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Towards the development of a salinity impact category
for South African life cycle assessments:

Part 3 – Salinity potentials

Tony Leske* and Chris Buckley
Pollution Research Group, School of Chemical Engineering, University of Natal, Durban 4041, South Africa

Abstract

In Part 2 of this series of papers, a conceptual characterisation model was proposed for the inclusion of salinity impacts into
environmental life cycle assessments. In this, the final part of the series, the results of a detailed characterisation model are
presented. The methodologies used to define the “unit South African catchment” are discussed, as are the methods used to predict
salt concentrations in the various compartments, from which fate factors are derived. The effect factors used in the study are
presented, and in combination with the fate factors, salinity potentials are derived for emissions into the various initial release
compartments. The total salinity potentials for emissions into the various initial release compartments are as follows:

Initial release compartment Total salinity potential
(kg TDS equ./kg)

Atmosphere 0.013
Surface water 0.165
Natural surfaces 0.031
Agricultural surfaces 1.000

An additional impact category for salinity effects is therefore proposed, and the derived salinity potentials (also known as
characterisation factors or equivalency factors) can be used in the classification and characterisation steps of conducting an
environmental life cycle assessment to calculate the score for the impact category. The salinity potentials are only relevant to South
African conditions, and their use in LCA in other countries may not be applicable. When applying the salinity potentials, the LCA
practitioner should take care to prevent double accounting for certain impacts. Currently, this is simple because no equivalency
factors exist for common ions, or for total dissolved salts as a lumped parameter.

Keywords: environmental life cycle assessment, salinity, characterisation model, environmental fate and effect
model, equivalency factors

Introduction

The work presented in this paper stemmed out of the apparent lack
of a method for incorporating salinity effects into environmental
life cycle assessments, and was done to fulfil the academic require-
ments for the degree of doctor of philosophy at the School of
Chemical Engineering, University of Natal. The reader is referred
to the thesis (Leske, 2003) for detail that is too lengthy to be
included in this paper.

Salination of the water resources is a well-known problem in
South Africa, and is of strategic concern. Any environmental
decision support tool that does not allow the evaluation of salinity
effects therefore has limited applicability in the South African
context. The starting point for the study was to evaluate existing
impact categories, and the characterisation models used to calcu-
late equivalency factors for these impact categories, in an attempt
to incorporate salinity effects into existing categories and/or char-
acterisation models. The types of effects of elevated (above normal
background levels) dissolved salt concentrations on the natural and
man-made environment were evaluated, and it was concluded that,
although there was some overlap with existing impact categories,
some of the salinity effects could not be described by existing
impact categories. It was also concluded that there are clear and

quantifiable causal relationships between interventions and salin-
ity effects. A separate salinity impact category was therefore
recommended that includes all salinity effects, including; aquatic
ecotoxicity effects, damage to man-made environment, loss of
agricultural production (livestock and crops), aesthetic effects and
effects to natural fauna and flora (Leske and Buckley, 2003).

Once a conceptual model for a separate salinity impact cat-
egory had been formulated, existing characterisation models were
evaluated to determine their applicability for modelling salinity
effects. Salination is a local or regional problem, and to characterise
salinity effects, an environmental fate model would be required to
estimate salt concentrations in the various compartments, particu-
larly surface and subsurface water. The USES-LCA model (based
on the USES 2.0 model) was evaluated because it is a well
developed and accepted environmental fate model that has been
adapted to calculate toxicity potentials for LCA, and would intui-
tively seem to be suited to be used for calculating salinity effects,
some of which are toxicological in nature. It was, however,
concluded that the USES-LCA model was not suitable for the
calculation of salinity potentials (Leske and Buckley, 2004).

It was therefore decided to develop an environmental fate
model that would overcome the limitations of The USES-LCA
model, in terms of modelling the movement of salts in the environ-
ment. In terms of spatial differentiation, the same approach adopted
in the USES-LCA model was adopted in developing an environ-
mental fate model for South African conditions. This was done by
defining a “unit South African catchment” (including the air
volume above the catchment), which consists of an urban surface,
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rural agricultural soil (and associated soil moisture), rural natural
soil (and associated moisture), groundwater (natural and agricul-
tural) and a river with a flow equal to the sum of the flows of all
rivers in South Africa, and a concentration equal to the average
concentration of each river in the country. A non-steady state
environmental fate model (or, hydrosalinity model) was devel-
oped, and the methodology followed in the development of the
model. The model results are presented in this paper. The model can
predict environmental concentrations at a daily time-step in all the
compartments relevant to the calculation of salinity potentials, and
includes all the major processes governing the distribution of
common ions in the various compartments. The predicted environ-
mental concentrations are used in conjunction with no-effect
concentrations to derive salinity potentials. The no-effect concen-
trations are based on the target water quality ranges given in the
South African Water Quality Guidelines (DWAF, 1996).

