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Abstract The karst of the Cradle of Humankind World
Heritage Site plays a major role in the assimilation or
carrying of acid mine drainage, sewage effluent return flow
and agricultural run-off. Infiltration of contaminated water
has altered the chemical composition of the natural waters
of the karst system. A multivariate statistical method in
combination with conventional geochemical and spatial
analysis was applied on groundwater and surface water
quality samples to determine the spatial extent of hydro-
chemical impacts from different anthropogenic sources.
The application of hierarchical cluster analysis of the major
ions (148 samples) recognised three distinct hydrochemical
regimes. Cluster 1 is moderately mineralized, especially
with regard to chloride, nitrate and sulphate, cluster 2 has a
low mineralization with all elements well within the rec-
ommended drinking water limits of South Africa and
cluster 3 represents highly mineralized samples taken in the
vicinity of decanting mineshafts. The cluster solution is
confirmed by a simple mixing model, indicating varying
contributions of three identified end members (acid mine
drainage, treated sewage effluents and pristine dolomitic
groundwater) to the groundwater quality in the catchment.
The combination of statistical, geochemical and spatial
methods in conjunction with end-member mixing analysis
provides a reliable method to understand the processes
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responsible for the groundwater quality variations and to
assist in the identification of anthropogenic impacts.
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Introduction

The Cradle of Humankind World Heritage Site (COHWHS)
is mostly underlain by the karstified dolomites of the Chu-
niespoort group (Transvaal supergroup). The dolomites are
a vital component of the water resources needed for the
expanding demand of the urban complexes in Gauteng;
hence, it is considered as one of the most important aquifers
in South Africa (Barnard 2000). Despite its importance,
ongoing exploitation of the resource along with past gold
mining activities has resulted in the deterioration of the
resource quality (Holland 2007; Hobbs and Cobbing 2007).
The high transmissivity associated with dissolutional voids
in the karst aquifers allow contaminant inputs to spread
quickly and affect large bodies of the fresh water resource.
The objective of this study is to determine the extent of
different anthropogenic impacts on the karst groundwater in
the COHWHS catchment. The use of isotopic data is the
preferred and well-established method of choice to trace
ground-water flow (e.g. Glynn and Plummer 2005). How-
ever, in the absence of isotopic data, a detailed interpretation
of major and trace elements can also achieve a good
understanding of the flow system if sufficient variability in
hydrochemistry is found. In anthropogenically impacted
environments, pollution sources have typically characteris-
tic chemical signatures with selected element concentrations
clearly elevated beyond their natural variability. Sewage
works, for example, are likely to be associated with high

@ Springer



514

Environ Geol (2009) 57:513-524

BOD, COD and elevated concentrations of nitrate, phos-
phate, organic chemicals, E. coli and other bacteria in
groundwater (Love et al. 2004). On the other hand, highly
mineralized acidic water with high sulphate/chloride ratios
can be attributed to mine drainage (AMD) in the absence of
gypsum bearing strata. Agricultural run-off signatures are
generally represented by common constituents of fertilisers
or livestock excrements (e.g. potassium, ammonium and
nitrate, E. coli and possibly other bacteria). The use of
major ions and trace elements as natural tracers for
anthropogenic signatures has therefore become a common
method to delineate the spatial influence of anthropogenic
sources on water resources (Helena et al. 2000; Lambrakis
et al. 2004; Thyne et al. 2004). Assessments of hydro-
chemical processes in groundwater systems are typically
aided by conventional geochemical displays (e.g. histo-
grams, Piper plots) and multivariate statistical methods
(Guler et al. 2002; Hussein 2004; McNeil et al. 2005; Singh
et al. 2004). While graphical techniques provide valuable
and rapidly accessible information, they visualize only a
limited number of variables and are not particularly useful to
produce distinct groups of samples discriminated by
objective means (Guler et al. 2002). On the other hand,
multivariate methods like cluster analysis can compare and
objectively classify different water samples based on the full
range of chemical parameters of the water analysis. The
samples are divided into groups of similar hydrochemical
signatures, which can eventually be spatially correlated
(Giiler et al. 2002). Combining these two approaches with an
end-member mixing analysis (EMMA) between the identi-
fied end-members of the groups provides a higher
confidence in an otherwise purely statistical assessment.
EMMA is used to estimate the contributions of known or
hypothetical source solutions to the chemistry measured at a
point of discharge (Doctor et al. 2006). This paper intends to
use this combination of methods for a qualitative and
quantitative description of the geochemistry of the CO-
HWHS karst catchment. In return this method provides and
improved understanding of the sources and factors con-
trolling groundwater quality including discriminating
natural background and anthropogenic impact. Although
numerous studies have documented the general impacts of
anthropogenic activities on the groundwater chemistry in
the area (Van Biljon 2006; Hobbs and Cobbing 2007), no
systematic interpretation thereof has been made to date.

