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Abstract
The main purpose of this study was to determine a simple inorganic chemistry index that can be used for all surface waters
in South Africa, in order to characterise the inorganic chemistry of surface waters. Water quality data collected up until
1999 from all sample monitoring stations (2 068 monitoring stations, 364 659 samples) in South Africa were transformed
into an Excel dataset and subsequently quality screened using the stoichiometric charge balance, after which 196 570 (41%)
of the water analyses could be used. Using an inorganic chemistry index (ICI) a more detailed analysis can be performed.
The ICI shows that the surface water chemistry in South Africa is dominated by chemical weathering, chloride salinisation and sulphate contamination. Based on the importance of these factors, primary catchment areas in South Africa can be
subdivided into 3 groups, each with their own characteristic water chemistry. The results of this study allowed the development of a ternary diagram in which the 3 factors are represented. This diagram can be used to investigate the variation of
the inorganic water chemistry of South African surface waters in time and space.
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Introduction
Rivers provide most of the water to South African users (e.g.
Day, 2010). Due to climate conditions water is limited and,
in addition, pollution caused by urbanisation, mining, and
agricultural activities makes freshwater even scarcer (e.g.
Walmsley et al., 1999). South Africa has an extensive water
monitoring programme in place in which 2 068 monitoring
sites in dams and rivers cover the entire country and have been
or still are used for collection of inorganic water quality data.
This has resulted in the availability of hundreds of thousands
(483 892 water samples to be precise) of chemical analyses
(up to the year 1999) for the major inorganic chemical species.
Water quality data up to 1999 were published on a CD (Water
Quality on Disc) by the South African Council for Scientific
and Industrial Research (CSIR) in 1999. These data have been
used to some extent for water quality studies (e.g., Hohls et al.,
2002; Van Niekerk et al., 2009). This study, however, is the first
in which the entire dataset is used.
The main purposes of this study were the following:
• To propose a simple, uniform method to characterise the
inorganic chemistry for South African surface waters using
an inorganic chemistry index, which is a modified version
of the pollution index introduced by Pacheco and Van der
Weijden (1996)
• To use the inorganic chemistry index by determining differences and similarities between the surface waters of the
different primary catchment areas
This study involved the use of the entire water quality dataset available up to 1999. As such, this study also presents on
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overall overview of the quality of this dataset, something that
has not been done before and may be useful for other researchers that would like to use this dataset.

Water chemistry data of South African surface
waters
Inorganic water chemistry data were commercially obtained
from the CSIR (Environmentek), using the Water Quality on
Disc, version 1.0. This CD contains water quality data for the
2 068 sample monitoring sites in South Africa, spread over
the different primary catchment areas (Fig. 1). Water samples
are collected as part of the national water quality monitoring
programme.
The water quality data include pH, total alkalinity (measured as CaCO3 in mg/ℓ) and the concentrations of the following
major chemical species (all in mg/ℓ): sodium (Na), potassium (K), calcium (Ca), magnesium (Mg), ammonium (NH4+),
silica (Si), fluoride (F), orthophosphate (PO43 -), chloride (Cl),
sulphate (SO42 -), nitrate (NO3-) and total dissolved solids (TDS).
Carbonate and bicarbonate concentrations were calculated from
the pH and the total alkalinity using the procedure described in
Appelo and Postma (2005). Unfortunately, a follow-up CD with
more recent water quality data is not available.

Data preparation
The starting and final dates of sampling and the number
of water samples analysed are different for each sample
monitoring site and can vary from as early as the 1970s
up to 1999. The entire database includes inorganic chemical analyses of 483 892 water samples. The original data
file is in a dBase (DBF) format and for the purpose of this
study was converted into an Excel format. All data handling
described in this paper was done using Excel 2007. The
dataset contains numerous discrepancies including blank
lines and incomplete chemical analyses.
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Figure 1
Map of South Africa showing
the primary catchment areas.
In brackets are indicated
the percentage of sample
analyses that are within a
± 5% charge balance, the
total number of monitoring
stations, and the number
of monitoring stations that
have at least 1 sample
analysis within a ± 5% charge
balance.