Defining the “unit South African catchment”

Data presented by Midgley et al. (1994) were used to characterise
the surface water resources of the “unit South African catchment”.

South Africa is divided into 22 drainage regions. Each drainage
region is subdivided into primary drainage regions, which in turn
are subdivided into secondary, tertiary and quaternary subcatch-
ments.  Average monthly rainfall and evaporation data are pre-
sented for each drainage region at quaternary sub-catchment level.
Simulated monthly surface water flows are calculated (Midgley et
al., 1994) at secondary catchment level using a modified version of
the model originally developed by Pitman (1973), known as the
WRSM90 model. Table 1 contains a brief summary of the method-
ology used to characterise the “unit South African catchment”.
Detailed descriptions of the methodology used is given in Leske
(2003).

Environmental fate model

The fate model developed consists of two distinct submodels; the
atmospheric deposition model is essentially a separate submodel of
the fate model, inasmuch as the output from the model is the daily
salt deposition rate, which is the only parameter that affects the salt
concentrations in other compartments of the model. The model can
therefore be calibrated separately. The second submodel is termed

TABLE 1
Summary of methodologies used to define the “unit South African catchment”

    Model parameter       Method used to characterise the “unit South African Catchment”

Surface area The total surface area of each drainage region, the area assumed to be impervious and the areas normally
irrigated are given by Midgley et al. (1994). These data were used to calculate the fraction impervious (urban)
area and the fraction of the total rural area normally under irrigation.

Rainfall and In the work presented by Midgley et al. (1994), South Africa has been divided into different rainfall and
evaporation evaporation zones. Rainfall and evaporation data (expressed as a percentage of mean annual precipitation) are

given for each rainfall and evaporation zone as well as mean annual precipitation for each catchment at
quaternary level. The rainfall and evaporation zone applicable to each catchment at quaternary level is
presented, and from this information, the average monthly rainfall and evaporation for each catchment is
calculated as an area weighted average.

WRSM90 model The model parameters used by Midgley et al. (1994) to calibrate surface water flow at quaternary catchment
parameters level were regionalised by calculating area weighted average parameter values for each drainage region, and

for the “unit catchment”.

River flow Simulated natural monthly river flow data are presented by Midgley et al. (1994) at secondary catchment level.
The natural monthly river flow was decreased to account for stream flow reduction due to forestry; using the
fraction that runoff is decreased due to forestry (taken from DWAF, 1996). The total river flow was then
calculated by summing the flows from each secondary catchment.

River losses Channel bed losses and losses due to wetlands are reported by Midgley et al (1994) at quaternary catchment
level and were used to calculate channel losses for the “unit river”.

Irrigation factors Rainfall, evaporation and irrigation data from Schulze et al. (1997) were used to back-calculate the irrigation
demand factor.

Surface water quality Water quality data were obtained from the Water Quality on Disc database, provided by the Directorate of
Hydrology and the Institute for Water Quality Studies. The database contains data up to the end of September
1999. The method for calculating the average total dissolved salt concentration in the “unit river” is described
in detail in Leske (2003). Briefly, however, water quality data for the gauging station closest to the primary
catchment outlet were used for a year in which the data set for the gauging station was most complete.
Regression analysis was then used to estimate the quality at a common year (2000) for all rivers. The total salt
load in all rivers was added, and the flow of the “unit river” was used to calculate average salt concentrations
for the “unit river”.
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the hydrosalinity model, which in turn con-
sists of two components. The catchment hy-
drology component models the movement
and storage of surface, soil and groundwater
throughout the catchment, and the salt trans-
port component models the movement and
storage of salt throughout the catchment,
including salt adsorption. The hydrological
component can also be calibrated separately
since the movement of water throughout the
various compartments making up the catch-
ment does not change from year to year, and
observed surface water flows can be used to
calibrate this component of the model. The
fate model was programmed using Visual
Basic 6.0.

Atmospheric deposition model

The approach adopted was to develop a sim-
ple “fixed-box” (De Nevers, 1995) atmos-
pheric deposition model that could predict
salt deposition rates at a daily time step,
without resorting to complex air dispersion
modelling, with its associated data demand.
Deposition mechanisms are modelled in a
similar way to Herold et al. (2001). The
conceptual atmospheric model is shown
schematically in Fig. 1. The total air volume
is divided into a rural air volume, and an
urban air volume that is totally bounded by
the rural air volume.

The major simplifying assumptions made include:

• Atmospheric turbulence in both the urban and rural air volumes
produces complete mixing up to the mixing height.

• The density of the atmosphere up to the mixing height is
constant, and the mixing height is constant.

• All matter entering the air volumes and/or generated within the
volumes is contained below the mixing height, and no matter
leaves through the sides that are parallel to the direction of the
wind.

• The aerosol soluble inorganic mass fraction remains constant
and is the same for the urban and rural air volumes.