Site description
Study area

The Cradle of Humankind is located approximately 40 km
northwest of Johannesburg, South Africa (Fig. 1), and is
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deemed a World Heritage Site mainly due to its vast treasure
chest of fossilized remains of past life forms, particularly
hominids found in the karst caves of the Malmani Dolomite.

The COHWHS has received great attention since the
first mine water started to decant south of the area near
Krugersdorp in August 2002. The gold-bearing reefs of the
Witwatersrand basin have been mined since 1887. During
this period, water was pumped from the mine workings to
enable deeper mining to take place. As the gold content in
the reef declined more gold mines closed, resulting in
dewatering operations being ceased. The rebounding water
table has led to significant pollution of groundwater in the
abandoned mining areas by acid mine drainage (AMD).
AMD is a result of the oxidation of metal sulphides, and is
characterised by elevated heavy metal concentrations, high
sulphate contents, an increased electrical conductivity and
a lowering of the pH of the water in the mining area
(Heikkinen et al. 2002; Williams and Smith 2000).

In addition to the mining activities, two wastewater
treatment plants (municipal sewage works) and numerous
agricultural smallholdings are located in the catchment. The
tributaries of the catchment play therefore a major role in
assimilating the mining, industrial and municipal waste-
water together with run-off from agricultural land. These
surface waters enter the karst aquifer through swallow
holes, dolines and diffuse leakage from riverbeds. Such
inflows are characteristic of karst terrains (Wang et al.
2001) and pose a threat to the water resources in the area.

Geological setting

The north-western boundary of the COHWHS follows the
ridge underlain by the quartzite of the Timeball Hill for-
mation (Pretoria group). The south-eastern boundary
transects the western part of the granitic Johannesburg
dome and neighbouring ridges of gold-bearing Witwaters-
rand formations, forming the faulted rim of the
Witwatersrand basin. Towards the west of the Johannesburg
dome the basal formation of the Transvaal supergroup
outcrops, consisting of the quartzitic Black Reef formation,
which underlies the Malmani dolomite subgroup (Fig. 1).
The Malmani dolomite rocks were formed in an early
Proterozoic shallow epeiric sea (Clendennin 1989), and
consist essentially of shallow marine stromatolitic dolo-
stone and have been subdivided into five formations of
alternating chert-poor and chert-rich dolomite. Karstifica-
tion has been more active in the chert-rich dolomite, due to
higher porosity being developed in the brittle fragmented,
and cherty horizons being accessed by deeper penetrating
fractures and fissures. Therefore, the chert-rich dolomite has
generally good water-bearing and storage characteristics
(Bredenkamp et al. 1986). The karst of the Malmani sub-
group is an important example of a karst developed on a
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very old dolomite. Therefore, the lithologies have been
subjected to deep burial, tectonisation, folding, uplifting,
and prolonged episodes of natural loss of soil and rock
debris in the interior of the Kaapvaal Craton. The dolomite
is frequently concealed under a thick blanket of residual
material that is derived from recent dolomite dissolution
and the weathering of older karst regoliths. Another
important and well-documented characteristic of the
regional karst of the Malmani dolomite is its subdivision
into ‘compartments.” Dolomitic compartments are formed
by the crosscutting of impervious sub-vertical dykes of
dolerite and syenite, as well as by silicified faults, creating

hydrogeologically isolated units with similar characteristics
across that unit (Bredenkamp et al. 1986). The compart-
ments in the study area are known as Tweefontein,
Zwartkrans and Steenkoppies (Fig. 1). This investigation
focuses on the more exploited Zwartkrans dolomitic com-
partment underlying the southern part of the COHWHS.

Climate and hydrogeology
The area experiences a sub-humid warm climate typical of

the South African Highveld. The mean annual precipitation
over the area varies between 600 and 700 mm per annum
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(DWAF 1992) and rain occurs predominantly as thunder-
storms during summer, mostly between November and
February.