TABLE 1
Data set modification

Raw data set from Water Quality
on Disc
Data set after removal of blanks
and incomplete chemical analyses
Usable data set (charge balance
error within ±5%)

Number of
water
samples

Percentage
from
raw data set

483 892

100

364 659

75

196 570

41

After removal of the blanks and incomplete analyses,
364 358 chemical analyses remained (Table 1). The quality
of this dataset was subsequently screened by calculating
the stoichiometric charge balance (SCB), according to the
equation (e.g., Appelo and Postma, 2005): SCB (%) = 100
× (∑ [cations] − ∑ [anions]) / (∑ [cations] + ∑ [anions]),
where the concentrations (absolute values) of the cations
and anions are expressed in the equivalent scale. The speciated charge balance, normally calculated using software
such as PHREEQC (Appelo and Postma, 2005), could not be
determined due to the large size of the dataset. A check for
numerous individual samples, however, showed that the stoichiometric charge balance calculated using Excel was within
an acceptable ±5% range of the speciated charge balance
using PHREEQC (Appelo and Postma, 2005). The results of
the SCB calculations (Fig. 2) illustrate that the majority of
the samples show a positive charge balance error. A similar
finding was reported by Fritz (1994), who suggested that the
positive charge balance error might be related to poor quality alkalinity measurements.
Chemical analyses of which the stoichiometric charge
balance was < −5% or > +5% (e.g., Zhu and Andersen,
2002) were removed from the dataset, after which 196 570
(41%) useful chemical analyses remained (Fig. 2, Table 1).
Only these data were used in this study. The modified and
the raw Excel datasets are available upon request from the
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Figure 2
Frequency distributions of the charge balance of all sample
analyses (left) and of ICI values of all sample analyses (right).
See text for explanation on ICI.

author. The percentage of accurate water quality analyses
(−5% ≤ SCB ≤ +5%) for the different primary catchment
areas indicates that for the primary catchment areas in the
south-west and along the east coast fewer than 50% of water
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TABLE 2
Data for primary catchment areas (Fig. 1)
Catchment
area

A
B
C
D
E
F
G
H
J
K
L
M
N
P
Q
R
S
T
U
V
W
X
TOTAL

Total number
of monitoring
stations

Number of
monitoring
stations with at
least 1 sample
within ± 5% charge
balance

Total number of
samples

Number of
samples within
±5% charge
balance

Number of
samples with ICI
< 30%

Number of
samples with ICI
> 70%

260
184
358
118
16
3
110
115
68
124
41
17
47
9
61
37
40
48
77
116
125
94
2 068

243
159
349
91
14
2
103
109
57
107
19
15
22
9
50
35
26
9
31
59
79
32
1 620

60 957
31 372
73 485
14 323
1 791
78
30 454
31 058
9 974
10 221
3 405
889
5 771
1 507
15 219
8 137
3 873
2 933
10 178
17 693
16 381
14 960
364 659

46 533
23 874
61 982
7 614
601
71
11 144
13 904
5 987
5 656
2 091
355
4 006
1 218
4 910
1 816
614
72
316
1 045
2 544
172
196 570

10 511
9 411
16 497
5 746
1
0
22
11
69
0
0
0
14
0
118
6
246
7
15
184
56
42
42 956

1 596
5 006
17 646
203
504
52
9 386
12 692
4 486
5 584
1 971
352
2 668
1 131
1 659
271
0
2
93
394
1 826
2
67 524

quality analyses are accurate (Fig. 1, see Table 2 for details).
In particular, primary catchment areas S-X have only a
small percentage of reliable water quality analyses (Fig. 1,
Table 2).
Limitations

Water chemistry of surface waters: controlling
factors
The inorganic chemistry of South African rivers is, to a large
extent, controlled by chemical weathering of rocks (Bluth and
Kump, 1994) due to the poorly-developed, thin soil cover (Fig.
3) (Laker, 2000). Chemical weathering of rocks releases bicarbonate ions as a result of incongruent and congruent silicate
and carbonate weathering reactions (e.g., Bowser and Jones,
2002; Appelo and Postma, 2005).
Incongruent silicate weathering is characterised by the following generalised reaction:

