for lakes in Canada from ELA
(Experimental Lakes Area, Kenora, Ontario) eastward to Labrador and
Newfoundland (Figure 3-15). The formal names of the lake regions,
data sources, and the range of latitude and longitude including the
sampled lakes are shown on Table 3-10. Concentrations of sulphate,
and of excess sulphate near the coast, were multiplied by the basin
runoff of water, obtained from hydrographic records of the basins or
were approximated from hydrographic charts (Fisheries and Environment
Canada 1978) to determine the sulphate flux or specific yield of
sulphate for each basin in units of mass per unit area per year.
Lakes used for this comparison exclude those where geological sources
and direct industrial or municipal discharges of sulphur to the water
body were obvious. Therefore, Thompson and Hutton (1982) assumed
that the primary source of the basin sulphate yield was atmospheric.
As a test of this assumption they compared the values of sulphate
flux with the estimated atmospheric loading of sulphate in




3-51

HUDSON
BAY

04

ONTARIO

08

» 03

02 /’/
)

’

O o

UNITED

STATES

-

10 :

NSNS

o 11

7
,:.\:: e e o
)

LABRADOR

/’\\
| NEW
i BRUNSWICK
1
L




3-52

30 1 - |
] i REGION 04 | + REGION 07 /
| R= 051 ' = 0.4 !
24+ ; - ; 045 A
- ' = 7! / . . N = 16 /
I
18 ! /. . = ‘ /
- - /f,“ . !
TR N A
12 - /‘: T ! /
< 1 -
06 ' : k /
7] i ]
1 '/ ]
\/ 4
0 T ‘ T ]ﬁ T T T T 1 } T T T T T T T T
30 A 1 7 i
. * REGION 05 / i { REGION 08 /
~ 24 | R=036 4 i | R=0.55 /T(
< * N=49 ! i T N=14
s 1 ! / i
Q184 | / N ! /
E 1 | Y,
12 ; / . - : /. .
= 1 A 1 1
06 ' : n H
o i v/ ] : /
@ 4 /
—J (o] T " T 7 Y T T 7 T T 7 T
V4 —
307 ! REGION 08/ ] ! recion 10/
I oo
0ol i R= 028 /ﬁ _ i R=o024
. 1
o / 1 /
| | ] ;
Wi/ 1 i 7
I 4 1 i /
06- A . ]
i~ | s/
' . :I/
0 i l‘/l rT { | 4 f‘l ) ; o 1 ¥ fT v L]
-10 0 10 20 30 40 -10 O 10 20 30 40

Figure 3-14.
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Sulphate as a function of [calcium + magnesium -
alkalinity] for lakes in Quebec in the hydrographic
regions given in Figure 3-13 (Bobée et al. 1982).
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TABLE 3-10.

DATA SHOWN IN FIGURE 3-14 (from Thompson and Hutton 1982)

FORMAL NAMES, LOCATIONS, LAKE DATA SOURCES AND THE LABORATORIES THAT ANALYZED THE SAMPLES FOR THE

Lake Data Sets and Sources

Experimental Lakes Area, Kenora
Ontario, Beamish et al. 1976

Quetico - Lac des Mille Lacs
Fisheries Assessment Unit Lakes
Ontario Ministry of the Environment,
Northwestern Region

Thunder Bay Area Lakes, T. Marshall,
Ontario Ministry of Natural Resources

Turkey Lakes, Algoma District,
Ontario. D. Jeffries, National
Water Research Institute

Sudbury District Lake Trout Lakes,
J. Gunn, Ontario Ministry of
Natural Resources

Haliburton Highlands Fisheries
Assessment Unit Lakes, D. Loftus,
Ontario Ministry of Natural Resources

Algonquin Fisheries Assessment Unit
Lakes, F., Hicks, Ontario Ministry
of Natural Resources

Lakes in Quebee, north of Ottawa,
Quebec Ministere de 1'Environnement

Lakes in Parc National de la
Mauricie, R, Lemieux, Environment
Canada, Quebec Region

Lac Laflamme, R. Lemieux,
Environment Canada, Quebec Region

Lakes in southern New Brunswick,
Peterson (1980)

Lakes near Halifax, T. Clair,
Environment Canada, Atlantic Region

Headwater lakes on the island of
Newfoundland, Clair 198la

Labrador lakes, Clair 1981b

Laboratory

Freshwater Institute, Winnipeg

Ontario Ministry of the Environment,
Thunder Bay Regional Laboratory

Ontario Ministry of the Environment,
Thunder Bay Regional Laboratory

Environment Canada, Great Lakes

Forestry Service, Sault Ste, Marie

Ontario Ministry of the Environment
Laboratories at Dorset and Rexdale

Ontario Ministry of the Environment
Laboratories at Dorset and Rexdale

Ontario Ministry of the Environment
Laboratories at Dorset and Rexdale

Quebec, Ministere de l'Environnement,
Ste. Foy

Environment Canada, Water Quality
Branch, Longueuil

Environment Canada, Water Quality
Branch, Longueuil

Environment Canada, Water Quality
Branch, Moncton

Environment Canada, Water Quality
Branch, Moncton

Environment Canada, Water Quality
Branch, Moncton

Environment Canada, Water Quality
Branch, Moncton

Latitude

© 49°35¢

48°00°'

48°40°"

47°02'

46°30'

44° 40"

45°25"

45°40"

46°45"

- 49°45"

- 49°00'

- 49°10'

- 47°04!

- 47°20°

- 45°20°

- 46°00'

- 46°03"

- 46°54"

47°19' 30"

45°10'

44°38"

47°40°

52°15'

- 45°21"

- 45°00"

- 50°

- 54°30'

Longitude

93°35"

90°00"'

89°00'

84°23"

80°30°"

78°00*

77°45"

75°37°*

72°50'

- 93°45!