• The emission of pollutant into the air occurs into the urban air
volume.

• Wind does not change direction, and is independent of location
and elevation.

The above assumptions are clearly a great simplification of what
really occurs in nature. The worst assumption is that the air volumes
are completely mixed (De Nevers, 1995). In reality, concentration
gradients will exist that depend on very many variables, including
local meteorological conditions, topography, and so on. The de-
sired output from the atmospheric deposition model, in terms of the
overall fate model, is the total daily salt deposition rate. This is the
only output from the atmospheric deposition model that is used as
input by the hydrosalinity model. More complicated air dispersion
models exist that have a very high model parameter demand, and
can generally only be applied to limited geographical scales, for
which the topography and meteorological conditions are known.
The simplifying assumptions made, although not ideal, allow
estimates to be made of deposition rates at a daily time-step using
comparatively few parameters.

By applying the simplifying assumptions, and conducting a
mass balance, the concentrations in the urban and rural air volumes
can be calculated, from which the urban and rural deposition rates
are calculated.

The parameters used in the atmospheric deposition model,
as well as the calibrated values of these parameters are shown in
Table 2. The modelled total daily deposition rate on urban and rural
surfaces is depicted in Fig. 2. Although deposition rates are
calculated at a daily time-scale, it is not possible to calibrate the
model on a daily time-scale, since daily data are not available. The
approach adopted to “calibrate” the model was to use published
values for the model parameters shown in Table 2, and then to
adjust the anthropogenic aerosol generation rate (this is the most
sensitive parameter) until the following model results were within
the same order of magnitude as published values (usually isolated
measurements):

• Total aerosol deposition.
• Aerosol concentration.
• Rainwater composition.

The anthropogenic aerosol generation rate was adjusted to give the
model outputs shown in Table 3. Values of 0.04 and 0.4 t/km2·d for
rural and urban anthropogenic aerosol generation rates respec-
tively resulted in the outputs shown.

The model outputs (Table 3) fall within the ranges of the limited
published data, except for the urban aerosol deposition rate, which
the model appears to over predict. The deposition data reported by
Tyson and Gatebe (2001) and DWAF (1995) for total aerosol
deposition, and the data presented by Coleman (1993) appear to be
contradictory, however. Based on the data presented by Coleman
(1993), the total aerosol deposition rate would be expected to be
significantly higher, considering that only a fraction (approxi-
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Figure 1
Schematic diagram of the conceptual atmospheric deposition model
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mately 0.6) of the aerosol is soluble.
A model parameter sensitivity analysis was conducted. The

rural anthropogenic aerosol generation rate was the most sensitive
parameter, followed by the natural aerosol generation rate and
summer deposition velocity.

Catchment hydrology component of the hydrosalinity
model

Numerous hydrosalinity models have been developed and applied
to various studies of South African catchments. These models

range from simple models requiring very few input parameters to
complex three-dimensional groundwater and solute-transport mod-
els that require a large number of input parameters (Hughes, 1997).

The simple methodology used in the USES-LCA model is
inadequate to describe salinity effects (Leske and Buckley, 2004).
At the other extreme, however, more complex models would
require many more parameters, which are often not known for
particular catchments within the country, and are certainly not
known for a “regionalised catchment”.  A compromise was there-
fore sought between these two extremes. The hydrosalinity model
developed by Herold (1981), and originally based on the work by

TABLE 2
Model parameters used in the atmospheric deposition model compared to published values

Parameter Units Published Value used in model
value * Comments Reference

Aerosol deposition cm/s -(0.3)-6.61 For SO2 Herold et al. (2001) 1.3
velocity (summer) -(1.3)- Grasslands Skorosweski (1999)

Aerosol deposition cm/s -(0.28)-0.15 For SO2 Herold et al. (2001) 0.3
velocity (winter) -(0.3)- Grasslands Skorosweski (1999)

Annual deposition cm/s 0.3-( )-2.3 For SO2 Skorosweski (1999) -
velocity -(0.8)- Eastern Transvaal Highveld Skorosweski (1999)

0.11-(0.18)-0.22 England – continental aerosols Bridgman (1990)
0.54-(0.58)-0.63 England – marine aerosols Bridgman (1990)

Dry deposition factor - -(1.09)- For SO2 Herold et al. (2001) 1.09
(summer)

Dry deposition factor - -(1.07)- For SO2 Herold et al. (2001) 1.07
(winter)

Occult deposition factor - -(0.025)- For SO2 Herold et al. (2001) 0.025

Atmospheric mixing m -(1950)- 700 hPa Piketh et al. (1999) 1950
height

Wash ratio - 1x105-( )-1.4x106 Huijbregts (1999) 7.5x105

Fraction salt in aerosol -(2x105)- For sulphate Skorosweski (1999)
- 0.4-( )-0.8 Kruger National Park Maenhaut et al. (1996) 0.6