The selection of the samples has some unavoidable limitations. First, there is a geographical bias as the largest densities of the monitoring stations are located in the south-western and north-eastern parts of South Africa (Table 2), with
most situated at sites where water quality problems either
exist or are to be expected. Second, some monitoring stations contain many data for a long period of time, whereas
Si-mineral + H2O + CO2  residue + cations + HCO 3  H4SiO4
other stations have limited datasets because
sampling+was
= residue + cations + HCO 3  H4SiO4
Si-mineral
H2O + CO2 
only done for a few years or even less. Third, surface waters
affected by acid mine drainage tend to have a large surplus
where the solid residue is in most cases a clay mineral such as
in negative charge due to the fact that the analyses exclude
smectite or kaolinite (e.g., Bowser and Jones, 2002) depending
iron and aluminium, which are both expected to be present
on which silicate mineral is exposed to chemical weathering
in relatively high concentrations (e.g., Banks et al., 1997).
and the degree of chemical weathering (e.g., Bowser and Jones,
These analyses were excluded from the dataset (due to SCB
2002) which takes place. Carbonate weathering is illustrated by
screening) although they may actually be correct. Lastly,
the following congruent dissolution reaction of calcite:
only water quality data before 2000 are available; an update
CaCO3 + H2O +CO2 = Ca2+ + 2 HCO 3
of the Water Quality on Disc with more recent data does not
exist. For the purposes of this study, however, these limitaThese reactions show that bicarbonate and cations such as Ca
tions either did not have a significant impact on the results,
and Mg are mainly derived from mineral weathering, whereas
or could be dealt with, as will be discussed in the relevant
chloride, sulphate, nitrate and phosphate have alternative
sections to follow.
sources (Appelo and Postma, 2005). The release of bicarbonate

Available on website http://www.wrc.org.za
ISSN 0378-4738 (Print) = Water SA Vol. 37 No. 3 July 2011
ISSN 1816-7950 (On-line) = Water SA Vol. 37 No. 3 July 2011

403

Figure 3
Illustration of the variation
of soil thickness and
surface water chemistry
with different climate types
(modified after Plant et al.,
2001). See text for further
explanation

in the weathering reactions results in a typical pH of South
African surface waters of between 8 and 8.5 (White et al.,
1999). The semi-arid climate in South Africa, i.e. the low rainfall and high evaporation rates, results in an increase of organic
chemical species in the water (Fig. 3, e.g., Plant et al., 2001), in
particular the conservative ions.

The contribution of phosphate and nitrate is relatively minor
(relative contribution is 0.001, Table 3). This is obviously a
generalised representation that may be different for different
regions in South Africa. Therefore, in order to make a detailed
regional evaluation, an inorganic chemistry index (ICI) is identified (using charge corrected concentrations):

ICI (%)  100  ([Cl] + 2[ SO 24  ] + [ NO 3 ] + 3[ PO 34 ])([Cl] + 2[ SO 24 

Correspondence analysis

ICI
100dataset
 ([Cl] + 2[ SO 24  ] + [ NO 3 ] + 3[ PO 34 ])([Cl] + 2[ SO 24  ] + [ NO 3 ] + 3[ PO 34 ] + [ HCO 3 ])
Correspondence analysis was applied
for(%)
the 
entire
(196 570 samples) using the software XLSTAT, in order to deterICI (%)  100  ([Cl] + 2[ SO 24  ] + [ NO 3 ] + 3[ PO 34 ])([Cl] + 2[ SO 24  ] + [ NO 3 ] + 3[ PO 34 ] + [ HCO 3 ])
mine the importance of any other factors, in addition to chemical
weathering, in determining the surface water chemistry. The
The index determines the percentage of the overall water chemapplication of correspondence analysis is described in detail by
istry that is derived from all sources excluding rock weathering
Pacheco (1998) and is therefore not repeated here. Correspondence
(Pacheco and Van der Weijden, 1996). This index is modified
analysis, as applied by Pacheco (1998), can be used for assignfrom the one originally proposed by Pacheco and Van der
ing the principal coordinates to specific chemical species that
Weijden (1996) by:
dominate the water chemistry, by evaluating the sympathies and
• Including orthophosphate
antipathies of the chemical species of the principal coordinates
• Denoting it inorganic chemistry index rather than pollution
(Pacheco, 1998), together with the relative contribution. It is not
index
necessary to use all the cations and anions in the correspondence
analysis as they are linked to each other by the charge balance, i.e.,
The ICI determines the percentage of the overall inorganic
any concentration change of one of the cations must be reflected
water chemistry that is derived from all sources, excluding
in an anion concentration change as well (Pacheco, 1998). For
chemical rock weathering (Pacheco and Van der Weijden, 1996;
interpretation purposes, it is easier to use anions for correspondPacheco, 1998; Van der Weijden and Pacheco, 2006). An ICI
ence analysis as it is easier to assign a specific anion to a specific
value of 40% means that 60% of the cations are derived from
source, in comparison to cations (Pacheco, 1998).
chemical weathering and 40% are derived from alternative
Correspondence analysis of the entire data set illustrates
sources (Van der Weijden and Pacheco, 2006). For example, the
the importance of chloride, followed by bicarbonate and suluse of fertilisers will increase the concentrations of orthophosphate, in determining the overall water chemistry (Table 3).
phate, nitrates and sulphate relative to bicarbonate and thus