- 92°30'

- 89°30'

- 84°25

- 82°00'

- 79°10'

- 78°55'

- 76°07°*

73°07'

71°07'30"

66°18"'

63°42'

53°

58°20'

- 67°04"

- 64°22¢

- 59°

-.66°15"'
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precipitation for the different areas studied. The estimated
atmospheric excess sulphate deposition rates in precipitation (flux
per unit area per year) in units comparable to the basin specific
yield as well as the range of estimated deposition for 1977-80 were
obtained from measurements or interpolation of measurements from the
CANSAP precipitation network (Barrie and Sirois 1982). These values
are shown on Figure 3-15 for direct comparison to the basin-specific
vield of surface waters. Also shown on Figure 3-16 are dry
deposition of sulphate calculated from measurements of sulphur oxides
in air at four Air Pollution Network (APN) stations (ELA, Long Point
on Lake Erie, Chalk River, Ontario and Kejimkujik National Park, Nova
Scotia (Barrie 1982). '

The agreement between the estimated deposition and basin specific
yield of sulphate is generally good but shows greater yield than
deposition in the areas of highest yield (i.e., the region between
Thunder Bay, Ontario and Halifax, Nova Scotia). This deficiency of
sulphate measured in precipitation as compared to basin yield of
sulphate may, at least in part, be due to dry deposition of sulphate
and sulphur dioxide. The dry deposition would be greater in regions
nearer to or downwind from industrial sources. There may also be
some release of sulphate previously stored in the basin.
Contributions from geologic or other sources cannot be entirely
dismissed in all cases. However, in these areas the evidence is
strong that the atmospheric deposition of sulphate is the primary
source of the basin yield of sulphate.

In the province of Quebec there exists a strong south to north
gradient of lake sulphate concentrations as illustrated in

Figure 3-17 and Figure 3-14. The data were obtained from 256 lakes
in the province. The highest observed concentrations are in the
southwest portion of the Province, and reach 180 peq/L. The
concentrations decrease gradually toward the north and to the east to
values around 30 yeq/L. More than 80% of the lakes have sulphate
concentrations higher than 60 peq/L (Bobée et al. 1982), equivalent
to the upper background level for lakes on the Precambrian Shield
(Harvey et al. 1981).

Haines and Akielaszek (1982) reviewed available data on surface water
pH distributions in sensitive regions. They found that the regions
receiving precipitation of lower pH had higher percentages of low pH
lakes (Table 3-11).

A number of other studies have documented the present status of
surface water resources in regions of Canada and the United States.
They are summarized in the following sections. ‘
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TABLE 3-11. REGIONAL WATER CHEMISTRY SURVEY RESULTS FOR SURFACE
WATER pH DISTRIBUTION (Haines and Akielaszek 1982)
LOCATION NUMBER PERCENT IN pH RANGE REFERENCE
‘OF LAKES
AND STREAMS <5 5-6 >6
Areas where Precipitation Averages pH 4.6
New England 226 8 21 71 Haines and
Akielaszek 1982
West Sweden 314 36 21 43  Almer et al. 1974
West Sweden 15 27 47 27 Dickson 1975
South Sweden 51 2 20 78 Malmer 1975
South Norway 155 18 38 44  Wright et al. 1977
South Norway 719 64 33 3 Wright and Snekvik
1978
Denmark 14 29 57 14  Rebsdorf 1980
Scotland 72 26 36 38 Wright et al. 1980
Nova Scotia 21 52 24 24  Watt et al. 1979
Quebec 25 12 40 48 Jones et al. 1980
Central Ontario 26 8 58 34  Scheider et al.
1979%a
La Cloche 152 28 34 38 Beamish and Harvey
Mountains, 1972
Ontario
Sudbury, Ontario 150 13 15 72 Conroy et al. 1976
Adirondack 849 25 30 45 Pfeiffer and Festa
Mountains, 1980
New York
Areas where Precipitation Averages > pH 4.6
North Norway 77 0 13 87 Wright and Gjessing
1976
Northwest 265 0 6 94 Lillie and Mason
Wisconsin 1980
North Minnesota 85 0 0 100 Glass and Loucks

1980
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3.6.1.1 Saskatchewan

Measurements of total alkalinity, calcium, magnesium and pH were
analyzed for some 300 lakes in Saskatchewan's Precambrian Shield and
fringe Shield regions (Liaw and Atton 1981). Concentrations of
alkalinity in these lakes varied from 10 to 1740 peq/L. Forty-four
percent of the lakes surveyed had alkalinities of 200 peq/L or less.

Measurements of lakewater pH, ranged from 5.6 to 8.2, and indicate
that, at present, Saskatchewan's Shield lakes are circumneutral.
Lakes with pH values between 6.5 and 7.5 accounted for nearly 80% of
all lakes investigated. Concentrations of calcium ranged from 7 to
630 peq/L. About 54% of the lakes surveyed had calcium of 80 uneq/L
or less, while 257 had between 80 and 160 peq/L. Concentrations of
magnesium varied from O to 130 uveq/L. Approximately 65% of the lakes
measured had magnesium concentrations of 24 uveq/L or less, whereas
32Z had between 24 and 36 peq/L. Concentrations of calcium plus
magnesium showed a one-to-one relationship to alkalinity (Figure
3-18). This relationship is expected in areas where alkalinity
production is by bicarbonate weathering in the absence of strong
acids.

3.6.1.2 Ontario

Alkalinity data for 2,624 lakes in Ontario are shown in Table 3-12
(OME 1982). The categories from 1 to 5 indicate decreasing
sensitivity to acid deposition. The 487 of the lakes in categories 2
and 3 had some measurable alkalinity less than 200 ueq/L and may be
regarded as sensitive to acidic deposition. The spacial distribution
of the lakes sampled is shown in Figure 3-19. In Precambrian areas,
up to 90% of the lakes are less than 200 peq/L. Five percent of the
lakes had alkalinity values less than zero, i.e., acidified, these
lakes are located mainly in the Manitoulin and Sudbury areas which
have been subjected to deposition from smelting operations in
Sudbury. Scheider et al. (1981) indicate that acidic deposition to
the area is substantial. Chan et al. (1980) concluded that much of
the deposition is due to long-range transport of acid. The influence
of long-range transport is relative to the historic local emissions,
with respect to acidifying lakes, cannot be determined.