0.71-( )-0.74 Urban area Coleman (1993)

Concentration of aerosol mg/m3 -(13)- Hewitt and Sturges (1993) 15
entering rural air volume 9-( )-19 Kruger National Park Maenhaut et al. (1996)
from upstream -(10)- Rural areas of eastern S. Africa Tyson et al. (1996)

0.4-(2.2)-9.3 Africa Anderson et al. (1996)

Natural aerosol generation kg/km2·d 1.5x10-5-( )-1.5x10-4 Global average Hewitt and Sturges (1993) 1.3x10-5

rate

Urban anthropogenic t/km2·d 0.0037- ( ) - 0.0092 Global average Hewitt and Sturges (1993) 0.4
aerosol generation rate

Rural anthropogenic t/km2·d 0.0037- ( ) - 0.0092 Global average Hewitt and Sturges (1993) 0.04
generation rate

minimum-(average)-maximum
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Fate factors are calculated for each compartment relevant to salinity
effects (soil moisture and surface water compartments), for emis-
sions into each initial release compartment (air, soil and surface
water).

The parameter values influence the correlation between ob-
served and predicted concentrations and some parameters influ-
ence this correlation more than others. Some parameters in fact
influence the values of the fate factors, and again, some parameters
more than others. It is therefore important that the correct values for
these parameters be chosen to calibrate the model.

The six most sensitive parameters, in terms of their influence on
the correlation between observed and predicted values were evalu-
ated to determine the sensitivity of the fate factors to these param-
eters. This was done by running a number of 20-year simulations
(2000 to 2020) of the environmental fate model using different
values of the selected parameters, with and without an imposed
impulse emission into the various initial release compartments. An
impulse magnitude of 1 x 108 kg of 1-year duration, starting on
1 January 2002 was used as the basis for comparison.

The results of the analysis showed that some model parameters
(particularly those that influence the distribution of surface and
subsurface flow) influence the values of the fate factors (and
therefore the salinity potentials). The implicit assumption is how-
ever that if there is a good correlation between the observed and
predicted values, then the resulting fate factors will be correct.

Effects assessment

The effects potential was defined (Eq. (1)) as the product of a fate
factor and an effect factor, the effect factor being the reciprocal of
the predicted no-effect concentration (or PNEC). In principle, the
PNEC is calculated by dividing the lowest short-term LC50 (con-
centration at which 50% of the test organisms die) or long-term
NOEC (no observed effect concentration) by an appropriate as-
sessment factor. The assessment factors reflect the degree of
uncertainty in extrapolating from laboratory toxicity test data for a
limited number of species to the “real” environment. Assessment
factors applied for long-term results are smaller as the uncertainty
of extrapolation from laboratory data to the natural environment is
reduced (EC, 1996).

In this study, the South African Water Quality Guidelines
(DWAF, 1996) were used as a basis for determining no-effect
concentrations. The guidelines specify a target water quality range,
within which no measurable adverse effects are expected for long-
term continuous use. The target water quality ranges quoted in the
South African Water Quality Guidelines (DWAF, 1996) have been
derived from quantitative and qualitative criteria, and include

assessment factors. No additional assessment
factors are therefore applied to the target water
quality ranges.

Aquatic ecotoxicity

Plants and animals possess a wide range of
physiological mechanisms and adaptations to
maintain the necessary balance of water and
dissolved ions in cells and tissues. This ability
is extremely important in any consideration of
the effects of changes in total dissolved salts
on aquatic organisms. The individual ions
making up the total dissolved salts also exert
physiological effects on aquatic organisms.
Changes in concentration of the total dis-
solved salts can affect aquatic organisms at

three levels, namely:

• effects on, and adaptations of, individual species
• effects on community structure
• effects on microbial and ecological processes such as rates of

metabolism and nutrient cycling.

The rate of change of the total dissolved salts concentration, and
duration of change, appears to be more important than absolute
changes in the total dissolved salts concentration, particularly in
systems where the organisms may not be adapted to fluctuating
levels (DWAF, 1996).

The South African Department of Water Affairs and Forestry
guidelines for the impact of total dissolved salts on aquatic ecosys-
tems are as follows:

• Total dissolved solids concentrations should not be changed by
more than 15% from the normal cycles of the water body under
unimpacted conditions at any time of the year.

• The amplitude and frequency of natural cycles in total dis-
solved solids concentrations should not be changed.

In view of the above, no single value is used for the aquatic
ecotoxicity no-effect concentration. The no-effect concentrations
are calculated as a function of the background salt concentration.
The aquatic ecotoxicity effects potential (AEEP) is therefore calcu-
lated as follows:
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Livestock production

Guidelines for the effects of total dissolved salts on livestock,
issued by the South African Department of Water Affairs and
Forestry (DWAF, 1996) are published for various different types of
livestock. A no-effect concentration of 1 kg/m3 was used to
calculate salinity potentials.