Table 3
Results of correspondence analysis (n = 196 570)
Variance distribution
F

Eigenvalue

1
2
3

HCO3

SO 4

−0.404

+1.241

+0.422

+1.170

+0.081

+0.305

−1.062

−0.729

−0.002

+0.012

+0.033

−3.313

70.1

19.1

10.7

0.1

Cum. %F

Cl

0.429

73.0

73.0

0.144

24.5

97.5

0.014

2.5

100.0

Relative contribution (%)
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Principle coordinates

%F

NO3 + PO 4
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increase the inorganic chemistry index. Acid mine drainage, as
another example, will decrease the bicarbonate concentration
(as the pH decreases) and, in addition, increase the sulphate
concentration, resulting in an ICI close to 100%. In order to
evaluate the water chemistry of a specified catchment area one
should consider both the ICI value and also the relative contributions of Cl, SO4, NO3 and PO4 towards the ICI value.
Effect of geology on ICI
The ICI can be applied to rivers draining any lithology, except
for evaporites (gypsum, halite). Weathering of evaporite
minerals will increase the ICI value and thus give the incorrect impression that chemical weathering does not have a
great impact on the inorganic water chemistry (Table 4).
Fortunately, the exposure of evaporates is rare in South Africa
(e.g., Schröder et al., 2008) and this effect can thus generally be
ruled out for South African surface waters.
It should be noted that small ICI values do not necessarily imply that that chemical weathering is the only controlling
factor determining the water chemistry. Rather, it means that
the contribution of inorganic chemical species derived from
alternative sources is relatively small compared to the inorganic
chemical species that are obtained from chemical weathering.
As a consequence the solubility and dissolution kinetics of
minerals do have a strong influence on ICI. Minerals in granites and sandstones typically have a slower dissolution rate and
lower solubility compared to those that are present in carbonate
and volcanic rocks (Table 4) (Appelo and Postma, 2005). This
implies that the bicarbonate concentration of rivers draining a
carbonate and/or volcanic rock dominated terrain tends to be
larger compared to that of rivers draining terrains dominated
by sandstones and/or granites (Table 4).
Table 4
Effect of lithology on ICI value
Geology of
drainage
terrain

ICI

Comment

Carbonate Low

ICI is relatively low due to the high
amount of bicarbonate that is released
as a result of chemical weathering
Granite
Higher
ICI will be greater compared to that
compared of rivers draining carbonate terrains.
to carThis is the result of lower weathering
bonate
rates of silicate minerals compared to
terrains
carbonate mineral phases
Evapor ites High
Large amounts of sulphate and/or
chloride ions will be released during
weathering of gypsum and halite.
Such rock types, however, do not
outcrop in South Africa.
Sulphide- High
Large amount of sulphate ions may
bearing
be released. Due to acidification,
rocks
the bicarbonate concentration will
decrease.

