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PREFACE

The national programme "Naturens Talegrenser" (Environmental Tolerance
Levels) was initiated by the Norwegian Ministry of Environment in
Autumn 1988. The programme will give inputs to the Nordic Action Plan
against Air Pollution and to the ongoing activities under the
Convention on Long-Range Transboundary Air Pollution (The Geneva
Convention). It has been decided that for the work under the Geneva
Convention critical loads will be used for establishing new agreements
on reduced emissions of sulphur, nitrogen and hydrocarbons.

A steering group with members from the Ministry of Environment has the
overall responsibility of the programme, while the scientific responsi-
bility is 1left to a working group with representatives from the
Directorate of Nature Management (DN), The Norwegian Polar Institute
(NP) and the State Pollution Control Authority (SFT).

The present report is a modified English translation of the programme’s
second report: "Talegrenser for overflatevann - Kjemiske kriterier for
tilfersler av sterke syrer". Jennifer Follestad did the translation.
Thanks are due to Richard F. Wright and Stephen A. Norton for
critically reviewing this report.



SUMMARY

In connection with the Convention on Long-Range Transboundary Air
Pollution (the Geneva Convention), a working group was set up to
compile a manual on the preparation of maps showing critical loads for
airborne sulphur and nitrogen. Critical loads are a function of the
amount of strong acid loading that result in chemical conditions
causing damage to biological indicators (fish, invertebrates) at
different ANC (Acid Neutralizing Capacity) values. The critical
biological value is defined as [ANC,], where I=limit. The Norwegian
Institute for Water Research (NIVA) has participated actively in this
working group. The manual was discussed at a workshop in Bad Harzburg
from 6-9 November, 1989. The manual presents three specific methods of
calculating critical loads for surface water, groundwater and soil: 1.
The Steady State Water Chemistry Method, 2. The Biogeochemical Mass
Balance Method, and 3. The Dynamic Modelling Method.

Method 1 is particularly applicable in the case of surface water, while
methods 2 and 3 can be used for scoil, groundwater and surface water.
The first two methods are static, i.e. they calculate the situation at
equilibrium, while method 3 also takes into account the time factor in
the acidification process.

The water chemistry method, which has been worked out at NIVA, is based

on the acid neutralizing capacity of water (ANC - Acid Neutralizing
Capacity). ANC is defined here as the difference in the sum of
concentrations of base cations (calcium, magnesium, sodium and

potassium) and the sum of anions of strong acids (chloride, sulphate
and nitrate). ANC is a function of the content of bicarbonate,
hydrogen, inorganic aluminium and organic ions in water. If inputs of
sulphur and nitrogen via precipitation and dry deposition give
concentrations of strong acid anions that are higher than the concen-
rrations of base cations in runoff, the ANC is negative. This means
that the critical load has been exceeded.

The concentration of base cations in a lake is the result of inputs due
to weathering reactions in the catchment area, atmospheric inputs of
base cations, and uptake by vegetation. The critical load for a lake is
thus directly related to the weathering rate in the soil of the
catchment. The integrated weathering rate for the catchment of a lake
is reflected in the chemical composition of the lake and can therefore
be calculated in a simple manner. The critical loads for inputs of
acids are set relative to the weathering rate. The critical load and
the deviation from this value may be quantified by computing fluxes.

Assuming that the concentrations measured for a lake are the same as or



approximate the annual weighted mean concentrations, these concen-
trations can be multiplied by the value for the yearly runoff, giving
the annual flux.

The water chemistry method is particularly applicable in areas where
surface water dominates runoff, such as in glaciated areas with
relatively thin soil cover. The chemistry of runoff water from a
catchment area provides the integrated result of most of the processes
taking place in the soil. Therefore, the composition of surface water
will reflect the properties of the soil and consequently be related to
the critical Iloads of the soil. In areas with thin soils the critical
load for water will normally be lower than for areas with thicker soils
where runoff water is dominated by groundwater.

Coloured maps have been prepared for southern Norway showing the
guantitative area distribution of: (1) critical loads for strong acids
(weathering rate), (2) the present deviation from the critical load,
and (3) sulphur runoff. Each grid of 0.5° in longtitude x 1.0° in
latitude was divided into 16 smaller grids, and a representative lake
water chemistry for each subgrid was established from available data.
Frequency distribution diagrams show that the critical locad ([ANC; ]=0)
is exceeded presently in about 30% of the land area of southern Norway.
This 1is in good agreement with the findings from the 1000 Lake Survey
in 1986 which established that fish had disappeared or were damaged in
approximately 22% of the land area of southern Norway. Approximately
70% of the land area in southern Norway maintains positive ANC with
less than 80 keq SO0, -km?-year ! (1.28 gS-m 2-year!) in inputs of
strong acids. If inputs were approximately 40 keq SO, km ?-year ! (0.64
gS m? year'l) we would find lakes barren of fish or damaged in
approximately 40% of the land area. Today, the inputs of acid to the
most severely affected areas of southeast Norway amount to about 80 keg
SO, km ¢ -year ! (1.28 gS-m ?-year !). Lakes and rivers in widespread
areas of southern Norway are extremely sensitive to acidification. A
comparison of sulphur deposition and sulphur runoff shows that the
sulphate content of surface water is dominated by atmospheric inputs.

The counties of Agder, Telemark, Akershus/Oslo, and Buskerud have the
lower critical loads, whereas southern Trendelag, Hordaland, and
Oppland tolerate more acidic recipitation. West Agder receives the
most acidic precipitation followed by FEast Agder and Telemark. The
combination of a low critical load with highly acidic precipitation
means that critical loads are exceeded in more than 957 of the land

area of the two Agder counties.



1. BACKGROUND

Critical Tloads for atmospheric input of sulphur and nitrogen to an
ecosystem were defined as follows at the Critical Load Workshop at
Skokloster in Sweden (Niisson and Grennfeit, 1988):

"The highest deposition of acidifying compounds that will not
cause chemical changes lTeading to Tong term harmful effects on
ecosystem, structure and function term.™

This definition can be applied to different vreceptors: soil,
groundwater and surface water. Both sulphur and nitrogen compounds
contribute to the total input of acidic compounds to an ecosystem. The
ratio of sulphur to nitrogen can, therefore, vary without changing the
critical load for acidic compounds.

The time it takes for parts of an ecosystem to be altered by acid
inputs can range from minutes and days, as in the case of acid events
in watercourses, to decades or centuries, as 1in the case of soil
acidification.