Agricultural crops

Crop yield loss is directly related to total dissolved salts concentra-
tion above a certain threshold concentration. Threshold and yield
loss relationships for many species of plans are published in the
literature. In the literature reviewed, the crops most sensitive to

TABLE 6
Sediment model parameters

Model parameter Units Value

Catchment cover density - 0.8
Sediment detachment coefficient N/mm2 0.0138
Erosivity factor kg/N·m2 0.5
Loose soil density kg/m3 1 500
Sediment diameter mm 0.2
Sediment specific gravity - 2.65
First constant in suspended sediment-river flow relationship - 20
Second constant in suspended sediment-river flow relationship - 0.3
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salinity are beans and carrots, with threshold concentrations
of 0.455 kg/m3, and this value was used to calculate salinity
potentials.

Damage to man-made environment

The norms used by the South African Department of Water Affairs
and Forestry to measure the suitability of water supply, in terms of
the presence of dissolved salts are (DWAF, 1996):

• the extent of damage caused to equipment and structures as a
result of dissolved salts

• the extent to which the dissolved solids in the water supply
interfere with industrial processes

• the extent of impairment of product quality caused by the
presence of dissolved salts

• the degree of complexity involved in the treatment and/or
disposal of wastes generated as a result of the presence of
dissolved salts.

The Department of Water Affairs and Forestry have defined four
categories of processes according to the degree to which they are
affected by the presence of dissolved salts. Category 1 processes
require high quality water, while Category 4 processes require low
quality water.

Within the target water quality ranges, no effects on equipment
and structures, interference with processes, product quality and
complexity of waste treatment are expected at concentrations
below 0.1 kg/m3, and this value was used to calculate salinity
potentials.

Natural vegetation

No data are available on the effect of dissolved salts on natural
vegetation in South Africa. Most riparian plants in Australia can
tolerate salinities greater than 5 kg/m3, and sensitive species will
only be adversely affected by salinities above 2 kg/m3. In the United
States is has been proposed that, for the protection of wildlife
habitats, salinity should not vary by more than 1 kg/m3 in water
where the natural salinity is below 3.5 kg/m3 (WRC, 2000b).
Threshold salinity limits for 27 different grasses and forage crops
are reported by Maas (1990). Values vary from 0.98 kg/m3 to
4.49 kg/m3, with an average of 2.15 kg/m3.  A value 0.98 kg/m3 was
used to calculate effects potentials.

Wildlife

Originally it was thought that salinities might have an effect on
the productivity and reproductive capacity of wildlife. At high
(> 3 kg/m3) salinities this may be the case for the more sensitive
animals, but at salinities below 1.2 kg/m3 there will be no real effect
on animals and birds. Drinking water criteria for livestock and
poultry are acceptable as criteria for wildlife (WRC, 2000b). A
value of 1.2 kg/m3 was used to calculate salinity potentials.

Aesthetic effects

The South African water quality guidelines (DWAF, 1996) indi-
cate that no aesthetic effects, effects on human health, household
distribution systems and water heating appliances occur at a salt
concentration of less than 0.45 kg/m3, and this value was used to
calculate salinity potentials.

Aesthetic effects generally encompass taste, odour and colour.

Dissolved salts do not impart colour or odour to water, and
therefore the no-effect concentration for aesthetic effects is for taste
only.

Salinity potentials

The life-cycle inventory stage of a life-cycle assessment results in
a list of substances released into the environment and the total mass
of these substances released, in other words, an impulse emission.
The temporal and spatial distribution of the impulse emission is
generally unknown. Spatial distribution is taken into account in the
model developed, by defining a “unit South African catchment”.
The resulting salinity potentials are therefore only relevant to the
catchment, as defined. Regarding temporal distribution, the date on
which the impulse emission starts, and the duration of the impulse
is generally not known. The analysis presented below will demon-
strate that this information is not required for the calculation of
salinity potentials.

The effect of impulse characteristics on salinity
potentials

The effect that impulse characteristics (magnitude, duration, start-
ing date) have on salinity potentials is discussed below.

Impulse magnitude

Firstly, the linearity of the salinity potentials needs to be confirmed.
In other words, the value of the salinity potential due to a release of
y kg of salt into the environment should be half the value if 2y kg
is released into the environment.

A number of 20-year simulations were done with varying
impulse magnitudes into the initial release compartments. The
results indicate that the salinity potentials are a linear function of
impulse magnitude up to an impulse magnitude of 1 x 108, but at
higher impulse magnitudes this is not the case. At higher impulse
magnitudes, the solubility limit in the rural agricultural soil mois-
ture was exceeded. Once the solubility limit has been exceeded, the
salt concentration in the soil moisture remains constant (at the value
of the solubility limit) until sufficient water has passed through the
soil to re-dissolve the precipitated salt. The sum of the difference
in concentrations is therefore greater than expected when the
solubility limit is exceeded, and is thus no longer a linear function
of impulse magnitude. In practice, it is unlikely that emissions
would be released that would result in the solubility limit being
exceeded, or at the very least, the environmental authorities would
prevent this. The remainder of the analysis was therefore done with
an impulse magnitude of 1 x 108 kg.