Application of ICI to South African surface
waters
Maximum and minimum ICI values need to be established in
order to classify the river water chemistry as chemical weathering dominated (from here on referred to as weathering-dominated rivers) or not (from here on referred to as non-weathering
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dominated rivers), respectively. As discussed in the previous
section, these values may be different for different river systems depending on the geology of the drainage areas. Ideally,
each river system should thus have specific ICI values for classification purposes, depending on the geology of the drainage
area. However, this is an impossible task (and also not practical) if one wants to classify surface waters in a large area or, as
in this study, in an entire country, which is characterised by a
highly variable geology.
As a starting point, maximum and minimum ICI values, to
distinguish weathering-dominated from non-weathering dominated rivers, were established using the dataset from Gaillardet
et al. (1999). This dataset comprises chemical data of 62 world
rivers of which 53 are weathering-dominated, having a median
ICI of 30%, and 9 are non-weathering dominated with a median
ICI value of 70%. These ICI values are subsequently used as a
maximum (≤30%) and minimum (≥70%) value to characterise
South African surface waters to be weathering- or non-weathering dominated, respectively (Fig. 2). In order to verify the
validity of these ICI limits for South African surface waters,
rivers with ICI ≤ 30% (42 956 samples, see Table 2) and
ICI ≥ 70% (67 524 samples, see Table 2) are displayed in the
Gibbs (1970) diagram (Fig. 4, next page).
The Gibbs diagram shows that rivers with ICI values
≤ 30% are concentrated in the ‘rock dominance’ field in the
Gibbs diagram (Fig. 4). Surface waters with ICI values ≥ 70%,
on the other hand, are largely scattered in the Gibbs diagram
outside the rock dominance field (Fig. 4). The Gibbs diagram
shows that the ICI values set for both groups is indeed valid for
South African surface waters.
Both groups are also displayed in a [HCO3]/[Na] vs.
[Ca]/[Na] mixing diagram introduced by Gaillardet et al.
(1999), which shows the different fields of the main rock
types: silicate-dominated rocks, carbonates, and evaporates
(Fig. 5, next page). Surface waters in which the inorganic
chemistry is solely controlled by rock weathering should
have values in between the silicate and carbonate endmembers. The results illustrate that surface waters with ICI
values ≤ 30% are situated between the silicate and the carbonate end-member fields, whereas the surface waters with
ICI values ≥ 70% are situated dominantly below the silicate
field near the evaporite field (Fig. 5). These results confirm,
similarly to the Gibbs classification, that ICI values of
≤ 30% and ≥ 70% are valid for identifying weathering- and
non-weathering dominated rivers, respectively. South
African rivers that have ICI values falling between 30 and
70% have water chemistries that are affected by chemical
weathering and other sources.
Inorganic chemistry status of primary catchment
areas
Having established the minimum and maximum values of ICI,
it can now be used for the characterisation of the inorganic
chemistry of primary catchment areas. As mentioned previously, some monitoring stations may contain a large amount
of water sample data for a long period of time, whereas other
monitoring stations have limited datasets. This may create a
certain bias in determining the ICI value for the primary catchment areas, in particular if the majority of the water samples
in a specific primary catchment area were obtained from a
few monitoring stations only. In these situations, the inorganic
chemistry status of the catchment area is dominated by that of a
few monitoring stations.
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Figure 4
Gibbs diagram for
surface waters with ICI
≤ 30% (left) and ≥ 70%
(right). Due to the large
sample data set, density
distributions are shown
rather than individual
points.

Figure 5
Mixing diagrams
for surface
waters with ICI ≤
30% (left) and ≥
70% (right). The
compositional
fields for
evaporates (Evap),
silicates (Silic),
and carbonates
(Carb) are shown.