Data from 16 intensively studied lakes in Muskoka-Haliburton are
plotted in Figure 3-20. The average epilimnetic summer pH and the
lowest spring pH observed in the surface waters are plotted against
the mean summer alkalinity values. The data cover 4 years (1976-
1980). Lakes with alkalinity of less than 40 peq/L experienced pH
depressions in surface waters to values less than 5.5. A few streams
showed pH values below 4.0 in some cases (Figure 3-21). At Algoma,
spring pH values of about 5.0 occur in the surface waters of study
lakes with alkalinities less than 40 peq/L (Scheider 1983).
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Relationship between alkalinity and calcium + magnesium
for northern Saskatchewan lakes. Broken lines indicate
95% confidence limits of predicted values (Liaw 1982).
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’ TABLE 3-12, SUMMARY OF THE PERCENTAGE Or _*KES AND STREAMS IN EACH ALKALINITY CLASS BY COUNTY OR DISTRICT FOR ONTARIO (OME 1982)
A

Percentage of Total No. of Lakes In each Alkalinity Class

Total Number
County or District i 2 3 4 5 of Lakes
(<0 peq/L) (0-39,9 peq/L) (40-199 peq/L) (200-499 peq/L) (> 500 peq/L) Evaluated
2a bAlgoma Dist. 4 13 46 20 17 449
B Bruce Co. . . . . 100 7
| ¢ PCochrane Dist, . i 6 15 78 90
f- D  Durham Co. . . . . 100 i
i E Frontenac Co, . . . 10 90 68
i F Grey Co, . . . . 100 3
] G “Halliburton Co. 1 29 43 16 " 197
H Hastings Co, o o 25 15 60 73
| Huron Co. . . . . 100 i
J  “Kenora Dist. . . 12 26 62 116
K Lanark Co. . . . . 100 17
L Leeds Co. o . . . 100 26
M Lennox & Addington Co. o o 41 12 47 32
N Manitoulin Dist,. 49 30 3 3 15 33
0 Middlesex Co. . . . . 100 1
P "Muskoka DIst, 1 24 65 3 7 159
Q bNlplsslng Dist. . 10 69 18 3 119
R Northumberland Co, . . N . 100 1
S Ontario Co. . . . . 100 5
T PParry Sound Dist. 3 27 62 7 1 180
U Peel Co. . . . . 100 1
V  Peterborough Co. . 3 13 11 73 55
1 W Prince Edward Co. . . . . 100 3
v X ’Rainy River Dist, . 3 64 20 13 99
: Y “Renfrew Co, . 3 19 27 51 105
Z Simcoe Co. . . . . 100 7
AA  Stormont Co, . . . . 100 1
BB “Sudbury Dlst. 18 23 28 (A 20 325
CC “Thunder Bay Dist, . 3 27 25 ‘ 45 312
0D PTimiskaming Dist. 1 14 25 21 26 109 o
EE  Victoria Co. . . . 56 a4 27 J\
FF  York Co, . . o . 100 2 -

a County/district code for Figure 3-19,
b Counties which are on the Precambrian Shield,
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3.6.1.3 Quebec

Vast areas of the Province of Quebec are composed of non—calcareous
lithology, and glacial transport of materials has not provided
calcareous tills to modify the local soil structures. Only in the
marine sediments of the St. Lawrence Valley and calcareous lithology
of the Gaspé region and a few other areas are sufficient buffering
materials found. A few local occurrences of more adequately buffered
waters are found in the Gatineau Lakes, Lake St. Jean, Lake
Mistassini, and the Harricana River in northwest Quebec.

It is estimated that the Province contains greater than one million
lakes, the vast majority of which have not been surveyed. Present
surveys have been limited to the southern, more accessible areas.
Examination of the alkalinity and CSI values of the surface waters of
the surveyed area gives an indication of sensitivity of waters of
Quebec to acidification.

A distribution of calcite saturation index (Conroy et al. 1974) of
181 lakes surveyed during the summer of 1980 (Bobée et al. 1982) is
illustrated in Figure 3-22. Values lower than 3 are not very
sensitive (15% of the lakes surveyed have a value less than 3.5).
Values between 3 and 5 are potentially sensitive (48% of the surveyed
lakes have a value between 3.5 and 5.5). Values higher than 5 are
extremely sensitive to acidification (377 of lakes of the shield have
a value higher than 5.5). The distribution of CSI of surveyed lakes
in Quebec, is illustrated in Figure 3-22. It is evident that nearly
all waters, other than the St. Lawrence Valley and the Gaspé Regions
(Regions 01, 02 and 03, as per Figure 3-13), have CSI equal to or
greater than 3 and are, therefore, sensitive to acidification.
Surveys of the lakes of Laurentide and La Mauricie Parks appear to
indicate a greater sensitivity than do lakes in the surrounding
regions. This may be an actual indication of local differences in
terrain geochemistry, but is believed to result from over-estimation
of alkalinity or pH in the older measurements. The actual
sensitivity of lakes in Quebec may, therefore, be even greater than
indicated by the older surveys (Ahern and Leclerc 1981; Jones et al.
1980).

Bobée et al. (1982) have shown that 19 of 20 of the lakes sampled on
the Precambrian Shield in Quebec south of 50° latitude have
alkalinities less than 200 peq/L, and thus are considered to be
sensitive to acidic deposition. For the same region, summer values
of pH were below 5.0 for 15% of these lakes, and below 5.5 for 41%
(Figure 3-23). The pH frequency distribution has two modes: one
between 5.0 and 5.5 and one from 6.0 to 6.5. In a lake with only
carbonate species to buffer the water, a pH value of 5.5 indicates
that the lake can have rather large pH fluctuations.

"The importance of the sulphate anion in the lakes of the
Canadian Shield (in Quebec) appears clear upon examination
of the relationship between bicarbonate and sulphate.
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(Bobée et al. 1982).

Calcite saturation indices for 181 lakes in southern Quebec, summer 1980
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Figure 3-23. pH Values for Quebec lakes, summer 1980 (Bobée et al. 1982).
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According to Dickson (1975), this ratio should greatly

exceed one in lakes not influenced by (atmospheric)

sulphates. In the southern portion of the Shield region

(in Quebec), the sulphate ion dominates in these lakes.

For the entire area of the Shield (in Quebec), 847 of the
lakes have a HCO3’/5042_ ratio less than one.”

[Translated from Bobée et al. 1982] (See Table 3-13 and Figure
3-24,)

3.6.1.4 Atlantic Provinces

Except for isolated regions of calcareous lithology, mostly in
northern and eastern New Brunswick, the northern peninsula of
Newfoundland and all of Prince Edward Island, the Atlantic provinces
have soils and bedrock that provide limited acid neutralizing
capacity. Much of the area is of very complex geology which has been
~indicated in the sensitivity maps (see Section 3.5). However,
summaries of the surface water chemistry by Clair et al. (1982),
Wiltshire and Machell (1981), and Thompson et al. (1980) have shown
that large portions of these waters are very dilute and poorly
buffered. Clair et al. (1982) have summarized the Atlantic Provinces
water chemistry in terms of the Calcite Saturation Index (Kramer
1976). CSI maps for New Brunswick, P.E.I., Nova Scotia, Island of
Newfoundland and Labrador are illustrated in Figures 3-25, 3-26 and
3-27. 1If CSI of 3 or greater is taken as an index of highly
sensitive waters, it is evident that large portions of the surface
waters are sensitive to acidification.