Critical Tloads for the acidification of surface water have been most
thoroughly studied with respect to sulphur inputs. Critical Tloads for
sulphur were exceeded Tong ago in extensive regions of Norway and in
many other countries, and the effects are manifested in the form of
acidic, fish-less Tlakes. In the case of sulphur the cause /effect
relationship is well known, and the dose/response relation can be
expressed using simple models. The documentation 1is considerably
sparser in the case of nitrogen.

In connection with the Convention on Long-Range Transboundary Air
Pollution (The Geneva Convention), a working group has been formed to
compile a manual on the preparation of maps showing critical loads for
airborne sulphur and nitrogen. NIVA has participated actively in this
working group. The manual was discussed at a workshop in Bad Harzburg
from 6-9 November, 1989 and further evaluated at a second workshop at
the same place from 22-23 May, 1990. (ECE, 1990). The manual describes
three distinct methods for calculating critical Tloads for surface
water, ground water and soil:

1. The Steady-State Water Chemistry Method
2. The Steady-State Mass Balance Method
3. The Dynamic Modelling Method



Method 1 1is particularly applicable to surface water, while methods 2
and 3 can be used for soil, groundwater and surface water. The first
two methods are static, 1i.e., they compute the situation assuming
equilibrium, while method 3 also takes into account the time factor in
acidification processes.

The working group for the national programme, "Naturens talegrenser”
(Critical Loads of Nature), has contracted NIVA to prepare maps .for
critical 7loads of sulphur and nitrogen in Norway and to make prognoses
for different scenarios for vreductions in sulphur and nitrogen
emissions. The Steady State Water Chemistry Method has been used for
this purpose. This report gives a short description of this method and
its application in the determination of critical loads for sulphur
inputs to surface water in Norway.

2. DEFINITIONS
Definitions of some terms used in the report are as follows:
a) Acid Neutralizing Capacity (ANC):

The ability of a solution to neutralize inputs of strong acids to a
given level.

b) Receptor: An ecosystem which may potentially be affected by atmos-
pheric input of sulphur and nitrogen (e.g. soil, groundwater, sur-
face water).

c) Biological indicator: Selected organism(s) or populations which are
sensitive to chemical changes as a result of changes in atmospheric
inputs of sulphur and nitrogen (e.g. trees, fish, invertebrates).

d) Critical chemical value: The value for a critical chemical compo-
nent or combination of components above or below which does not give
rise to a harmful response in a biological indicator (e.g. ANC, pH,
Al/Ca ratio).

3. CRITICAL LOADS OF SULPHUR AND NITROGEN TO SURFACE WATERS
3.1 Water chemistry basis
Acidification of surface waters is generally due to inputs of anions of

strong acids, primarily sulphate and nitrate, which are deposited in
the catchment area via precipitation and dry deposition. The sulphate



ion is normally a mobile anion, i.e., it moves with precipitation
through the catchment area and may have an acidifying effect on surface
water. Nitrate and ammonium fertilize vegetation. Therefore, most of
the nitrogen compounds that are deposited via precipitation and dry
deposition are most often taken up by trees and plants. If more
nitrogen 1is deposited than required by vegetation, the excess, mainly
in the form of nitrate, will drain into watercourses and have the same
acidifying 1impact as sulphate. It is, therefore, the sum of sulphate
and nitrate that must be evaluated. Incorporation of N from NH, may

also cause acidification; this process is not included in method 1.

Chemical weathering and ion exchange processes supply the majority of
cations in lakes and rivers. In pristine clear-water lakes calcium and
magnesium are the major cations; bicarbonate is the main anion. In
areas near the coast, sodium and chloride (and other marine aerosol
salts) will also contribute significantly to the ionic composition of
the runoff water. Bicarbonate comes from CO, dissolved in the soil
water.

In areas with inputs of atmospheric polilutants, the catchment areas
receive appreciable amounts of hydrogen, sulphate, nitrate, and
ammonium ions via precipitation and dry deposition. In order to
estimate changes in surface water due to atmospheric sources other than
sea water it 1is necessary to subtract the ions that are from to sea
salt spray. For this purpose it is assumed that all chloride in the
water originates from sea salt spray, and that all sea salt components
are deposited in the same ratio as is found 1in sea water. Sea salt
corrected values are marked with an asterisk (%).

Expressed in peq/1 [Ca"] = [Ca] - 0.037-[C1] (1)
[Mg"] = [Mg] - 0.198-[CI] (2)
[Na*] = [Na] - 0.858-[Cl] (3)
[K*] = [K] - 0.018-[C1] (4)
[$0,*1 = [SO,]1 - 0.103-[C1] (5)

The 1ion balance in surface water 1is expressed by the following
equation:

[Caz+]+[Mg2+ ]+ [Na* J+[K* J+([H* ]+ [ZAIn+]) =
[HCO; - 1+[S0,2- J+[NO; - J+[C1- 1+[A-] (6)

where all wvalues 1in brackets are in equivalents. Here, [A"] is the
concentration (in equivalents) of organic anions. [A-] can be estimated
either by multiplying the TOC concentration by an empirically
determined factor, or from the ion balance by assuming that no ions



other than those are given in Equation (6) contribute to the ion
balance.

[IAIn+] s the equivalent sum of all positively charged aluminium
species. The average charge of dissolved Al is a function of pH and
varies from 3+ at a pH of 4 to 0 at a pH of around 5.

Assuming that the chloride originates only from sea water, we can
correct the concentrations in Equation (11) using Equations (1)- (5):

[BC*] (non- marine base cations)

[Ca*2+]+[Mg"2+ J+[Na** J+[K** ](7)

i

[AN*] (non-marine acidic anions) = [S0,%2+]+[NO;~] (8)

By rearranging and inserting in Equation (11) we get:
[BC* 1-[AN*]=[HCO; - J+[A- 1-([H* 1+[ZA1"*]) (9)

The right side of the equation corresponds to a general definition of
alkalinity (ANC = Acid Neutralizing Capacity). Note that organic anions
([A-1) are included in this definition. The general definition is as
follows (Reuss and Johnson, 1986):

[ANC] = ([CO32-]+[HCO5~ 1+[OH" J+[A-1)-([H* J+[A13* ]+[AT0H2* ]+
[A1(0H),* 1) - (10

For Norwegian water quality, CO0;2-, OH- and NH,* are normally
negligible and thus deleted from equation (10). If we sum up all the
inorganic Al-ions, ANC is thus defined by the right side of equation

(9).
This gives us:
[BC*] - [AN*] = [ANC] (16)

[ANC], therefore, provides a measurement of the chemical deviation from
a "critical situation” (critical chemical concentration) for a lake or
river. This difference does not provide a quantitative measurement of
the extent to which the critical load is exceeded, only whether a
critical concentration is exceeded or not. Quantative calculations must
be computed in transport loads or fluxes (see below).