Impulse duration

The effect of impulse duration was determined by keeping the
impulse magnitude and impulse starting date constant, at 1 x 108 kg
and 1 January 2002 respectively. The impulse duration was varied
and the effect on the effects potentials determined. It was found that
for impulse durations of less than one year, effects potentials vary
with impulse duration, but for impulse durations of greater than one
year, there is very little variation in effects potentials. This is due
to the fact that for impulse durations of less than one year, seasonal
variations in hydrological parameters, such as rainfall and evapo-
ration, will influence the distribution of salts, whereas over one
hydrological cycle (one year), this is not the case. It is unlikely that
an environmental life cycle assessment of an activity occurring
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over a time period of less than one year would be conducted. The
salinity potentials are therefore independent of the duration of the
impulse emission.

Impulse start date

The effect of impulse start date was evaluated by keeping the
impulse magnitude and impulse duration constant, at 1 x 108 kg and
one year respectively, and varying the starting date of the impulse.
The results of the evaluation showed that salinity potentials were
independent of impulse start date

Simulation length

The next important factor to be considered when calculating the
effects potentials is the simulation length. The duration of the
simulation must be sufficient to allow the difference in predicted
environmental concentrations (with and without an emission im-
pulse) to approach zero. The concentration differential in the soil
compartments took the longest to approach zero. Figure 9 shows
the difference in predicted environmental concentrations (indi-
cated as Delta PEC on the figures) for the soil compartments as a
function of time over a 20-year period. It is evident that the
difference in predicted environmental concentrations (with and
without an imposed emission impulse) is approximately zero after

20 years. The salinity effects potentials can therefore be regarded
as infinite time horizon potentials.

Effects potentials and total salinity potentials

Effects potentials were therefore calculated from a 20-year simula-
tion, with an impulse magnitude of 1 x 108 kg, of one-year duration,
starting on 1 January 2001. The effects potentials have been
normalised so that the total salinity potential for emission onto
agricultural soil is equal to unity.  The normalised effects potentials
are shown in Table 7. The effects potentials and total salinity
potential are therefore expressed as kg TDS equivalents per
kg TDS, and are for an infinite time horizon.

The totals of the vertical columns of Table 7 represent the
effects potentials if emissions occur into each initial release com-
partment simultaneously. It is evident that, for all weighting factors
set equal to unity, potential effects on agricultural production far
outweigh any of the other potential salinity effects, followed by
material damage effects.

It is evident that the total salinity potential for emissions onto
the rural agricultural surface by far outweighs (82.8%) the salinity
potentials for releases into other compartments, followed by the
salinity potential for emissions into the river (13.6%), onto rural
natural surfaces (2.6%) and into the atmosphere (1.1%). Salination
is recognised as one of the major threats to the water resources of
South Africa, along with eutrophication, microbial contamination,
erosion and acidification. The major contributors to salination in
South Africa are attributed to municipal and industrial wastes,
urban storm-water runoff, irrigation return water, seepage from
mining activities and solid waste disposal sites. Rapid population
growth has led to urbanisation, intensification of agricultural
production, and industrialisation. Furthermore, government poli-
cies that have encouraged monoculture and intensive use of
agrochemicals have resulted in over-use of the land, and degrada-
tion of vegetation and soils. Approximately 54 000 ha of agricul-
tural land has been severely affected by salination, and approxi-
mately 128 000 ha moderately affected. Approximately 10% of the
irrigated land in South Africa is severely affected by salination. The
conversion of natural ecosystems for intensive agricultural or
forestry production, or for grazing purposes, have been identified
as major pressures on plant diversity in the country (DEAT, 1999).
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Figure 9
Delta PEC for an emission impulse onto the rural natural surface

TABLE 7
Effects potentials and total salinity potentials

PNEC (kg/m3) 1.15PEC 0.46 0.98 1.00 1.20 0.10 0.45
Weighting factor 1 1 1 1 1 1 1

Effects potentials (kg TDS equivalent/kg)

Initial release AEEP ACEP NVEP LEP NWEP MDP AeEP TSP Contri-
compartment (aquatic (agricultural (natural (livestock) (wildlife) (material (aesthetic) (total bution

ecotoxicity) crops) vegetation) damage) salinity (%)
potential)