The loss of alkalinity and consequent decline in pH of some lakes and
rivers of Nova Scotia have been well documented (see Thompson et al.
[1980], Watt et al. [1979], Wiltshire and Machell [1981]). Wiltshire
and Machell (1981) applied Henriksen's (1979) comparative
relationship to data from 16 lakes in Nova Scotia and suggested that
acidification (loss of alkalinity) of 40 to 50 peq/L has occurred
over the past two decades to 1979, which is consistent with measured
pH declines. Watt et al. (1979) have shown similar pH declines for
lakes near Halifax but attribute this decline to sulphate deposition
from local sources. Some pH increases have also been identified in
rivers of southwestern Newfoundland, (Thompson et al. 1980).

Thompson and Hutton (1982) concluded that lower levels of sulphate
deposition over Newfoundland and Labrador have apparently resulted in
only moderate alkalinity replacement.

Bogs are a common feature of the Atlantic provinces and waters often
carry significant organic contents. Although there is a need to more
clearly define the role of these natural acids in determining the
acidity of waters and subsequent influences in metal availability,
ionic balances by Thompson (1982) for a number of these waters
suggest that the major acidity is due to inorganic ioms.
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TABLE 3-13. SOME STATISTICS ON THE RATIOS OF HCOS/SO42-
FOR WATERS OF QUEBEC DERIVED FROM LEGENDRE ET AL.
(1980), BY HYDROGRAPHIC REGION (see Figure 3-13).

LAKES NORTH OF THE ST. LAWRENCE RIVER

WEST EAST
HYDROGRAPHIC REGION

VALUES OF 04 05 06 07
THE RATIO N % N % N 2 N %
0.6 24 21.5 5 8.6 3 50.0 9 64.3
0.6 - 1.2 41 36.6 15 25.9 1 16.7 3 21.4
1.2 - 1.8 19 17.0 14 24,1 1 16.7 2 14.3
1.8 28 25.0 24 41.4 1 16.6 0
TOTAL 112 100.0 58 100.0 6 100.0 14 100.0

LAKES SOUTH OF THE ST. LAWRENCE RIVER
WEST EAST

HYDROGRAPHIC REGION

VALUES OF 03 02 01

THE RATIO N % N % N %
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Figure 3-24, HCO3‘/SO¢2' values for Quebec lakes, summer 1980 (Bobée et al. 1982).
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3.6.1.5 United States

The national map of total alkalinity of surface waters by Omernik and
Powers (1982) illustrates general patterns of surface water sensi-
tivity to acidic deposition on the conterminous United States

(Figure 3-28 in map folio). A large number of regions in the U.S.
have mean annual alkalinity values below 200 ueq/L in surface waters.
In the portion of the country where continental glaciation resulted
in high densities of natural lakes, these low alkalinity areas
comprise: (1) much of New Hampshire and central and southern Maine;
(2) the Adirondacks in northeast New York; and (3) the northeastern
tip of Minnesota and a portion of northcentral Wisconsin. An
analysis of 300 headwater lakes and streams in six northern New
England sites shows that alkalinity values of less than 200 peq/L
cover most of the regions examined, with widespread values <20 neq/L
as shown in Figure 3-29 (Haines 1981b; Haines and Akielaszek 1982).

- In the West, streams and lakes with average alkalinity values below
200 peq/L are generally found in the higher mountainous areas,
particularly the Cascade Range of Oregon and Washington and the
Sierra Nevadas in California.

Elsewhere in the United States, sensitive surface waters are
primarily streams, small lakes and general purpose reservoirs. For
these waters there are several areas of low alkalinity values: (1) a
discontinuous region extending from southeastern New York to western
Pennsylvania and central West Virginia; (2) eastern North Carolina;
(3) central South Carolina and southeastern Georgia; (4) an area
centered on the southwestern end of the Blue Ridge Mountains; (5) a
band extending from southeastern Louisiana to northeastern Florida;
(6) southeastern Texas and westcentral Louisiana; and (7) smaller
areas in southern New Jersey, northwest Alabama, southern Arkansas
and northern Louisiana, and the Quachita Mountains across the
Oklahoma/Arkansas border.

As indicated by the cautionary note on the face of the alkalinity
map, the "map is intended to provide a synoptic illustration of the
regional patterns of surface water alkalinity in the United States.
As such, it affords a qualitative graphic overview of the sensitivity
of surface waters to acidification. The map should not be used for
making quantitative assessments of the extent of alkalinity or
sensitivity” (Omernik and Powers 1982).

3.6.2 Time Trends in Surface Water Chemistry

Questions of past and potential future changes in surface water
acidification are best answered by detailed analysis of available
long-term data. Such studies also give an indication of natural
trends or an anthropogenic effect. Care must be taken in any
historical studies, however, to account for differences between older
methods of measurement and current methods. Precautions have been
taken in the following analyses to correct for methodological
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<20 peq/L

20-200 peq/L
>200 peq/L

Figure 3-29. Surface water alkalinity of New England states
(Haines 1981b).




3-76

differences, but these corrections add uncertainty to some of the
comparisons.

3.6.3 Time Trends in Representative Areas

Historic water quality data exist for several areas in eastern North
America. The data must be verified based on sampling and analytical
methodologies before comparisons with modern measurements can be
made. Acidification represents a loss of alkalinity, but measure-
ments of alkalinity are sparse, and therefore, most time trend
comparisons have been restricted to pH changes. The following
section will review time trends in pH measurements and alkalinities
where available.

3.6.3.1 Time Trends in Nova Scotia and Newfoundland

Several rivers in Nova Scotia and Newfoundland were sampled and
analyzed by Thomas (1960) during the period 1954-55 in Newfoundland
using carefully described analytical methods. Several of the same
sample locations were continued under the Environment Canada,
National Water Quality monitoring program in 1965. This monitoring
on a monthly basis was continued through 1974 after which most
stations were reverted to seasonal sampling. Monthly sampling was
reinstated for some stations in 1979. The methodologies are
described and data are archived in the Environment Canada National
Water Quality Data Archive, NAQUADAT. pH has been determined
potentiometrically throughout the period of record. Laboratory
samples from the early data of Thomas were stored in soft glass
sample bottles which may have caused a small increase in the
laboratory measured value of pH. This factor would be unimportant
for the field measured pH values. Sulphate was measured by a

BaCly precipitation gravemetric method prior to 1954. Later
determinations were by the colourimetric procedure which was
automated in 1973.