When simply calculating ANC in accordance with Equation (16) it is not
necessary to correct for sea salts, because all contributions of sea
salt are found on the left side of the equation and marine cations are
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balanced by marine anions.. However, when calculating the weathering
rate and related quantities, one must correct for sea salts.

In Equation (14) organic anions ([A-]) and inorganic aluminium are
found on the right side. This implies that these act more as a buffer
than as an acid when strong acids are contributed. These ions together
with bicarbonate determine the pH of water. Therefore, at a given [ANC]
pH will be determired by the ratio of concentrations of bicarbonate to
organic anions, because inorganic Al is normally of minor significance
when [ANC] is positive. This may seem paradoxical because biological
damage thresholds are often linked to the pH value. It has, however,
been observed that when the content of humic compounds increases
(increasing [A-]), fish and other organisms tolerate lower pH values.
Thus it seems more appropriate to relate the critical load to an [ANC]
value rather than to a pH value.

In a Take, therefore, the critical load for inputs of acidic components

is directly linked to the concentration of base cations. If inputs of ~

sulphur and nitrogen give concentrations of the anions of strong acids
(sulphate and nitrate) higher than the concentrations of base cations,
the lake is become acidic.

Critical Tloads must be related to organisms, although it is the
chemical conditions that determine the critical loads. The values for
critical Tloads for surface waters must, therefore, be expressed as an
amount or concentration of one or more chemical parameters that may
range from negative to positive values. The critical Tload for a
particular organism will then 1ie along a scale, and the different
organisms may have different values on the scale. The chemical value
for the critical load for a given organism can be determined by a
combination of empirical data and experiments. The parameter ANC
appears to be suited for use as the chemical criterion for biological
indicators in surface water. An evaluation of the relationship between
ANC in surface water and the bioindicators, fish and invertebrates, is
given in a separate report (Lien et al. 1990).

The critical biological value may be termed [ANC,] (1=1imit), such
that:

ACC = [ANC] - [ANC,] (12)

where ACC 1is the deviation from a critical concentration. Negative
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values for ACC mean that a critical concentration has been exceeded. By
combining Equations (11) and (12) we get:

ACC = [BC*]-[AN*]-[ANC, ] (13)

Equation (13) provides an indication of the deviation from the critical
load. The quantative calculation of this deviation is shown below.

3.2. The critical Toad concept

Some fractions of the base cations in runoff are contributed via
precipitation and dry deposition. These are partly attributable to sea
salts and partly to terrestrial sources of anthropogenic and natural
origin. The runoff of base cations from a catchment area (BC.") is a
result of the balance between inputs from weathering reactions (BC,),
ion exchange processes (BC,), atmospheric deposition (BC;*), and
removal via uptake in the biomass (BC,).

The sensitivity of a lake to acidic inputs is directly related to the
weathering rate in the catchment area, and may be expressed as:

BC, = BC,* - BC, + BC, - BC,* (19)

A11 parameters in Equation (19) are expressed in annual area transport
values (e.g. keq.km2-year-1),

It is assumed that BC, does not change with changes in acid inputs. For
ecosystems at steady state throughout, BC; would be zero; such is not
the case for systems undergoing acidification.

Assuming that BC, can be ignored (as in areas with no Tand disturbance)
we get:

BC, = BC,* - BC,* - BC, (20)

A1l parameters 1in equation (20) are expressed as an annual flux (i.e.
keg-km-2-year-1).

Here BC,* can be determined from the present concentrations of base
cations (BC,*=Q-[BC*]) where Q is the mean annual runoff, and [BC*] is
the mean concentration of non-marine base cations. BCy* can be derived
from deposition data, and BC, is attributable to changes in inputs of
acidic anions (AAN*). If we put BC, = ABC*, we have a factor, F
(Henriksen, 1984, Brakke et al., 1990).
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F = ABC”" /AAN” or, ABC* = F-DAN (21)

This definition is based on the assumption that a change in atmospheric
inputs of sulphate and nitrate will result in a change in the
concentrations of base cations in runoff water. The "original" base
cation runoff (BC,*) is the sum of BC, and BC,", assuming that BCy* has
not changed. Thus we get (in concentrations):

[BC."] = [BC,"1 + [ABCY] (22)
i.e. [BC,*] = [BC,™]1 + F-[DAN"] (23)
Assuming the significance of NO; in the period prior to acidification

to be minor (NO;~0) we obtain the following equation for the "original®
base cation concentration.

[BC,*] = [BC,*] - F-[SO0,*] (24)
Hence:

[450,*] = [S04:"] - [S0,%,] | (25)

where [S0,.*] is the current concentration of non-marine sulphate and
[SO,*,] is the "original" concentration of sulphate or the background
concentration. In order to estimate [BC,"], therefore, the values of F
and [SO,”,] must be known.

The value of F, which is a function of the base cation concentration,
normally Ties between 0 and 1 (Henriksen, 1984). F may vary in a given
lake over a period of time. F approaches zero in dilute lakes and is
closer to 1 where there are high concentrations of base cations. There
are no absolute figures for F, and F must be estimated using available
data. A reasonable estimate would be (Brakke et al., 1990):

F = sin([BC*]-90/S) (26)

S is the base cation concentration at which F=1.0. For Norway S is
estimated to be 400 peg/1.

This means that F = 0 at [BC*] = 0 and F = 1 when [BC*] 400 ueqg/1. For
values of [BC*] higher than 400, F is set at 1.

It remains to estimate [SO0,”,;], the background concentration of
sulphate. It is assumed that this consists of an atmospheric background
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input and a geologically derived input. An analysis of chemical data
from lakes in parts of western and northern Norway where there is
Tittle acidic precipitation gives the following relation:

[S0,"g] = 15 + 0.16- [BC"] (ueq/T) r=0.38, n = 143 (27)

At [BC*] = 100, for example, [SO,*;] = 31 ueq/1. This empirical
relationship is used to estimate background concentrations of sulphate
for surface waters in Norway, and the results below indicate that the
method is valid. The following equation can be used to estimate the
original base cation concentration. These empirically-based relations
may differ in other countries.