In this study the following approaches were used to establish the inorganic chemistry status of the primary catchment
areas. First, the percentage of samples with ICI ≥ 70% , 30%
< ICI < 70%, and ICI ≤ 30% was determined (pie diagrams
in Fig. 6). Primary catchment areas that show a ratio of samples with ICI ≥ 70% (S70) / samples with ICI ≤ 30% (S30) > 2
are indicated in dark grey (water chemistry not controlled by
chemical weathering) (Fig. 6), the ones that show a percentage ratio between 2 and 0.5 are indicated in light-grey (water
chemistry controlled by both chemical weathering and alternative sources), and the ones that show a percentage ratio < 0.5
are shown in white (water chemistry controlled by chemical
weathering). Although this method may create biased results as
discussed, it might be worthwhile to compare these results with
an alternative approach and determine whether this method
has some use. The advantage of this method is that is relatively
easy to apply.
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Secondly, the number of monitoring stations that have
more than 50% of water samples with ICI ≥ 70% (referred to
as MS70) and that have more than 50% water samples with ICI
≤ 30% (referred to as MS30) was determined. This approach
rules out the potential influence of a few monitoring stations
that comprise the majority of the water samples within the
primary catchment areas. Similar to the first approach, the
primary catchment areas are classified according to the ratio
MS70/MS30 (Fig. 7). Both approaches produce a similar result;
the water chemistry of primary catchment areas A, B, C, D, V,
S, T, and X is dominantly controlled by chemical weathering
whereas for the remaining (coastal) catchment areas other factors, associated with chloride, sulphate, nitrate and phosphate
contributions, prevail.
A more detailed analysis can be done by assessing which
anion in particular contributes to ICI. The average contribution of chloride, sulphate, and the sum of phosphate and nitrate
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towards the ICI (Fig. 8) allows the
subdivision of the primary catchment
areas into 3 groups. Correspondence
statistics were applied to the 3 groups
and confirms the typical chemistry of
the 3 groups (Table 5), as established
by the ICI evaluation.
Surface waters in catchment
areas A, S, T, and X (Group 1) are
dominantly controlled by chemical
weathering, followed by other factors
that contribute chloride and sulphate
(Figs. 8, 9, Table 5). The number of
samples with ICI > 70% is relatively
small (Fig. 9). Group 1 shows typical
total dissolved solid contents (TDS)
below 500 mg/ℓ, which increases to
TDS values between 500 and 1000
mg/ℓ for samples with ICI > 70%
(Fig. 9). There is greater contribution of sulphate towards ICI for
samples with ICI > 70%, i.e. greater
ICI values are associated with
higher sulphate concentrations (Fig.
9). Samples with ICI > 70% show
slightly lower pH values (Fig. 9).
The water chemistry of Group
2 (catchment areas B, C, D and V)
is, similar to Group 1, dominated
Figure 6
ICI characterisation for primary catchment areas using the percentage of samples with ICI
by chemical weathering. This group
≥ 70% (dark-grey), 30% < ICI < 70% (light-grey), and ICI ≤ 30% (white) water samples (pie
does, however, have significantly
diagrams) (see Table 1 for data). Primary catchment areas are subdivided into ICI ≥ 70%
more samples with ICI > 70% comdominated (dark-grey), 30% < ICI < 70% dominated (light-grey) and ICI ≤ 30% (white) areas
pared to Group 1. The contribution
based on the ratio of samples with ICI ≥ 70% (S70) / samples with ICI ≤ 30% (S30).
of sulphate is larger than that of chloride in comparison to Group 1,
in particular for samples with ICI
> 70% (Figs. 8, 9, Table 5). Group 2
shows typical total dissolved solid
contents (TDS) between < 500 and
1 000 mg/ℓ, which increases to TDS
values between 500 and 2 000 mg/ℓ
for samples with ICI > 70%. Similar
to Group 1, ICI values > 70% are
associated with higher sulphate concentrations (Fig. 9).
Primary catchment areas E, F,
G, H, J, K, L M, N, Q, P, R, U and
W (Group 3) show generally high
ICI values related to a high chloride
contribution (Figs. 8, 9). Both chemical weathering and sulphate contamination have minor contributions
towards the water chemistry of
Group 3 catchment areas (Table 5).
The TDS content is highly variable
between < 500 and > 5 000 mg/ℓ.
The pH shows a tendency to lower
values compared to Groups 1 and
2, indicating that less bicarbonate
is released during chemical weathering compared to the catchment
Figure 7
areas of Groups 1 and 2. This can be ICI status for primary catchment areas using the ratio of monitoring stations for which at least
explained by the absence of carbon- 50% of the samples have ICI ≥ 70% (MS70) / monitoring stations for which at least 50% of the
ate rocks in the Cape and Karoo
samples have ICI ≤ 30% (MS30).
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Table 5
Results of correspondence analysis for primary catchment area groupings
Group 1 (Catchments A, S, T, X; n = 47 391)
Variance distribution

F
1
2
3

Eigenvalue
%F
Cum %F
0.185
72.5
72.5
0.003
20.3
92.8
0.013
7.2
100.0
Relative contribution (%)

Principle coordinates

HCO3
−0.271
+0.011
+0.004
59.9

Cl
+0.382
−0.198
+0.021
27.6

HCO3
−0.545
+0.118
+0.002
46.9

Cl
+0.249
−0.564
+0.005
26.5

SO4
+0.437
+0.351
−0.139
11.8

NO3 + PO4
+0.680
+0.835
+1.036
0.8

Group 2 (Catchments B, C, D, V; n = 94 515)
Variance distribution

F
1
2
3

Eigenvalue
%F
Cum %F
0.291
68.4
68.4
0.124
29.2
97.7
0.010
2.3
100.0
Relative contribution (%)