This data set has been employed in several studies to analyze trends
and changes that may have occurred in the chemistry of the waters
during the period of record. Thompson et al. (1980) examined the pH
records for three rivers of Nova Scotia and three rivers of
Newfoundland. The pH values were accepted as comparable and, while
statistical analysis was not undertaken, there appears to have been a
decrease in the discharge-weighted mean pH of the Tusket, Medway and
St. Mary's Rivers of Nova Scotia during the period 1966 through 1974.
The one year of record 1954-55 indicates a discharge-weighted mean pH
greater than the following years of record. The Isle aux Morts,
Garnish, and Rocky Rivers of Newfoundland indicate minimum discharge-
weighted pH in 1972 or 1973 in the period of record 1966-1980 or
1981. Values have increased since that period.
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Clair and Whitfield (1983) have subjected portions of the record of
several of these rivers to statistical analysis, where the record was
continuous and uniform. They classified the rivers by the CSI
sensitivity index (greater than -3, insensitive and less than -3
sensitive). Periods of record were limited to 1965-66 through
1978-79 and some records terminated in 1973-74. They have reported
decreasing trends for pH of the Medway, Isle aux Morts, and Rocky
Rivers and stationary records for the Piper's Hole, Lepreau and
Mersey. Among the insensitive rivers, all were either stationary or
increasing in pH records. Clair 'and Whitfield (1983) also analyzed
the trend of sulphate but did not apply a correction for seasalt
contribution. While some trends were reported, they are likely to be
strongly influenced by seasalt in this marine coastal environment and
cannot be interpreted as trends in excess sulphate.

Watt et al. (1983) has compared the major ion concentrations
(corrected for seasalt) for several Nova Scotia rivers for the
1954-55 through 1980-81 period using the same data set. He has found
smaller values of bicarbonate, greater values of sulphate and greater
hydrogen ion concentrations, all at greater than 1% significance
level for the Roseway, Medway, Mersey, and La Have Rivers as shown in
Table 3-14 (from Watt et al. 1983). While caution is required in
interpreting SO42' trends due to interference of organic anions

in measurement procedures, the bicarbonate and hydrogen ion
concentration trends are not subject to such caution. Other major
jons did not show significant changes. Farmer et al. (1980), using
the same data base, has compared major ion concentrations
(unweighted) for 1954-55 with 1978-79 for the Mersey River. The pH
has decreased from 5.8 (range 5.4 to 6.6) in 1954-55 to 5.2 (range
4.9-5.4) in 1978-79 while sulphate has increased from 1.6 mg/L (range
0.1 to 3.0 mg/L) in 1954-55 to 3.3 mg/L (range 1.0 to 5.0 mg/L) in
1978-79. Other rivers of Southwest Nova Scotia examined by Farmer et
al. (1980) include the Tusket, Clyde, Roseway, Jordan, and Medway.
Decreased pH values were observed in all these rivers. pH of the La
Have River has changed little over the same time period “...
reflecting deposits of sandstone in this area.”

Farmer et al. (1980) have stressed that the Nova Scotia rivers having
the greatest pH change and the lowest pHs in 1978-79 were also the
most highly coloured. Thus the contribution of humic and/or fulvic
acids to the total acidity may be significant. Extensive direct
measurements of the organic anion concentration have not been
reported. Preliminary measurements by Oliver and Slawych (1982) of
samples from the West, Medway and Mersey Rivers indicated an organic
acidity of 95, 94 and 53 peq/L respectively as compared to an
estimated precipitation acidity of 29 peq/L. Thompson (1982) has
observed that for the Roseway, Mersey and Medway rivers while "their
pH's have been thought to be dominated by naturally occurring organic
acids, their low pH's can be explained quite well on the basis of
simple inorganic chemistry.” More direct measurements of the organic
anion concentrations are needed to define the relative contributions
to these waters of very low total ionic strength. ‘
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TABLE 3-14. MEAN CONCENTRATIONS (meq/L) OF IONS IN THE WATER OF FOUR NOVA
SCOTIA RIVERS IN 1954-55 AND 1980-81. AVERAGE DIFFERENCES
WERE CALCULATED AS 1980-81 CONCENTRATION MINUS 1954-55. THE
SIGNIFICANCE LEVELS (EXCEPT H') ARE FROM THREE-WAY VARIANCE
ANALYSES. THE S042~, Na*, K*, ca*, AND Mg2* IONS HAVE BEEN
CORRECTED FOR SEASALT INFLUENCE (Watt et al. 1983)

Ion Concentrations

River Years  HCO3 S077* Nat kKt  Ht  caZt Mg2+ A1

Roseﬁay 1954-55 0.049 0.033 0.002 0.016 0.014 0.060 0.004 0.014
1980-81 0.007 0.089 0.031 0.007 0.040 0.028 0.010 0.027

Medway 1954-55 0.055 0.031 0.016 0.006 0.001 0.047 0.016 0.007
1980-81 0.013 0.059 0.018 0.005 0.005 0.045 0.017 0.014

Mersey 1954-55 0.044 0.023 0.014 0.008 0.002 0.045 0.010 0.009
1980-81 0.022 0.053 0.017 0.005 0.006 0.031 0.012 0.016

LeHave 1954-55 0.072 0.040 0.019 0.008 0.001 0.070 0.017 0.007
1980-81 0.036 0.081 0.024 0.006 0.001 0.069 0.030 0.017

Average

difference -0.036 +0.039 +0.010 -0.004 +0.009 -0.012 +0.006 +0.009
Significance

level <0.001 <0.001 N.S. N.S. <0.001 N.S. N.S. <0.001

* Caution is required in interpreting SOE’ trends due to the
interference of organic anions in measurement procedures.
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The time records of the median pH and excess sulphate discharge for
two rivers of Nova Scotia (Medway and St. Mary's) and for two rivers
of Newfoundland (Rocky and Isle aux Morts) are shown in Figure 3-30.