[BC,*] = [BC,*] - sin([BC*,1-90/400)- ([S0,,*] - 15 - 0.16-[BC,*]) (28)

This equation assumes that concentrations of nitrate [NO;] and organic
anions [A-] are not altered with changes in sulphate concentrations.

4. CALCULATION OF CRITICAL LOADS

Calculations of critical loads can be quantified by computing fluxes or
amounts transported. Assuming that concentrations given for a lake are
the same or similar to the weighted annual mean concentrations, these
may be multiplied by the mean value of the annual runoff (Q). Figure 1
indicate that this is a reasonable assumption. We then get the annual
loss of base cations (BC*y) (Eq.(29)):

[BC,*1-Q = BC, = BC, + BC4* - BC, (29)

If we vrearrange this equation we get an estimate of the integrated
weathering rate of the catchment area of the lake:

BC, = [BC,*]-Q - BC4* + BC, (30)

This is a simple way of calculating the weathering rate of catchment
areas.
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Figure 1. Comparison of weighted annual mean concentrations (52
samples) and the concentrations in a single sample taken in
October for base cations and sulphate. The data are from the
calibrated catchments Birkenes, Storgama, Langtjern and Kar-
vatn in Norway.

The critical load for a lake can be calculated quantatively by equation
(16), which is based on the definition that inputs of acidic components
to a catchment shall not exceed the runoff of base cations (BC*;) from
the catchment area and the lake shall remain at a biologically safe ANC
level. The critical load (CL) in the case of acidic anions for a given
organism is thus given by the equation:

CL = BC, - [ANC,1-Q | (31)

By substituting BC, from equation (30) and assuming that BC, is almost
zero at a "steady state", we get the critical load of acidity:

CL = ([BC,"] - [ANC;])Q - BC” (32)

In other countries the ratio H*/SO, in precipitation may be lower than
one. If this is caused because a part of the SO, is balanced by base
cations (i.e.as 1in Finland), and if the amounts of nitrate and
ammonium are equal, then: H* = SO,” - BC,”. Then, -equation (32) is
reduced to:

CL = ([BC,"] - [ANC,1) Q (322)
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This equation actually gives the critical load for the sum of acid
anions, but if we assume that background concentrations of nitrate can
be 1ignored, the equation gives us the critical load for sulphate. Note
that the critical load for sulphur can be calculated from Equation
(32) (using Equation 28, a given value for ANC,, and empirical values
for Q and BC*,), but not the critical load for nitrogen.

We are also able to and to calculate the extent to which critical loads
for acidic components are exceeded or below the Timit. The essential
equations are Equation (31) and the following equation deduced from
Equations (31) and (32):

CL., = BC, - ([AN."1 - [ANC,1)-Q (33)

that is: CL,, = ([BCo*] - [AN,*] - [ANC;1)-Q - BC4* (34)

5. PREPARATION OF CRITICAL LOAD MAPS

The following maps have been recommended (ECE, 1990).

Receptor maps for vegetation, soil, groundwater, lakes and rivers.
Deposition maps for pollutant components (H*, SO,2-, NO;-, and NH,*)
Critical load maps.

Maps showing where critical loads are exceeded.

Map resolution should be flexible, so that each country can work on the
scale that is appropriate to its own data. The main maps should not
have a resolution coarser than 0.5% in longitude by 1.00 in Tatitude
(approximately 50 x 60 km in central Europe and 50 x 50 in the southern
part of Norway). These grids can be divided into smaller units as
desired, dependent on the data density for each individual country. 1In
the case of the deposition maps, the EMEP grid based on 150 x 150 km
squares is acceptable.

The critical load for the given receptor can be determined in different
ways within each single grid: weighted area values, most sensitive
receptor, a subjective estimate of the representative value, etc.

For Norway we divided each 0.50 x 1.00 grid into 16 subgrids ( figure
2). The EMEP grids for southern Norway are also shown in figure 2. Each
subgrid covers an area of approximately 12x12 km in southern Norway.
This basic unit is used for all maps. For maps and calculations where
deposition data are used, the deposition values are estimated for each
single sub-grid in accordance with the isoline map for the pollutant
components in question (see figures 3-6).
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Figure 3. Mean concentrations of sulphate (non-marine) in precipitation

at Norwegian background stations in the period from 1985-1988

(SFT, 1989).
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Figure 5. Mean concentrations of ammonium in precipitation at Norwegian

background stations in the period from 1985-1988 (SFT, 1989).
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Figure 6. Mean concentrations of calcium (non-marine) in precipitation

at Norwegian background stations in the period from 1985-1988

(SFT, 1989).
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6. DATA REQUIREMENTS

An estimate of the average water chemistry for each square can be
carried out using appropriate statistical methods if the water
chemistry for all surface water in the actual grid is known. However
this is seldom the case, so that approximate methods must be employed.

For grids where data are not available or not reliable, data may be
collected for lakes or rivers which are considered to be sufficiently
representative of the grid in question. Locations may be selected on
the basis of personal assessment or statistical methods.

Data for the following chemical components should be available: pH,
conductivity, Ca, Mg, Na, K, C1, SO,, NO,, alkalinity, Tabile Al and
T0C.

7. DETERMINATION OF CRITICAL LOADS FOR SULPHUR IN SURFACE WATER IN
NORWAY

7.1 General

The method described above (Method 1) is especially applicable to areas
where surface water dominates runoff, such as in glaciated areas with
relatively thin soil cover. because the runoff water from a catchment
area provides an integrated result for most of the processes that take
place in the soil, the composition of surface water will reflect the
s0il’s properties and will therefore reflect the soil’s critical Toads.

It may prove more difficult to apply this method in areas with thick
soils where the runoff water is dominated by groundwater. Here, the
soil may be more sensitive than the runoff water. This situation is
uncommon in most of Norway, parts of Sweden, England, USA, Finland and
Canada, but it is probable in most regions of central Europe. However,
in cases where surface water shows 1ittle sensitivity on account of
geologically favourable conditions it is unclear to what extent the
s0il is more sensitive than the runoff water. Such areas exist in
Norway and a closer examination is called for.