The dolomitic formations generate little surface run-off,
suggesting relatively high recharge and predominance of
underground water flow, which eventually drains to springs
associated with dykes, faults or formation contacts. Several
perennial springs with discharges of more than 5 1/s are
present in the area, but not monitored on a continual basis.
Typical karst features in the area include natural springs,
sinkholes, dolines and shallow depressions.

While the general groundwater flow direction (north-
eastwards) follows surface topography, the water levels
drop sharply across dykes. The dykes act as hydraulic
barriers subdividing the Zwartkrans compartment into
smaller sub-compartments, with different average water
levels representative for each sub-unit (Fig. 2).

In karst regions, surface—groundwater interaction
becomes of major importance for the water quality when
the surface water sinks into streambeds or into swallow
holes. Surface drainage of the karst system is towards the
NE by the Blaauwbankspruit and its tributaries (Fig. 2).
The catchment has a number of anthropogenic sources that
potentially influence the hydrochemistry of the karstified
Zwartkrans compartment. These include the following:

1.  Groundwater decanting from an abandoned mine area
was pumped and treated in a modified old uranium
settling plant at the time of the study. However, this
facility cannot contain the amount of flow (15 Ml/day)
(Van Biljon 2006) during periods of high rainfall and
significant volumes of untreated polluted mine water
AMD enter the Tweelopiesruit (Fig. 3).

2. The Percy Stewart and Randfontein waste water
treatment plants discharge an estimated 19 and
17 Ml/day of treated sewage effluent into the Blougat-
spruit and Rietspruit, respectively, which is upstream
of the COHWHS (Fig. 3).

3. Animal husbandry, such as diary, poultry, feedlots and
pig farming activities occur throughout the area, in
addition to numerous large-scale crop productions.

The locations of these potential contamination sources in
relation to the sampling points used for the assessment are
given in Fig. 3.

Methodology

Database preparation

This study was carried out by combining three ground and

surface water chemical datasets for the COHWHS. The first
dataset was collected by the Department of Water Affairs
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and Forestry (DWAF) as part of the National Groundwater
Database (NGDB, 1996-2007). Very few boreholes have
been sampled on a continuous basis and the data are highly
variable in content, reliability and periodicity of sampling.
The second dataset is based on sampling conducted during
2005 by the Gauteng Department of Agriculture Conser-
vation and Environment (GDACE). The dataset contains 56
samples retrieved from caves, boreholes, and streams
throughout the karst system. The University of Pretoria
(UP) sampled the source of the sewage effluent return flow,
the decanting mine water as well as a number of boreholes
and springs during and after the rain season (2005-2006).
The water quality sampling was performed according to
SABS/ISO 5667 standards and the samples were analysed
in a SANAS accredited laboratory. Field measurements
included pH, electrical conductivity (EC), temperature, and
dissolved oxygen content.

While the GDACE and UP samples were generally
analysed for major ions (Ca, Mg, Na, K, SO,, Cl, HCOs3,
NO;, POy, and F) and trace elements, only selected sam-
ples captured in the NGDB were analysed for trace
elements. A high percentage of trace elements values were
below the analytical detection limit (censored data) and
therefore not used in the multivariate analysis. Furthermore
data with unacceptable errors in the charge balance (>5%)
were excluded from the database and further analysis:

Charge balance = 100%

: ’ (Z cations — Z anions) / (Z cations + Z anions) ‘

<5%.

Despite repeated sampling of the highly acidic mine
drainage and analysis in different laboratories the ion
balance errors remained high and the exclusion criteria was
relaxed to 10% for the acid mine drainage samples. The
errors are most probably related to the exclusion of protons
in the charge balance (Hounslow 1995). The final dataset
contained 148 samples from 47 unused, domestic and
agricultural water-supply boreholes, six caves, nine springs
and 24 surface water localities throughout the southern
section of the COHWHS (Fig. 3).

Distribution characteristics

The distribution characteristics of each variable in the
database were evaluated by histograms and their measures
of location and dispersion. Since most of the applied sta-
tistical analysis assumes normally distributed data (Giiler
et al. 2002), a studentized range test (n > 1,000 valid
samples) for normality with a level of significance of 0.01
was performed. The studentized range test compares the
ratio of the sample range and standard deviation to tabulated
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Fig. 2 Surface water drainage and groundwater flow map

critical values (Pearson and Hartley 1970). While NO3, Cl,
Ca, HCO3, SO, and EC follow a normal distribution, the
following variables were log-transformed so they more
closely correspond to a normal distribution: Na, K, HCO3,
and pH. These were the only variables with continuous data
that could be used in the multivariate statistical analysis.