‘The pH values are the median value for the n observations of the

calendar year. Maximum and minimum pH observed are also shown.
Excess sulphate (seasalt corrected) discharge calculated from the n
observations of sulphate concentration and the measured run off
(calculated as indicated on the figure) are also shown. Figure 3-30
illustrates the difficulty in making statistical analysis of the
observations. Record breaks are present and unevenly spaced
observations render statistical analysis to establish trends over
time impossible. Thus Clair and Whitfield (1982) could treat only
portions of the record. Figure 3-30 may be examined to illustrate
the temporal variability of pH and excess sulphate discharge which is
not revealed by the statistical trend analysis or the changes between
two time periods as reported by Watt et al. (1983) or Farmer et al.
(1980). The dominant feature is the minimum pH that occurs in the
1971-73 period. Excess sulphate discharge reaches a maximum for the
Newfoundland rivers during the same period.

Wiltshire and Machell (1981) have reported on a re-survey of 16 lakes
in Nova Scotia and New Brunswick, which had historical data going
back to the 1930s in some cases. Eleven of the lakes are remote from
local sources in Halifax and Saint John. The data for 10 remote
lakes with the most reliable historical information are summarized in
Table 3-15. Between 1950 and 1979 data indicate that there has been
a decline in pH in all cases, most notably since the 1950s. All but
one of the 10 lakes, however, still had a pH> 5.5 in 1979.

Calculated alkalinity changes (Table 3-15) show declines ranging from
5.5 to 551 eq/L.

3.6.3.2 Historical Trends in Northern Wisconsin

Juday et al. (1935) described the pH-COj relationships of lakes in
northeastern Wisconsin. Between the period 1925-41, measurements
were made of pH, alkalinity and conductivity in 518 lakes. Historic
pH was measured colorimetrically between 1925 and 1932; from 1932 to
1941 a quinhydrone electrode was used. Two groups have remeasured
pH, alkalinity and conductivity in separate subsets of the 518 lakes
(Bowser et al. 1982; Eilers et al. 1982). The 53 lakes sampled by
Bowser et al. (1982) ranged from alkaline, mesotrophic lakes to
brown-water bogs to clear-water, oligotrophic lakes. Multiple ,
historical measurements were available and modern-day sampling was
adjusted to a similar seasonal sampling period. All three lake types
showed increases in pH, alkalinity, and conductivity over the 50-year
period. Bowser et al. (1982) attributed their results to: (1) short
duration of acidification of precipitation in Wisconsinj; (2) changes
in vegetation and shoreline land use; and (3) the importance of
groundwater to many of the lakes. Eilers et al. (1982) sampled 275
of the lakes surveyed by Birge and Juday. They selected 180 for
analysis and comparison with earlier measurements. They also found
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Figure 3-30. CONTINUED

Data for Figure 3-30 were calculated according to following format:

1.

2.

3.

Excess 5042~ = Total $042~ - 0.14C1” (both in mg/L)

Mean discharge-weighted excess 8042' = I(Excess 8042' times Sample Date
Discharge)
I Sample Date Discharge

Runoff = Mean Annual Discharge Gm3/yr) divided by drainage area (m2)
= m/yr = m3/m2.yr.

Runoff for Water Years 1954/0] - 1955/06 and 1955/07 - 1956/06 were
calculated from mean monthly Uischarges. For the Mersey the long-term
runoff times simple mean 8042' concentration was used.

Excess 8042' (meq/mz.yr) = Mean discharge-weighted excess
5042_ times Runoff.

Chemical data are from NAQUADAT. Discharge data are from various
reports of the Water Survey of Canada, Ottawa.
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TABLE 3-15. APPARENT CHANGES IN SUMMER pH VALUES IN LAKES IN NOVA SCOTIA AND SOUTHERN
NEW BRUNSWICK DURING THE PERIOD 1940-79 (Wiltshire and Machell 1981)

Calculated
alkalinity change
pH pH change in veq/L
ca 19402 1950sP 1979 pre-1950s post-1950s pre-1950 post-1950

d

Boarsback N.S. 4.7 4.7 4.4 .0 -.3 0 -20
Jesse N.S. 6.5 6.5 5.8 .0 -.7 0 -14
Lily N.S. 6.5 5.8 -7 -14
Kerr N.B. 6.8 6.6 6.0 -.2 -.6 -12 -16
Creasey N.B. 6.7 6.7 6.0 .0 -.7 0 =21
Tedford N.S. 6.3 6.6 6.3 +.3 -.3 5.5 -5.5
Sutherland N.S. 7.0 6.3 -.7 -41
Gibson N.B. 7.0 6.7 6.4 -.3 -.3 =25 -18
Black Brook N.S. 6.8 6.4 -4 -20
Copper N.S. 7.3 7.0 -.3 =55

48 Dpata from Smith 1937a, 1937b, 1948, 1952, 1961.
b  pata from Hayes and Anthony 1958.
€  Wiltshire and Machell 1981.

d Calculated by Liljestrand pers. comm. PCO2 assumed as 1073+ atm. (a global
mean) with bicarbonate as major buffer.
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that most lakes had increased in pH, alkalinity and conductivity.
The lowest pH values were found in lakes having no inlet or outlet
and no contact with groundwater (Eilers et al. 1982; Schnoor et al.
1982).

3.6.3.3 Historical Trends in New York State

Peters et al. (1981) analyzed precipitation data and stream water
chemistry data from a nine-station monitoring network in New York
State. The data covered the years 1965-78. Sulphate concentration
in precipitation decreased 1-4%/yr, while NO3~ increased by 4-13%
each year. An increase in the total amount of precipitation over the
period resulted in an increase in total acid loading. Variable
neutralization of hydrogen ion, perhaps by particles in dry depo-
sition, was suggested because the observed trends in hydrogen ion
concentration do not correlate well with those for sulphate or
nitrate.

In most areas of New York, urbanization, farming and carbonate soils
have masked any effects of increased acid loading. For the East
Branch of the Sacandaga River in the Adirondacks, nitrate increased
0.004 meq/L.yr, while sulphate decreased 0.0041 meq/L.yr. Sulphate
concentrations exceed bicarbonate for the stream indicating little
interaction with soils or ground water. Consequently, with the
increases in acid loadings in precipitation over the period,
alkalinity has decreased 0.083 meq/L.yr (Peters et al. 1981).

In a survey designed to identify acidic lakes in the Adirondacks,
Schofield (1976c) sampled 214 high altitude lakes (Figure 3-31). A
complete set of chemical analyses was obtained, but no internal
checks can be made on the data, because sulphate was determined by
difference. The pH range of sampled waters was 4.3-7.4. Fifty-two
percent were listed as pH <5.0; 7%, pH 5.5-6.0. pH measurements were
made in the laboratory following aeration of the sample.