Principle coordinates

SO4
+0.716
+0.357
+0.012
26.3

NO3 + PO4
+0.375
+0.080
−1.758
0.3

Group 3 (Catchments E, F, G, H, J, K, L M, N, P, Q, R, U, W; n = 54 619)
Variance distribution

F
1
2
3

Eigenvalue
%F
Cum %F
0.245
86.8
86.8
0.031
11.2
98.0
0.005
2.0
100.0
Relative contribution (%)

Principle coordinates

Cl
−0.162
+0.035
+0.000
84.6

HCO3
+1.412
+0.125
+0.012
8.4

SO4
+0.257
−0.574
+0.002
6.9

NO3 + PO4
+1.555
+0.061
−4.615
0.0

Secondary salinisation in South
Africa is caused by irrigation (Rabie
and Day, 2000) and the removal of
natural vegetation (Flügel, 1995). In
the coastal catchment areas, seawater
intrusion (Bate et al., 2002) and ocean
aerosols (Flügel, 1995) may also contribute to chloride salinisation.
Elevated sulphate concentrations can be ascribed to anthropogenic contamination. These include,
in particular, acid mine drainage
associated with coal and gold mining (e.g., Ackil and Kodas, 2006),
atmospheric sulphate caused by air
pollution (Rhode et al., 2002; Singer
et al., 1999), and the use of fertiliser
that contains gypsum. Gold and coal
mining are particularly prevalent in
the Group 2 catchment areas, i.e. A,
B, C, and V. In addition, the location
of most of the country’s coal power
stations in the Mpumalanga Highveld
(catchment area B) contributes to
increased atmospheric sulphur levels
(Tyson et al., 1988), which increases
the sulphate concentrations in surface
Figure 8
waters as a result of precipitation and
Primary catchment area subdivision into 3 groups (1, 2, and 3) based on the ICI value
(Figs. 6 and 7) and the contribution of Cl and SO4 towards ICI.
fog deposition of sulphate minerals,
which are then washed into the rivers
(Singer et al., 1993).
Having established that chemical weathering, sulphate
Supergroups, which is the dominant geology of the Group 3
contamination and chloride salinisation are the main controlcatchment areas.
ling factors determining South African surface water chemElevated chloride concentrations are primarily caused by
istry, a ternary diagram can be developed as a visual aid. In
saline soil and groundwater, as a result of natural (primary) and
this diagram, the apices are defined as chemical weathering:
secondary (anthropogenic) salinisation (e.g., Williams, 1999).
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100 − ICI, Cl-salinisation
(Cl contribution towards
ICI): ICI × [Cl−] / ([Cl−]
+ 2[SO42 -]), and sulphate
contamination (SO4 contribution towards ICI): ICI ×
2[SO42 -] / ([Cl−] + 2[SO42 -]).
This ternary diagram was
constructed in Excel 2007
using TRI-PLOT (Graham
and Midgley, 2000) and can
be used to characterise the
inorganic water chemistry
of South African surface
waters (Fig. 10).
The ternary diagram is
particularly powerful for
monitoring the variation of
water quality in time and
space (Figs. 10, 11). An
example of chemical variation in time is shown in
Fig. 11, illustrating that the
surface water chemistry of
catchment area K remained
relatively constant whereas
the surface water chemistry of catchment area C
has changed significantly
between the late 1970s and
the late 1990s.

Conclusions

Figure 9
Chemical characteristics of Group 1 (top), Group 2 (middle), and Group 3 (bottom), using the
distribution of TDS, pH, ICI, and the chloride contribution towards ICI. All samples: grey bars,
samples with ICI > 70%: bars with black outline.

Based on the evaluation
of a dataset comprising close to 200 000 water samples, an
inorganic chemistry index (ICI) based on the pollution index
introduced by Pacheco and Van Der Weijden (1996) can successfully be applied to South African surface waters. The
findings of this study show that the surface water chemistry
in South Africa is generally dominated by 3 factors: chemical
weathering, chloride salinisation, and sulphate contamination.
The ICI, together with the Cl and SO4 contributions towards
ICI is, therefore, sufficient to characterise the inorganic water
chemistry of South African surface waters. The simplification
of the inorganic water chemistry to 3 variables allows the use
of a ternary diagram where the apices are defined as chemical
weathering, sulphate contamination, and soil salinisation. This
diagram can be used to monitor the inorganic chemistry status
of the primary catchment areas in time and space. All of the
calculations performed in this study do not require advanced
software and can be done in Excel.
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