Multivariate statistical analysis

Hierarchical cluster analysis (HCA) is commonly applied
to classify observations so members of the resulting groups

are similar to each other but distinct from other groups
(Guler et al. 2002; Heikinien et al. 2002; Hussein 2004,
Lambrakis et al. 2004; Singh et al. 2004; Thyne et al.
2004). This method possesses a small space distorting
effect, uses more information on cluster contents than other
methods, and has been proven to be an extremely powerful
grouping mechanism (Lambrakis et al. 2004). Groundwater
is classified into groups, which is a different grouping from
conventional geochemical graphical techniques (e.g. Piper,
Schoeller and Stiff diagrams). This different grouping is
mainly due to the use of a much greater combination of
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Fig. 3 Land use activities in
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chemical and physical parameters (e.g. temperature) to
classify water samples.

Ward’s linkage rule was used to analyse the distances
among linkages for the entire group of observations and the
squared Euclidean distances were used to determine the
distance between observations. The data were standardized
by calculating their standard scores (z-scores) as follows:

x,-—)?

3 =
N

where z; = standard score of the sample I, x; = value of
sample, X = mean, s = standard deviation. Standardization
scales the log-transformed or raw data to a range of
approximately +3 standard deviations, centred about a
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mean of zero. Therefore, each variable has equal weight in
the statistical analyses.

An HCA results in a graphical representation of the
hierarchical grouping along with the corresponding
rescaled distance to achieve the linkage (dendrogram). The
clusters with the greatest increase in the rescaled distance
are usually chosen as the final number of clusters. Cluster
membership is then saved for each observation and group
averages compared to the sample population average. Due
to the standardization of the data for the HCA, only relative
deviations from the population average may be interpreted.
Mapping of cluster membership is used to spatially inter-
pret the identified structures in the geochemical dataset
(chemical signatures).
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Geochemical analysis

Plotting the chemical dataset on a Piper diagram produces a
visual presentation of water types as well as of the vari-
ability and trends in the water quality of the samples. Piper
diagrams or mass balance modelling might be used to
estimate mixing ratios of two (or more) defined end
members with relative constant (input) mass fluxes along a
possible flow path. If temporal variations or analytical
uncertainties of the sources/end members need to be con-
sidered, more complex mixing models (e.g. Carrera et al.
2004; Christensen et al. 2006) should be applied. In this
paper, only a general mixing trend between three identified
end members (two potential anthropogenic sources and
pristine dolomitic groundwater) are assessed. The end
members are represented by samples taken at the source of
pollution itself (decanting mine shaft and treated waste
water outflow) and a pristine dolomitic spring further up in
the catchment. Temporal variations of the mass fluxes from
these sources are assumed to be negligible and conserva-
tive transport behaviour of the selected ions sulphate and
chloride, for the mass balance assumed. Geochemical
modeling with PHREEQC 2.8 was used to calculate the
general mixing trends as well as calcite and dolomite sat-
uration indices for identified groundwater samples.

Results and discussion
Interpretation of cluster analysis

Based on the visual assessment of the rescaled distance in
the dendrogram, three distinct hydrochemical clusters were
identified (Fig. 4).

Clusters 1 and 3 are further sub-divided into two sub-
groups for a more comprehensive interpretation of the
chemical signatures. A summary of the chemical data is
presented in Table 1.

In general terms cluster 1, with the highest number of
samples, is characterized by elevated sodium, chloride,
bicarbonate, nitrate and sulphate concentrations, indicating
the influence of a combination of anthropogenic sources.
The subdivision of cluster 1 is in principal based on vari-
ations in nitrate, sulphate, chloride and bicarbonate
concentrations, with SC-1a showing highly elevated nitrate
chloride concentrations and SC-1b elevated concentrations
of all major ions, especially sulphate.