Increased elevation and low pH of ponds and lakes were positively
correlated. The combined influences of heavier precipitation at
higher elevations, the smaller surface area and watershed size which
characterizes most headwater ponds, the prevalance of granitic
bedrock and shallow soil deposits in the higher elevations, and the
direct impingement of acidic cloud water are all possible factors.

In addition, N.M. Johnson (1979) showed that neutralization occurs as
contact time with the substrate increases, such as occurs as water
flows downhill into progressively larger streams. '

For a subset of 40 of these 214 high elevation lakes, historical data
on pH are available from the 1930s (Schofield 1976c; Figure 3-32).
These early pH values represent colorimetric measurements. Several
authors (Norton et al. 198la; Pfeiffer and Festa 1980; Schofield
1982) have examined the agreement between the two pH methods.
Although certainly not exact, qualitative comparisons appear
appropriate. For this subset of 40 lakes, in 1975, 19 lakes had pH
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below 5.0 and all of these lakes had no fish. In the 1930s, only 3
lakes had values below 5.0 and a total of only 4 lakes had no fish
(Schofield 1976c).

In a larger survey that included Schofield's 1975 sites (Schofield
1976c), a 1980 report by the New York Department of Environmental
Conservation (NYDEC) (Pfieffer and Festa 1980) reported that 264 of
849 (25%) lakes sampled in the Adirondacks had a pH <5.0. The report
linked this acidity to fish losses in these lakes. Since publication
of this report, however, both the NYDEC (1982) and others (Schofield
1982) have recognized that many of the pH values reported were too
low (due to problems with the pH meter). Pfeiffer and Festa (1980)
also presented a comparison of colorimetric pH measurements for the
1970s and 1930s for a set of 138 Adirondack lakes. 1In general,
historic pH readings were higher than the comparable current
measurements.

3.6.3.4 pH Changes in Maine and New England

Several synoptic studies have been done for New England surface
waters. Davis et al. (1978) studied 1936 pH readings taken from
1,368 Maine lakes during the period 1937-74 in an effort to see if
they could find pH decreases associated with the acidic precipitation
of that area (4.4< pH<5.0 since at least 1956; Cogbill 1976; Likens
1976). Samples and data were from a variety of sources (Davis et al.
1978) but apparently most samples were taken over the deepest portion
of each lake, near mid-day, during the summer. Wallace-Tiernan
colorimetry was used to measure pH "until the 1960's™; then pH was
measured with portable meters. "“The two methods were found to agree
within 0.1 pH units™ (Davis et al. 1978).

The authors noted initially that the mean pH of 196 samples from
1937 to 1942 was 6.81 and that the mean for 289 samples from 1969 to
1974 was 6.09; a 5.2-fold acidity increase. They also noted that
most of the change seemed to occur in the early 1950s and that
overall the change might have been greater if it had not been for
some cultural euthrophication beginning in the 1950s. The authors
realized that these preliminary results might have been affected by
regional edaphic differences in lake types and also by differences in
precipitation acidity across the state. Amounts and seasonal
patterns of precipitation also may have played a part (Davis et al.
1978). In an attempt to minimize such potential regional distor-
tions, they analyzed the data by using three procedures based on H'
concentration changes in individual lakes.

They found 258 lakes had pH readings separated by at least a year.

There was a mean of 2.9 readings per lake and a mean of 12.7 years

between successive readings (pairs) for a total of 376 pairs during
the period 1937-74.

Procedure I of Davis et al. (1978) was as follows. They used data
pairs to calculate slopes (H' concentration vs. time) for individual
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lakes and then mean slopes from 1937 to 1974. The mean slopes were
added to obtain a total H* concentration change for the entire
period. Given a starting pH of 6.89 (mean of 123 values 1937-42),
the final (1974) pH would be 5.79, an increase in acidity of 12.6
times. Using a t-test, the authors also found that the mean annual
increase in H' concentration based on the mean slopes for each year
was significantly different from zero change with p <0.0001. The
authors noted, however, that this procedure more strongly weights
data pairs with long time separations, thus possibly invalidating the
use of a t-test. '

The second procedure Davis et al. (1978) used was to average the 376
single slope values. This gave a mean of 0.115 peq/yr H' concen-
tration change. By t-test, this mean is significantly different from
zero p <0.1, but not at p <0.05. If a disproportionately greater
decrease in pH occurred in the 1950s (as the authors hypothesized),
this procedure would give greater weighting to the more frequent data
pairs beginning about that time and would thus overestimate total
change (Davis et al. 1978).

Procedure III the authors used was to weight each data pair ut
concentration) slope linearly in inverse proportion to the time
interval between each reading. These weighted slopes were then
averaged for each year that they applied. Using an initial pH of
6.89 in 1937, the authors noted that pH decreases by 1950 to only
6.83. By 1961, however, the pH has decreased to 5.91, so that 73% of
the increase in acidity has occurred in this latter time period. The
authors believed that this 737% increase in acidity was actually an
underestimate for this time period.

Davis et al. (1978) also discussed some alkalinity data they had for
44 of the 258 lakes cited above. These data were from the period
1939-71, a total of 96 values and 52 pairs. No information was given
on the analytical method(s) used to determine alkalinity. Applying
their Procedure I to those data, they obtained a decrease of about
6.34 ppm (as CaCO3; from 11.82 to 5.48 ppm, typically; corresponding
to a decrease of 127 ueq/L from 236 to 109 ueq/L) over the period.
This was much less than expected from pH changes from the same period
and observed relationships between pH and alkalinity. The authors
noted that "the discrepancy may be due in large part to the
inadequate sampling and great variance of the alkalinity data,
including the fact that 67% of the pairs had their initial member in
1960 or later” (Davis et al. 1978).

The authors concluded from their study that between the years 1937
and 1974 HY concentration in Maine lakes increased about 1.0 peq and
pH decreased from about 6.85 to 5.95. Further, nearly three—quarters
of this change occurred in the 1950s. “This is the first demonstra-
tion of a pH decrease due to acidic precipitation on a large region
of lowland lakes in the United States" (Davis et al. 1978).
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Norton et al. (198la) measured pH in 94 New England lakes (82 in
Maine, 8 in New Hampshire, 4 in Vermont) for which historical pH
existed from the period 1939-46. Eleven (12%) of these lakes had

pH <5.0 in 1978-80. The lakes sampled were small, oligotrophic-
mesotrophic, and located in forested areas on noncalcareous bedrock.
The recent sampling (1978-80) was done during July-October but not on
the same monthly dates as the historic sampling. These samples were
collected at 1 m depths, and the lakes were stratified at the time of
sampling.