Atmosphere 0.00028 0.00754 0.00040 0.00034 0.00028 0.00336 0.00075 0.01294 1.07
River 0.00397 0.09824 0.00000 0.00443 0.00369 0.04432 0.00985 0.16450 13.61
Rural natural surface 0.00067 0.01792 0.00102 0.00081 0.00068 0.00810 0.00180 0.03100 2.57
Rural agricultural surface 0.00027 0.99523 0.00000 0.00032 0.00027 0.00320 0.00071 1.00000 82.75
Total 0.00519 1.11894 0.00142 0.00590 0.00491 0.05898 0.01311 1.20844
Contribution (%) 0.43 92.59 0.12 0.49 0.41 4.88 1.08
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The Department of Water Affairs and Forestry have implemented
a policy, which is enshrined in the National Water Act (DWAF,
1998), that discourages the irrigation of water containing wastes,
and which classifies the irrigation of water containing wastes as a
scheduled process, to which certain conditions apply. The salinity
potentials support this policy.

For almost 40 years, South Africa has subscribed to the policy
of managing water quality through returning water to its source,
and setting effluent standards. Even though these standards were
largely adhered to, the quality of receiving water bodies deterio-
rated, and the policy has now changed to one of management
according to receiving water quality objectives, aimed at maintain-
ing the ecological functions of the aquatic ecosystems (DEAT,
1999). The salinity potential for emissions into the river is the
second highest which appears to support the move towards manag-
ing water resources through the setting of receiving water quality
objectives. If one looks at the effects potentials, however, the
potential salinity effects are greatest on agricultural crop produc-
tion, followed by material damage effects. Aquatic ecotoxicity
effects rank second last, and are lower than potential aesthetic
effects. In reality, aquatic ecotoxicity effects could indeed be low
compared to other effects. In a study conducted by the Water
Research Commission on the economic cost effects of salinity
(WRC, 2000a) in the middle Vaal River area, the highest direct cost
of salinity was to the household sector (due to material damage
effects), followed by the manufacturing sector. Direct costs of
salinity to the agricultural sector ranked the lowest (in part, due to
the salt-tolerant crops grown in the middle Vaal catchment).
Unfortunately the study concluded that the cost effects on the
natural environment could not be determined, and were not in-
cluded. The results of the study do, however, indicate that material
damage has significant cost implications, supported by the material
damage effects potentials, which rank second in their contribution
to total effects potentials. It should be borne in mind that dose-
response data for salinity on aquatic organisms are very limited. It
is therefore not known if the guidelines recommended by the
Department of Water Affairs and Forestry (1996) (< 15% increase
in total dissolved salts concentration) are over- or under-protective.

By examining the salinity potentials, one could deduce that the
most environmentally benign way of disposing of salts would be to
release them into the atmosphere; particularly if emissions are
above stable inversion layers. A large portion of the salt released in
this way will be transported offshore, and deposition will take place
over a larger area. It should, however, be borne in mind that the
atmospheric model developed is very simplistic, and assumes
complete mixing in the urban and rural air volumes. In reality,
localised areas of high concentration will occur in the vicinity of the
emission, which will result in far greater localised deposition rates,
which in turn may result in greater surface and sub-surface water
salt concentrations. In addition, human health effects are not taken
into account in the calculation of salinity potentials. Large emis-
sions into the atmosphere may result in localised aerosol concen-
trations that exceed safe levels. The second lowest contributor to
total salinity potential results from emissions to rural natural land.
This is obviously not a practical method for the disposal of salts,
since even distribution of the salts over the entire rural natural area
would be required.

The results and discussion presented above are for effects
potentials having equal weights. Weighting factors can be used to
determine the relative importance (or value) of the salinity sub-
impacts considered (effects potentials). One could, for example,
weight potential aesthetic effects as being half as important as
material damage effects, and so on. These choices are, for the time

being, subjective, and will remain so until a scientifically valid
method for expressing potential effects in a common currency have
been developed. It is therefore recommended that, until such a
method is developed, equal weightings be assigned to the effects
potentials. The work done by the Water Research Commission on
the economic cost effects of salinity (WRC, 2000a) are a step in the
direction of being able to determine the relative weighting, based
on economic considerations. Ideally, weightings should be based
on social, economic, and ecological considerations.

Conclusions and recommendations

In terms of the environmental fate model the following conclusions
and recommendations are made:

• The non steady-state hydrosalinity model developed was based
on existing models that are well accepted and are in general use
in South Africa. Many of the model parameters are available for
all catchments in the country at quaternary catchment level,
making the definition of the “unit catchment” and the calibra-
tion of the model relatively simple. A simple non steady-state
atmospheric deposition “box-model” was therefore developed
to predict aerosol (and associated salt) deposition at a daily
time-scale, in accordance with the daily time-step hydrosalinity
model. Some simplifying assumptions were made in the devel-
opment of the atmospheric deposition model that are clearly a
great simplification of what actually occurs in nature. The
atmospheric deposition model cannot be calibrated at a daily
time-step due to the lack of data. However, model outputs are
in the same order of magnitude as the (limited) published data.
In addition, most of the model parameters used do not affect the
value of the fate factors, and those parameters that do, do not
have a major effect on the value of the fate factors. It is not
recommended that complex atmospheric dispersion models be
developed. These models require a large number of parameters,
and it is doubtful that such models could be developed for a
“unit South African environment”. It is, however, recom-
mended that more data be collected to refine the model param-
eters used (particularly the fraction of salt associated with
aerosols), and that more data be collected that will enable better
calibration of the model.