The inclusion of all samples directly downstream of the
Percy Stewart wastewater treatment plant into SC-1a sug-
gests effluent return flows as a nitrate source. However,
run-off of fertilizers and livestock excrement from
the agricultural areas or domestic effluents from leaking
septic tanks might contribute to the observed nitrate
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concentrations. Published thresholds of nitrate concentra-
tions indicate anthropogenic contamination range between
9 and 20 mg/l (Panno et al. 2006), indicating that this
group has been severely contaminated by nitrate. The
average nitrate concentration of SC-1a is within the max-
imum acceptable limits for drinking water in South Africa,
which is 88 mg/l (7 years consumption period, SANS
2005).

Average sulphate levels of 70.5 mg/l and high coeffi-
cients of variations (up to 300%) were measured in 223
dolomitic groundwater samples from the Chuniespoort
group by Barnard (2000). Therefore, in the absence of
other sulphate sources like gypsum in the dolomites, the
elevated sulphate concentrations of SC-1b (141 mg/l)
suggests a hydrochemical influence of the acid mine
drainage on this cluster. The neutral pH values of cluster I
samples along with high bicarbonate concentrations indi-
cate buffering due to the dissolution of dolomite.
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Table 1 Mean values for the

aroups distinguished by Parameter g;;ngzltete Cluster 1 Cluster 2 Cluster 3

hierarchical cluster analysis, i Total SC-la  SC-1b  Total Total SC-3a SC-3b

end members highlighted group 1 group 2 group 3
Number of samples 148 88 32 56 40 20 10 10
pH 6.9 7.4 7.5 7.2 7.3 4.0 3.3 4.8
El. Cond (mS/m) 111.2 85.0 87.9 83.4 34.1 380.3* 491.8" 268.7
Na (mg/l) 532 49.3 53.6 47.0 4.0 168.6 262.5 747
Mg (mg/l) 439 30.2 37.6 26.0 20.0 151.6 194.3* 108.8*
K (mg/l) 4.7 44 2.8 53 1.0 13.4 21.9 4.9
Ca (mg/l) 110.1 69.3 67.7 70.2 30.5 449.1 489.7*  408.4"
HCO; (mg/l) 139.1 151.2 209.3 117.9 174.6 14.7 0.5 28.8
NO; (mg/l) 19.0 28.0 54.2 12.9 6.1 5.6 9.0 2.1

* Exceed the acceptable limits SO, (mg/l) 511.9 206.1 141.1 2431 118 2858 4042 1673

for drinking water in South Cl (mg/l) 343 48.7 633 404 43 30.5 336 274

Africa (SANS 2005)

Cluster 2 combines the samples with a pristine dolomitic
water signature (calcium, magnesium and bicarbonate),
with all solute concentrations well within the ideal limits
for drinking water in South Africa (SANS 2005).

Cluster 3 contains mostly water samples with excep-
tionally elevated sulphate concentrations, taken directly
from or in close vicinity to the mine decanting point. The
average sulphate concentration in the decanting area is
about 2,858 mg/l with a pH value of 4.0. This is related to
the oxidation of sulphide minerals such as pyrite in the
gold-bearing strata of the Witwatersrand supergroup. The
relatively high pH value for the AMD indicates partial
buffering of the acid mine drainage by the dissolution of a
dolomite outlier in the decanting area itself, resulting in
elevated calcium and magnesium concentrations. Conse-
quently sulphate, calcium and magnesium concentrations
as well as EC exceed the acceptable limits for drinking
water in South Africa, which are 400, 150, 70 mg/l and
150 mS/m, respectively (SANS 2005).

Hydrochemistry

From Fig. 5 the water chemistry in the catchment appears to
evolve from a Ca—Mg to Na + K cation predominance and
from a HCO5 towards SO, or Cl anion predominance. The
direction of these trends is consistent with increasing spe-
cific conductance and total dissolved solid content of the
samples towards potential sources. The Ca—-Mg—SO, facies
samples in the upper corner of the diamond are influenced
by acid mine drainage and represent the highly mineralized
water samples combined in cluster III of the HCA.

The samples in the left corner of the diamond (Ca-Mg—
HCO; facies) represent cluster 2, i.e. pristine dolomitic
water not impacted by anthropogenic sources.

Wastewater treatment return flow samples, as well as
downstream surface water samples, plot towards the right
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corner of the diamond (Na—Cl facies) and were grouped
into cluster 1. The water samples have an equivalent mole
ratio of Na/Cl larger than one, clearly deviating from
ratios determined by Galloway et al. (1983) for Atlantic
rainwater (0.81-0.90) or seawater (0.86). In the absence of
chloride bearing strata and based on observed high chlo-
ride concentrations at the outlet and downstream of the
waste-water treatment plants, the distinctively elevated
chloride concentrations were related to wastewater treat-
ment return flows. Diffuse agricultural/irrigation return
flows contribute to the salt load as well, but were in the
absence of known concentrations not considered in the
geochemical modelling.