The pH values of the recent samples were measured in the field with
(1) a portable pH meter with combination electrode, and (2) a Hellige
color comparitor. Except for three spurious cases of low pH lakes,
the authors found that "reasonable agreement exists for these two
methods, especially at higher pHs" (Norton et al. 198la).

The authors presented their results in plots of: (1) old colori-
metric pH vs. recent colorimetric pH, and (2) recent colorimetric pH
vs recent electrometric pH. They concluded that their study
“confirms the results of Davis et al. (1978) regarding an overall
decrease in the pH of Maine lakes” (Norton et al. 1981a).

Norvell and Frink (1975) found that the pH and alkalinity in
sensitive (alkalinity <200 peq/L) lakes in Connecticut had not
changed significantly from 1937 to 1973. Haines (198la) reports a
number of Connecticut rivers as being "sensitive”, due to alkalin-
ities <200 peq/L, but pH in these waters is 6.4-7.1 except in smaller
lower order streams. In Maine, the pH of major rivers is greater
than 6.5, with the lowest values in eastern Maine (the area with the
highest precipitation pH in New England) (Haines 198la).

Haines and Akielaszek (1982) sampled 95 lakes for which there were
historical pH data from the 1930s to the 1960s. Of these, 367 either
had the same or higher pH while 647 were lower. For 56 lakes there
were also fixed end point titrations of alkalinity. A comparison of
historical alkalinities to modern values indicated that 30% of the
lakes had increased and 70% had decreased in alkalinity. The
historical alkalinity values averaged 166 neq/L and recent samples

68 peq/L.

3.6.3.5 Time Trend in New Jersey

A.H. Johnson (1979) described a 17-year decline in pH of headwater
streams in the New Jersey Pine Barrens which drain relatively
undisturbed watersheds (Figure 3-33). The trend is statistically
significant and has amounted to approximately 0.4 pH units over the
period. 1In the sandy soils of this region, relatively little
neutralization of acid inputs occurs by ion exchange or mineral
weathering as precipitation moves through the soil. The low level of
neutralization is evidenced by the low pH of shallow groundwater,
averaging 4.3 for 78 samples in 1978 through 1979. The great




Figure 3-33.
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New Jersey stream pH, 1958-1979, Oyster Creek and
McDonalds Branch. Closed circles represent samples in
which anion and cation equivalents balanced, and
calculated and measured specific conductances were
equal. Open circles are samples for which the chemical
analyses were incomplete, or for which discrepancies in
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attributed to errors in pH. The closed triangle
represents the average pH determined in a branch of
Oyster Creek in a 1963 study. Open triangles are

monthly means of pH data collected weekly from May. 1978
to January 1979 during a University of Pennsylvania
trace metal study (A.H. Johnson 1979).
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variability in pH values of streams in 1978-79 is thought to be due
to storm events.

Some precipitation pH data suggest a trend toward lower pH values in
southern New Jersey (A.H. Johnson 1979). Precipitation samples,
collected at several sites in the Mullica and Cedar Creek basins in
1970 through 1972, had an average pH of 4.4. Samples collected near
Oyster Creek for seven months in 1972 had an average pH of 4.25.
From May 1978 to April 1979, the average pH of weekly precipitation
samples at McDonalds Branch was 3.9.

3.6.4 Paleolimnological Evidence for Recent Acidification and
Metal Deposition

To supplement the sparse information from long term records on water
quality in eastern North America alternative techniques have been
developed to define time trends related to surface water acidifi-
cation.

Paleolimnological analyses of lake sediments have traditionally been
used to reconstruct many aspects of the evolution of lake/drainage
basin ecosystems including terrestrial and aquatic vegetational
succession (Bradstreet et al. 1975), fire history (Patterson 1977),
trophic status (Davis and Norton 1978; Stockner and Benson 1967) and
even the occurrence of blight or disease (Bradstreet and Davis 1975).
Long-term changes in meteorology, morphology of the lake basins, soil
development, land use, or surface water chemistry can be partially
determined from the sediment record.

Both chemical and biological records are left in the sediment record.
By studying modern biota in relation to modern water quality for many
lakes, changes in ecosystems which have taken place over time can be
reconstructed for water quality parameters, for example, pH (Davis
and Berge 1980; Davis et al. 1980, 1982; Renberg and Hellberg 1982).
Normally, measurable changes in natural acidity are on the order of
centuries and are accompanied by changes in other sediment character-
istics. Land use changes such as logging followed by reforestation
can bring about perturbations in pH of surface waters (both increases
and decreases) with a general return to equilibrium in 10 to perhaps
as much as 50 years (Likens et al. 1978; Pierce et al. 1972).

Davis and Berge (1980) and Davis et al. (1980, 1982) have demon-
strated, using fossil diatom data, pH declines in the last 30-70
years from pH values of greater than 5.5 to values less than 5 in
lakes in Norway with relatively undisturbed drainage basins. The
present pH of these lakes 1s too low to be explained by the concen-
trations of naturally occurring organic acids. Sulphate 1s the
dominant anion and is apparently atmospheric in origin (Wright and
Henriksen 1978).
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Norton et al. (1981b), Davis et al. (1982), Evans and Dillon (1982),
Dickson (1980), and others have demonstrated that heavy metal
(especially Pb, Zn, and Cu) deposition rates started increasing over
100 years ago in eastern North America and Scandinavia indicating
polluted air masses existed in the late 1800s. Cores from Swedish
Lapland (Davis et al. 1982) do not show these increases. There, the
pH of precipitation is approximately 5.0. By inference,
precipitation in eastern North America was probably somewhat
acidified by the late 1800s. No change in the biology, defined from
the sediment cores is observable until at least the early 1900s.
Thus biological effects appear to lag behind definable chemical
changes (Brakke et al. 1982; Davis et al. 1982).

As the acidity of precipitation increases, leaching of Zn, Cu, Ca, Mg
and Mn from organic matter and soils of the terrestrial ecosystem
also increase., At near neutral surface water pH (greater than

PH 5.5), Zn and Cu from the terrestrial leaching processes are
accumulated in the sediments. How