The water chemistry method assumes that sulphate is a mobile anion and
that the acidity of precipitation is equivalent to the concentration of
sulphate in precipitation, i.e. that there are equal amounts of H*-ions
and SO, ions in precipitation, as is the case in Norway (fig.7a). Thus,
the acidity of precipitation can be traced directly via the sulphate
concentrations in runoff water. The ratio of these ions in
precipitation differs in other countries (fig. 8a), and this must be
taken into account when applying the water chemistry method in these
areas.
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Precipitation in Norway
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Figure 7. a) The ratio of hydrogen (H*) to sulphate (SO,-) in precipi-
tation in Norway.
b) The ratio of ammonium (NH,*) to nitrate (NO;-) in preci-
pitation in Norway.
The points are based on mean values for the period from 1985-
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7.2 Method

Every square of 0.5° in latitude and 1.0° in longtitude was divided
into 16 subgrids (figure 1). The map series M 711 (1:50,000) was used
as - the basis for the selection of lakes and rivers. Each main grid
covers four M 711 maps so that the subgrids are easy to identify on
these maps.

In order to compute the chemistry of surface water in a subgrid, the
water chemistry of lakes and rivers located within the grid and with
acceptable data was compared. The chemistry of the lake that was judged
to be most typical was chosen to represent the grid. If there were wide
variations within a subgrid, the most sensitive area was selected to
represent the subgrid if it amounted to more than 25% of the grid’s
area. Sensitivity was evaluated on the basis of water chemistry,
topography, and bedrock geology. Table 1 shows that the variation in
chemistry within one typical square may be small. The table shows the
mean values and standard deviation for the eight Takes compared with
values for the lake selected.

Table 1. A comparison of the mean values for eight Tlakes in a
subgrid (58.30-7-2) with values for the lake selected.
RAL (Reactive A1), ILAL (Non-labile A1), 1in ug/1, ANC in
peq/1, the others in mg/1.

pH Ca Mg CT S0, NO, TOC
Mean  [4.85+.10 |.274.06| .11+.11| 1.1+.2 | 2.1+.1| 159+41] .6z.1
Lake  |4.81 .32 11 1.1 2.1 175 5

Na RAL ILAL |  ANC

Mean .68+.05 [134£25 | 11+1 -3617

Lake .65 123 10 -36
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7.3 Data

7.3.1. Precipitation

Precipitation data are derived from the annual reports of the
monitoring programme (SFT 1989). The weighted mean values for the years
1985-1988 were averaged for each precipitation station, and isopleth
maps for each relevant component were prepared in cooperation with the
Norwegian Institute for Air Research (NILU) (figures 3-6).
Concentration values for precipitation components were interpolated
between the isopleths for each individual square and stored in the data
base.

7.3.2. Water

Data from the 1000 Lake Survey and the monitoring programme were used
together with data from reports from NIVA and other institutions (see
chapter 12. Data Sources). Data from samples collected in the autumn
after water circulation were preferred, but in some cases data from
samples collected at other times of the year were also used. This was
necessary for grids with low sensitivity to acidic precipitation
located 1in areas where inputs of acidic precipitation are small. Data
for each subgrid are stored in a ND-5100 PC in the RESA (RESearchers
Archive) system which was originally developed by NIVA. Additional
stored data included precipitation chemistry, runoff amounts, and
dominant geology of each grid. The mean annual runoff was read off from
the runoff map prepared by the Norwegian Water and Energy Works (NVE).
The geology was determined from the geological map of Norway
(1:1,000,000) prepared by the Norwegian Geological Survey.

8. PRESENTATION OF DATA

8.1 Calculation of runoff

In order to quantify critical loads and margins for critical Toads and
for deposition data, it is essential to have data on areal deposition

and runoff for the various components for each grid square.

The amount of precipitation can be estimated from the following
equation:

Runoff (Q) = Precipitation (N) - Evapotranspiration (F) (34)
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The runoff figures are known. Data on evapotranspiration over the
entire country is needed to estimate the amount of precipitation in
each grid. Evaporation values for southern Norway (Segnen, 1967)
(figure 9) have been used to assess evapotranspiration in each subgrid.
These values were entered into the database. The amount of precipi-
tation was then calculated from Equation (34). If the amount of
precipitation 1is multiplied by the weighted annual mean concentration
in precipitation, an estimate of the mean wet deposition of the
component of interest is given for each subgrid.

Runoff in Norway ranges from 150 1-sec’!-km 2 in parts of western
Norway to approximately 10 1-sec-!-km2 in parts of Finnmark and
eastern Norway. Total export per year are obtained by multiplying the
concentrations in lakes (C peq/1) by the annual runoff. The annual
export then becomes:

Reeq = €-Q-0.0315 keq- km2-ar-! (35)
Inputs of sulphur via precipitation and dry deposition are most
frequently expressed as gS-m2-year-1. In this case we get:

Rs = 0.016-R, ., (36)
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8.2 Annual wet deposition
To calculate the annual wet deposition of a precipitation component (C)
we must multiply the weighted annual mean concentration (ueq/1) by the
amount of precipitation (litres per year). This can be done in the
following manner:

CN = C-(Q + E)

where E is the evapotranspiration and Q is the discharge.

E is normally given in mm/year. The precipitation amount expressed in
1-km2-sec™! is;

N=Q+0.0317-E (37)
and we obtain:

Cdep(keq~km"2-year'1) = 0.015-C(peq/1)-N(1-km2.sec1) (38)

8.3. Sulphur runoff due to precipitation

In order to compare sulphur inputs via precipitation plus dry
deposition with export of SO, from catchment areas, the export figures
must be corrected for any geologically derived sulphate. This
correction is given by Equation (27). Thus, we have the concentration
of sulphate in the runoff water which is due to precipitation:

[SO4,] = [S0,:*1 - 0.16- [BC*] (39)
Expressed as an annual runoff we get:

S-flux, (gS-m-2-year-1) = 5.04-10-4-[S0,,]1-Q (40)

S-flux, (keq-km-2-year-1) = 3.15-10-2-[S0,,]1-Q (41)

8.4 Critical load
This factor (CL) is calculated from Equation (32):
CL = ([BCo*] - [ANC;])-Q - BCy" = [TL]-Q - BCy” (42)

where [TL] = ([BC,*] - [ANC,]), and [BCy"]1 is calculated from equation
(28).
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Expressed as an annual runoff we get:
CL-flux, (gS-m-2-year-1) = 5.04-10-4-[TL]-Q - BCy* (43)

CL-flux, (keq-km-2-year-1) = 3.15-10-2-[TL]-Q - BCy” (44)
8.5 Deviation from the critical Toad

This factor is calculated as follows:

Cley = ([BCo™1 - [AN.] - [ANC;])-Q = [DL]-Q (45)
where [DL] = ([BC,*] - [AN.] - [ANC;]1). If the critical Toad is
exceeded, the value will be negative; if it is not exceeded the value

will be positive.