The majority of the samples plot in the Piper diagram
between these three extreme end members (acid mine
drainage, pristine dolomite water and waste water treat-
ment return flows). A potential mixing field between the
end members was modelled with PHREEQC 2.8 by vary-
ing mixing ratios of two consecutive end members. It is
important to note that fluid—rock interactions (e.g. dolomite
dissolution), reactive transport, as well as influences of
agricultural land use practices were neglected in the cal-
culations. While the majority of observed variations in the
anion ratios of the water samples are relatively well-
described with such simplified mixing trends between the
three end members, the cation ratios of the water samples
show significant deviations from the conservative mixing
calculations. The observed curved trend towards the
sodium apex in the Piper plot suggests for example ion
exchange as another important, non-negligible process
along the flow path.

Therefore, the chosen approach only shows the potential
to describe observed chemistry changes by simple mixing
of three sampled end members. Source apportioning for
individual boreholes or springs should be done with inverse
geochemical modelling considering reactions along the
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Fig. 5 Piper diagram
presenting the composition of
groundwater and surface water
samples. Mixing calculation
tr.end lines is shown on the Piper Leged
diagram
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flow path or e.g. multivariate receptor models (Christensen
et al. 2006) to allow uncertainties and variations in the
source concentrations.

Spatial distribution

The relationship of the statistically defined clusters of
samples to geographic location illustrates the most impor-
tant information that geochemical survey datasets contain,
i.e. the variation in regional distribution (Reimann et al.
2005). Mapping the cluster groups based on their chemical
similarity allowed us to identify the spatial relationship of
hydrochemical processes and/or flow paths.

Based on the spatial distribution map (Fig. 6) it is evi-
dent that cluster 3 indicates samples taken at the source of
the acid mine drainage. Cluster 1 and its subgroups rep-
resent the contamination signature and are located either in
the immediate vicinity of the anthropogenic sources or
along the flow path of polluted surface waters. A look at
the cluster distributions map reveals that SC-la shows
some correlation with agricultural land use practice and
SC-1b indicates the contamination signature from either
the mine drainage or the waste water return flows (Fig. 6).
Cluster 2 represents the natural water of the dolomite and is
either located beyond the current area of anthropogenic

MNa+K

HCO3 Cl

influence or related to the mixing (dilution) of surface
water and groundwater of uncontaminated flow paths.

To the west of the main north-west transecting dyke
(Sub-unit B & H) a number of samples represent the
background water composition (cluster 2), whereas the
samples towards the east of the dyke indicate the con-
taminant signature (SC-1b). The SE-NW striking dyke
towards the northeast (Sub-unit F) acts also as a hydro-
geological barrier. The contamination signature of SC-1b
in sub-unit F is possibly occurring via surface flow paths
from sub-unit E, before it enters the underground water
network via streambed leakage. Water samples taken from
caves along the contamination flow paths indicate pristine
waters (cluster 2) suggesting that these caves occur as
stacked perched water tables, which was also illustrated by
Jamison et al. (2004). The chemical contents, saturation
indexes and simple mixing ratios of groundwater samples
identified from SC-1b and along the Blaauwbankspruit are
given in Table 2.

The mixing ratios in Table 2 confirm a general trend of
decreasing contributions of the respective source (AMD
and Percy Stewart) along the flow paths (Fig. 6), with
minor contributions of AMD and major influences of
effluent return flows being already evident in sub-unit F
(Table 2, Bol 01 and DUP1). However, since the additional
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Fig. 6 Spatial distribution of

the hydrochemical clusters
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chloride loads from diffuse agricultural or irrigation flows
were not considered in the simple end-member mixing
analysis, the Percy Stewart SW ratios serve only as an
upper limit. Detailed source apportioning using e.g. mul-
tivariate receptor models to account for the variability and
co-linearity of the different sources needs to be done.