• Predicted surface water flow and quality correlate well with
calculated values for the “unit catchment” as defined. There is
however a degree of uncertainty and variability in the calcu-
lated values for the “unit catchment”, and therefore in the fate
factors, and ultimately the salinity potentials. It is recom-
mended that the method used to calculate the average monthly
surface water quality be refined, and that uncertainty and
variability in the data be quantified, with the aim of quantifying
the variability and uncertainty associated with the calculated
salinity potentials.

• Simple parameter sensitivity analyses were performed on the
various components of the overall model, in an attempt to
identify the sensitive model parameters and refine the model
calibration. The sensitivity of model outputs to the model
parameters varied is understood, and agrees with expected
behaviour. The parameter sensitivity analyses are, however, by
no means exhaustive, and it is possible that the same level of
agreement between predicted and observed (calculated for the
“unit catchment”) can be achieved with a different set of model
parameters. The approach adopted in calibrating the model is
sound. However, it is recommended that more detailed sensi-
tivity analyses be conducted using multi-variate statistical
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techniques to refine the model calibration.
• Some model parameters (particularly those that influence the

distribution of surface and subsurface flow) do influence the
values of the fate factors (and therefore the salinity potentials).
It is recommended that more data be collected to refine these
parameters.

• For a number of reasons, salts were modelled as a lumped
parameter (total dissolved salt) and therefore certain model
parameters (such as solubility limit, and adsorption constants)
are also lumped parameters. It is recommended that the com-
mon ions be modelled separately and that separate salinity
potentials be calculated for each ion. This would however
require some level of speciation to be built into the model, and
at this stage, some data are not available, most notably the
adsorption constants for individual ions. This data would
therefore need to be collected.

• The assumption made in the characterisation model is that all
water for livestock watering and domestic use is taken from
surface water. In reality, a (small) portion of water for these
users is taken from groundwater. It is recommended in future
that this be included in the model.

The effect factors used in the characterisation model were based on
the target water quality ranges given by the South African Water
Quality Guidelines (DWAF, 1996). It is well known that there is a
severe lack of dose-response data for South African species,
particularly for aquatic organisms. As these data become available,
the model developed could be refined.

Regarding the use of the salinity potentials in conducting
environmental life cycle assessment, the following should be borne
in mind:

• The salinity potentials are only relevant to South African
conditions, and their use in LCA in other countries may not be
applicable. This, in effect, means that the life cycle activities
that generate salts should be within the borders of South Africa.
It has been recognised that the LCA methodology requires
greater spatial differentiation. Salination is a local or regional
problem, and it is foreseen that local or regional salinity
potentials would need to be calculated for different areas of the
earth where salinity is a problem. The LCA practitioner would
need to know something about the spatial distribution of LCA
activities in order to apply the relevant salinity potentials.

• The LCA practitioner should take care when applying the
salinity potentials to prevent double accounting for certain
impacts. Currently, this is simple because no equivalency
factors exist for common ions, or for total dissolved salts as a
lumped parameter.

• The LCA practitioner is also required to have some knowledge
about the nature of salts emitted into the atmosphere when
generating the life cycle inventory and applying the salinity
potentials. Not all matter emitted into the atmosphere will be
deposited as salt.

• The various salinity potentials that make up the total salinity
potential have, in the absence of better information, all been
given equal weight. Weighting of the salinity potentials will be
based on subjective value judgments and should include input
from policy makers in the country. It is recommended that a
method be developed to weight the salinity potentials.

The distribution of salinity potentials, which make up the total
salinity potential, appears to be supported by the environmental
policies and legislation of South Africa.

The work presented focuses on a method for incorporating
salinity impacts into environmental life cycle assessment, and
presents salinity potentials to do this. There is currently no way of
normalising or weighting the LCA results for South Africa. Meth-
ods to do this still need to be developed.

The values of the published equivalency factors are dependent
on the mathematical definition of the local or regional environ-
ment, and these values have been calculated for Western European
conditions. Equivalency factors may vary by several orders of
magnitude, depending on how the local or regional conditions have
been defined. It is therefore recommended that the model devel-
oped in this work be included into a global nested model, in the
same way as the USES-LCA model, to calculate equivalency
factors for other compounds, including heavy metals and organic
compounds. This would result in equivalency factors for all com-
pounds that are relevant to South Africa.
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