Expressed as an annual runoff we get:

CLy,—flux; (gS-m 2 -year-1) = 5.04-10-4-[DL]-Q (46)
CL,,-flux, (keq- km-2-year-1) = 3.15-10-2[DL]-Q (47)
9. RESULTS

9.1 Preparation of maps

The value of each parameter is expressed as a colour ranging from red
to blue (fig.10 to 12). Green is not used in order not to confuse
colour-blind persons. [ANC,] has been set equal to zero. The reason for
this is that many Norwegian lakes have ANC-concentrations of zero or
less in their natural state due to very low base cation concentrations
and small amounts of organic anions. If a higher ANC, is used (say 20
ueq/1), the critical Toad would be negative in large areas of Norway.

Red 1indicates the Towest critical level or the highest excess of SO,,
whereas blue indicates the best conditions. A1l values are expressed
both 1in keq-km2-year-! and in gS-km2-year-!,using the same colour
codes.
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SOUTHERN NORWAY - INPUTS OF STRONG ACIDS

COLOUR MAPS FOR CRITICAL LOADS, SULPHUR RUNOFF
AND CRITICAL LOAD EXCEEDANCE.

The coloured maps are shown on the next three pages,
the figure captions are given below.

Critical loads for inputs of strong acids in southern Nor-
way. Critical loads are calculated from [ANC, ] = 0, i.e. the
biological indicators tolerate concentrations of [ANC,] down
to 0 peg/1. If [ANC,] is set higher, the critical Toads will
be Jower than indicated in the figure. If, for example,
[ANC,1 = 10ueq/1 the critical load will be 10
peq-km2-year-! lower in areas with approximately 1,000 mm
annual precipitation. At lower/higher amounts of precipita-
tion the deducted concentration will be lower/higher than
10 keq - km-2-year-1.

Suiphur runoff from lakes in southern Norway.

Areas in southern Norway where the critical load is exceeded
(yellow-red) / is not exceeded (1light blue-dark blue). This
map arises from the difference between figures 11 and 10.
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Critical Tloads for inputs of acid compounds are low in extensive areas
of southern Norway (figure 10). Southeast Norway and Tlarge parts of
eastern and western Norway in particular are extremely sensitive to
inputs of acidic deposition. The central areas of eastern Norway and
southern Trégndelag are Tess sensitive. '

Sulphur runoff (export) 1in southern Norway 1is clearly related to
sulphur deposition (figure 11). The highest runoff is found in
southern and western Norway. Sulphur runoff is less in eastern Norway,
largely because of the Tlower amounts of precipitation. However,
concentrations in precipitation (figure 3) are just as high in eastern
Norway as in parts of southern and western Norway. A number of grids
have highly elevated sulphur runoff (e.g. the square at 59.30° N. in
Tatitude, 8% E.in longitude). This is attributable to the fact that the
"geological" correlation (Equation 27) does not function satisfactorily
for some locations, particularly where the runoff water is affected by
glaciers. The high values for sulphur runoff are also due to higher
amounts of precipitation on glaciers. However, only a very few grids
are affected, and overall this is of 1little significance. If we combine
the critical Toad map and the sulphur runoff map we get a map which
illustrates where and to what extent critical loads are exceeded or not
(figure 12). The largest margins are to be found in southeastern Norway
and parts of western Norway whereas in the central areas of eastern
Norway and southern Tregndelag levels are well below the Timit. This map
correlates extremely well with a map which depicts damage to fish
populations in southern Norway (Henriksen et al., 1989).

9.2 Frequency Distribution Diagrams

In order to make prognoses for the response to changes in inputs of
atmospheric pollutants, the EMEP-grid system is most often used. These
are approximately 150x150 km and cover about 115 subgrids (see figure
2). Only four of the EMEP squares are located entirely within Norway’s
borders; the remainder also include the ocean or parts of Sweden. We
can employ different graphic methods to depict the properties of the
EMEP squares because the water chemistry for each individual sub-grid
is representative of its area. Frequency distribution diagrams, for
instance, will provide the areal distribution of the chemical
properties within each EMEP grid by summing up all the subgrids. The
same procedure can be applied to the whole of southern Norway, to
regions and to counties.

We illustrate the use of this method for the whole of southern Norway
as well as five of the EMEP grids in Norway and five counties (East and
West Agder, Telemark, Buskerud and Oppland (see figure 2). We have
calculated the critical load, and the deviation from the critical Tload
(critical Tload exceedance), and the two have been cumulated for each
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individual EMEP grid and each county. We have also calculated the
sulphur runoff for the same EMEP grids and counties and compared this
with the amounts of sulphur deposited via precipitation.

9.2.1. Southern Norway

Figure 13a shows the areal distribution of the critical load for acid
inputs. Approximately 70% of the area of southern Norway tolerates less
than 80 keq km 2-year-! in inputs of acidic components (e.g. sulphur)
and in about 40% of the area we would find fishless lakes if inputs of
acid were 40 keq-km-2-year-!. Today acid inputs to the most seriously
affected areas of southeastern Norway are approximately 80
keg-km2-year-!, so that with this acid Toading fish populations in
lakes and rivers would disappear or be severely damaged in about 70% of
southern Norway. This shows that the surface water in large areas of
southern Norway is very sensitive to acidification.

Figure 13b indicates the distribution of CL., (Equation 45) in runoff
water in southern Norway. The critical Tload is pot exceeded in about
70% of the area, i.e. the critical load for acid inputs is exceeded in
about 30% of the area of southern Norway. This correlates well with the
findings of the 1000 Lake Survey which showed that in roughly 22% of
the area of southern Norway fish had either disappeared or were damaged
(Henriksen et al., 1989). A comparison with the map illustrating
critical load exceedances (figure 13) and the map that shows damage to
fish populations (Henriksen et al., 1989) also indicates a very good
correlation between the location of areas where the critical Tload is
exceeded and areas where fish have disappeared or are damaged. Two
different surveys provide the same result, thus strengthening the
validity of the water chemistry method.