Conclusion
The combination of statistical, spatial, geochemical and
end-member analysis provides useful assessment of con-

trols over water composition and assists in the identification
of possible anthropogenic influences. The methodology

@ Springer

integrates the information from each technique producing a
more robust interpretation. The procedures outlined here
may assist in hydrogeological characterization, contaminant
plume delineation, and future monitoring designs. Deteri-
oration in groundwater and surface water quality were
observed downstream of a mine water discharge area and
wastewater treatment works. The dominant water facies in
the study area changed due to infiltration of polluted water
from a Ca—Mg-HCOj; type to a Mg—Ca-SO,4 or Na-SO,
type. The geochemical processes responsible for the vari-
ation in groundwater quality are mixing, ion exchange and
mineral dissolution. The dendrogram of cluster analysis
identified the existence of three hydrochemical regimes.
These statistical groups have distinct spatial patterns in the



Environ Geol (2009) 57:513-524

523

Table 2 Geochemical analysis (in mg/l) and mixing calculations based on a simple sulphate and chloride mass balance of groundwater samples

Flow path Na Mg K Ca NO; SO, Cl Mixing ratio® Saturation indexes
(sample number)

Calcite Dolomite
GP0227 98.4 228.2 14.7 515.9 34 4512.5 40.0 (1:0:0) —4.280 —8.539
F8S9 46.3 51.1 33 185.3 3.8 809.9 19.7 (0.18:0.13:0.70) —1.070 —2.368
F10S11 29.5 38.0 1.9 130.0 4.0 530.4 17.5 (0.11:0.13:0.76) —0.115 —0.431
F11S12 28.2 40.8 1.7 1234 3.0 478.6 14.5 (0.10:0.10:0.80) —0.264 —0.674
PER-01 104.0 7.0 20.0 64.0 0.9 123.0 94.0 (0:1:0) 0.254 —0.112
G36349 53.0 11.2 1.8 19.9 15.8 63.7 61.4 (0:0.65:0.36) —0.7798 —1.4664
G36330 18.0 16.0 0.9 26.0 0.4 52.0 24.0 (0:0.25:0.75) —0.6443 —0.9911
VDM-01 10.7 18.4 2.0 329 5.4 37.0 16.4 (0:0.16:0.84) 0.0708 0.2382
G36334 35.6 41.1 1.9 54.1 30.8 201.4 54.3 (0.03:0.56:0.41) —0.6443 —0.9911
G36327 44.0 34.0 1.4 61.0 11.94 79.0 58.0 (0:0.61:0.39) —0.1186 —0.1020
G36323 47.0 40.0 2.0 71.0 18.2 106.0 54.0 (0.01:0.57:0.42) 0.507 1.136
G36320 36.0 37.0 1.0 56.0 13.3 82.0 47.0 (0:0.49:0.51) 0.0697 0.3061
BBH-1 25.6 37.9 0.9 58.0 39.3 111.0 34.1 (0.01:0.35:0.64) —0.0988 —0.0368
Bol 01 29.4 325 0.5 67.2 329 126.0 46.9 (0.01:0.48:0.49) 0.8288 1.6896
DUPI 46.0 28.0 1.4 48.0 10.6 114.0 56.0 (0.01:0.59:0.41) —0.6544 —1.1988
PLOV-01 1.7 24.7 0.25 37.7 1.7 29 1.6 (0:0:1) —0.1376 —0.1082

# Indicates mixing ratio’s of the three identified end-members (AMD, Sewage Works and Pristine dolomite) based on SO, and CI mass balance

ratios
Bold values indicate identified end-members

study area, providing the spatial discrimination desired
when determining hydrochemical facies. According to the
analysis, large portions of the karst aquifer are affected by
recharge from tributaries carrying pollutants from acid mine
drainage and treated sewage effluent. Inflows into the sys-
tem occur via swallow holes and leakage through the
riverbed. The groundwater flow paths themselves are
influenced by the compartmentalization of the karst aquifer,
which contain the contaminate plume in certain areas,
although surface waters transport pollutants from one
groundwater compartment to the next.

The results showed areas that have water chemistry due
to natural water—rock interactions (pristine dolomitic
water) while other areas were highly impacted by anthro-
pogenic sources. The best indicators for the present
pollution in the dataset are elevated electrical conductivity
and increased concentrations of sulphate, chloride and
nitrate, all of which are easy to monitor. The greatest risk
to the use of the groundwater resource is related to the
polluted acid mine drainage, with ion concentrations
exceeding the recommended values for drinking water in
South Africa considerably.
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