Figure 14 shows sulphur runoff in southern Norway compared to inputs of
sulphur via precipitation. The regression equation suggests that there
is an clear connection in each single square between inputs of sulphur
via precipitation and sulphur in vrunoff. The frequency distribution
curves are very similar (figure 13). Below the 50% point the deposition
curve is below the runoff curve; i.e. sulphur runoff is greater than
input. Conversely, in the case of high sulphur inputs sulphur runoff is
less than the input. However, the deviations are vrelatively minor.
Taking dinto account the uncertainties in the calculations, especially
the input values where the evaporation value is not certain, the curves
are surprisingly similar. This curve indicates clearly, therefore, that
the sulphate content of runoff water in southern Norway is mainly
attributable to sulphur input via precipitation.
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Southern Norway
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Figure 13. Frequency distribution diagrams for critical loads in south-
ern Norway. a) gives the area distribution of critical
loads, b) gives the area distribution where these are
exceeded/not exceeded (see figures 10 and 12).
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At present, coverage for the remainder of Norway is inadequate, apart
from the municipality of South Varanger 1in Finnmark. This area is
subject to severe pollution from point sources within the Soviet
Union. The one at Nikel emits approximately 280,000 tonnes of sulphur
per year. The area was extensively surveyed during the 1000 Lake Survey
in 1986, and several lakes have been monitored since then in connection
with the monitoring programme.

9.2.2. EMEP squares

We have calculated critical Toads and the extent to which they are
exceeded or not for five EMEP squares in Norway. These are marked with
their respective numbers in figure 15 (see also figure 1). The critical
loads vary from square to square. Square 1 ( the "Birkenes square") and
square 2 ( the "Oslo square") are clearly more sensitive to acid
precipitation (figure 14a). More that 90% of the area in these squares
does not +tolerate acid inputs 1in excess of 80 keq-km2-year-1. The
critical load at ANC, = 0 is exceeded in about 90% of the area of
square 1. In the remaining squares the area where the critical load is
exceeded is considerably less. The Birkenes square has been selected by
the authorities as a "model square" in order to evaluate the impact of
reduced inputs of acidic precipitation. The square is well suited to
this purpose; it has the Towest critical load for acidic precipitation
and it has the highest inputs of acidic precipitation. Scenarios for
reduced inputs which give politically acceptable conditions in this
square will most probably lead to acceptable conditions in the rest of
the country.

9.2.3. Counties

Frequency distribution diagrams for the five counties, East Agder, West
Agder, Oppland, Buskerud and Telemark (figure 15) show that the Agder
counties have the Towest critical loads (figure 15a), and that Oppland
tolerates the most acidic precipitation. Figure 16b shows that West
Agder receives the most acidic precipitation, followed by East Agder,
Telemark, Buskerud and finally Oppland. The combination of Tow critical
load and high input of sulphur means that critical loads are exceeded
in most of the area of the Agder counties. In comparison, Oppland with
its high critical loads and Tlow sulphur input is safe from serious
damage.
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Figure 15. Frequency distribution diagrams for critical loads in five
EMEP squares in southern Norway (see figure 2). a) gives the
area distribution of the critical Toads, b) gives the dis-
tribution of areas where the critical Toad is exceeded.
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Figure 17. Frequency distribution diagrams for sulphur runoff (a) and
sulphur deposition via precipitation (b) in five counties in

southern Norway.

Table 2 gives a relative comparison of conditions in all counties of

southern Norway and the municipality of South Varanger. The

first two

columns give the area percentage where the critical load is given by

two chemical criteria, with ANC, values at 0 and
For some counties
Vestfold) the variations in areal values between the two
whereas for others
Fjordane) the variation is appreciably greater.

respectively.

small,

(e.

g.

10 keq-km2-year-1

East and West Agder and

criteria are
South Varanger, Buskerud, Sogn and
In the case of the

latter group there are extensive areas which are on the borderline; in
Buskerud, for instance, the ANC is between 0 and 10 in approximately
20% of the area. There is an even greater spread in the municipality of
South Varanger where the area is about 35%. Consequently, the area
estimates 1in Table 2 for this group are rather more uncertain than
estimates for the first group.

e
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Table 2. Critical load data for counties in southern Norway and the
municipality of South Varanger in Finnmark.

Unit keq.km 2-year-1.

Critical loads

County % area where exceeded % area below
threshold

ANC, <0 ANC, <10 40 80

West-Agder 97 97 75 92
East-Agder 95 96 80 98
Rogaland 72 78 42 74
Vestfold 54 69 25 74
@stfold 42 67 45 86
Telemark 61 70 70 96
Hordaland 46 59 35 61
Akershus/0Oslo 22 47 40 92
Sogn and Fjordane 33 56 40 77
Buskerud 20 47 60 90
Hedmark 8 24 50 75
Oppland 5 17 29 65
Mgre and Romsdal 3 7 20 71
Ser-Tregndelag 2 4 22 46
Suthern Norway 33 40 43 74
South Varanger 15 50 68 99

The last two columns in Table 2 give the area percentage within each
county where critical Tloads are below 40 and 80 keq.km ?2-year-!
respectively. In West Agder the mean deposition (wet) of sulphur is 80
keq.km 2-year-! ( Figure 2). The last column in Table 2 shows the
extent of the area of each county where the critical load would be
exceeded if the whole of southern Norway were subject to such levels of
atmospheric  inputs of sulphur. The Agder counties, Telemark,
Akershus/0Oslo and Buskerud are the most "sensitive" counties, while
South Tregndelag, Hordaland and Oppland are the least sensitive. The
municipality of South Varanger is particularly sensitive; the critical
load would have been exceeded 1in over 99% of the area if sulphur
deposition was equal to that in West Agder. According to NILU, sulphur
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deposition in West Agder in 1985 averaged approximately 95
keg-km2-year-! (1.5 g S-m2-year-!), whereas in South Varanger it was
about 55 keq-km-2-year-! (0.9 g S-m2-year-!) in the eastern parts. Any
increase 1in sulphur deposition 1in this area will have severe
consequences for fish populations in rivers and Takes.

10. DISCUSSION

The acid which is contributed to catchment areas is from anthropogenic
production of SO, and NO,. This means that sulphate and nitrate in
precipitation are closely correlated to the acid contributed to the
watershed. Consequently the estimated reduction in acids in
precipitation will yield a corresponding reduction in inputs of sulphur
and nitrogen. The ratio of H* to SO, in precipitation in Norway is
approximately 1:1 (figure 7a). . The sulphate ions can be treated as a
tracer for the input of acids. For this reason we can use the Water
Chemistry Method to estimate the critical load for sulphur. The problem
is more complicated in the case of critical Tloads for the input of
nitrogen. Figure 7b shows that the ratio of NO; to NH, in precipitation
in Norway is about 1:1. When all the nitrogen 1is not taken up, the
excess will normally be found in runoff water in the form of nitrate.
Nitrate has the same acidifying impact as sulphate because it is also a
strong acid anion. The concentration of this ion cannot be used as a
tracer for the input of nitric acid because only part of the nitrogen
input remains in the runoff water in the form of nitrate. Therefore, it
is not possible to employ the same procedure as used for sulphur to
determine the critical 7load for nitrogen. The problem must be
approached differently.

One water Tlocality has been selected as representative of each single
square in the colour maps. In the case of East and West Agder and some
other areas in southern Norway, the number of lakes for which chemical
data are available is so high that it is possible to compare the
chemistry of the Tlake selected with the other lakes in the square
(Table 1). A preliminary assessment of a Tlimited number of squares
shows that the Tlakes selected are representative. Nevertheless, in
extensive areas of southern Norway the data available for each square
are not extensive. It is important to carry out Tocal surveys of lake
in these areas to check the representativeness of the values which form

the basis for the preparation of the coloured maps.

An important application of the existing data base is to make prognoses
of the impact of changes in inputs of sulphur and nitrogen via
precipitation and dry deposition. Both simple empirical models and more
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complicated mathematical models can be used for this purpose. The
results of such calculations can be presented in several ways. The
colour map may be most appropriate when wishing to show where critical
loads are exceeded due to changes in the pattern of input, while the
frequency distribution map may be more suitable when changes in area
are of interest.
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APPENDIX

This appendix 1is a concentrated description of the Steady-State-Water
Chemistry Method presented as part of a poster at the" International
Conference on Acidic Deposition, Its Nature and Impacts", Glasgow,
16-21 September 1990.

THE STEADY-STATE WATER CHEMISTRY METHOD

The total flux of non-marine base cations from a catchment area (BC",)
is a result of the balance between inputs from weathering reactions
(BC,), ion-exchange processes (BC;), non-marine atmospheric deposition
(BC"4), and net Tong-term uptake in the biomass (BC,):

BC, = BC*, - BC, + BC, - BC*y, (1)

where all parameters are expressed as an annual flux (i.e.
keq.km 2-year-1) and the asterisk denotes the non-marine fraction. Of
these parameters BC*, and BC*, are calculated directly from runoff and
precipitation volume and concentration measurements.

BC, is related to Tong-term changes in inputs of acidic anions (AAN™)
by the F- factor (Henriksen 1984, Brakke et al., 1990):

F = BC,/0AN*  or, BC; = F-AAN* (2)
For Norway, we assume:

BC,~0 in areas with no change in biomass,

BC, does not change with changes in acid inputs,
BC*4 has not changed,

NOQzO prior to acidification,

BC*, ("original” base cation runoff) = BC, + BC* 4,

B GO PN

For the pre-acidification situation, we have:
BC*, = BC*, - F-ASO,* = BC™, - F-(S0,*y - SO0,%¢), (3)

where 0S0,* = SO0,*; - S0,"y; S0,*, is the current flux of non-marine
sulphate, and SO,*, is the "original" flux of sulphate or back-
ground.

To estimate BC*,, values of F and S0,*, must be estimated.

The value of F is a function of the base cation concentration, and
normally lies between 0 and 1 (Henriksen, 1984). F may vary for a given
lake over a period of time. F ranges from near zero in dilute Takes to
1 for lakes with high concentrations of base cations. F is estimated
using available data. A reasonable algorithm is (Brakke et al., 1990):
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‘; F = Sin({BC*tJQO/S) (4)

(Brackets indicate concentrations). S is the base cation concentration
at which F=1.0. For Norway S is estimated to be 400 peq/1. This means
that F = 0 at [BC*] =0 and F = 1 when [BC*] = 400 ueq/1. If [BC*] >
400, F is 1.

Background sulphate [S0,*,] is estimated from the relationship between
[SO,*.] and [BC*,] from %akes in parts of western and northern Norway
where there is Tittle acidic precipitation:

[S0,*o] = 15 + 0.16-[BC*, ] (peq/1) r =0.38, n= 143 (5)

This equation suggests that there is an atmospheric background
contribution of [SO,”] which gives an average of 15 ueq/1 and a
geological contribution which is proportional to the concentration of
base cations.

Combining equations (3), (4) and (5), we get:
BC"y = ([BC*;] - sin([BC*,]-90/400)  ([SO,".] - 15 - 0.16-[BC*;.1))-Q (6)

This relationship may differ in other countries where assumptions 1-5
do not hold.

CALCULATION OF THE CRITICAL LOAD

The critical Tload for a particular organism is expressed as a flux or
concentration of one or more chemical parameters ranging from negative
to positive values. The concentration value for the critical load for a
given organism can be determined by a combination of empirical and
experimental data . Acid Neutralization Capacity (ANC) appears to be
well-suited as the chemical criterion for sensitive indicator organisms
in surface waters. ANC is defined as the difference between non-marine
base cations (Ca™+Mg*+Na*+K") and strong acid anions (NO,;+S0,"):

[ANC] = ([BC"] - [AN"]) = ([HCO3-] + [A"] - ([H*] + [ZAI"*]) (7)

where [A-] 1is the concentration of organic anions, and [ZAI"*] 1is the
sum of all positively-charged aluminium species. The critical
biological value of ANC is termed [ANC,] (1=1imit).

The critical load (CL) for a lake can now be calculated quantitatively
and is the load of acidic inputs equal to the original flux of base
cations in runoff (BC*;) from the catchment area. CL for acidic anions
for a given organism is thus given by the equation:

CL = ([BC"3] - [ANC,1)-Q - BC* (8)
In the general case, this equation gives the critical Toad for the sum

of acid anions. If we assume that background concentrations of nitrate
are zero, the equation yields the critical load for sulphate.
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To calculate the extent to which critical lToads for acidic components
are exceeded (Critical load exceedance), we have:

ClL., = CL - [AN*;]1-Q, (9)

where [AN*,] is presentday concentrations of strong acid anions (S0,* +
NO,). Substituting equation (8) into equation (9) we get:

Cley = ([BC*y1 - [ANC,])-Q - BCYy) - ([AN";]-Q) (10)
which simplifies to:
Cley = ([BC*y1 - [AN";] - [ANC;])-Q - BC"y (11)

[BC*Q] is calculated with equation (7) with empirical values of [BC",],
[SO,%;1, and Q. [ANC,] is defined. BC*, and [AN",] are also empiricaﬁ.
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