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ABSTRACT

Routine sampling of water quality was conducted at sites along a longitudinal gradient from upstream to downstream in

the Olifants River to determine spatial trends in nutrient and metal concentrations and to relate these trends to changes in
land use activities in the catchment. In addition, once-off sampling was conducted at a number of sites located downstream
of current mining, abandoned mining, agriculture, wastewater treatment works (WWTWs) and industry. Nutrient con-
centrations were relatively high and a number of sites within the catchment had average N:P ratios that were indicative of
eutrophic to hypertrophic conditions. Routine and once-off sampling indicated that wastewater treatment works contribute
high nutrient loads to the system. Trend analysis of Department of Water Affairs (DWA) data indicated significant positive
trends in ortho-phosphate at 12 of 14 stations in the catchment. An increase in sulphate concentrations from upstream to
downstream indicates that mining activities have a progressively greater impact on water quality with increasing distance
downstream. While dissolved metal concentrations frequently exceeded chronic and acute effect aquatic ecosystem health
guidelines (particularly aluminium, copper and zinc), there was no observable trend from upstream to downstream. Once-
off sampling showed high variability in water quality parameters downstream of current mining activities, and some sites
showed higher metal concentrations in comparison to other land use activities. However, the contribution of current mining
activities to metals is low in comparison to the contribution from abandoned mines. Hydrological data showed that acidic
rivers contribute proportionally higher flow volumes in comparison to neutral rivers during the drier winter months, which
may significantly impact on the lower stretches of the upper Olifants River and into Loskop Dam. A prolonged drought
period will most likely result in severe impacts to the lower reaches of the Olifants River and to Loskop Dam. Improved
management and maintenance of wastewater treatment works and rehabilitation and/or treatment of abandoned mines and
associated acid mine drainage are crucial. Proper rehabilitation of current mining activities is essential to avoid or minimise

acid mine drainage related impacts in the future.
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INTRODUCTION

A number of land and water use activities that take place in
the upper Olifants River system are of strategic importance

to South Africa (e.g., mining, agriculture, power generation).
These activities rely heavily on a variety of goods and services
that they derive from the aquatic ecosystems in the area. The
Olifants River has, however, been described as one of the

most polluted rivers in southern Africa, due to the number

of anthropogenic stressors that are present in the catchment
(Grobler et al., 1994). These stressors include intensive coal
mining activities (Hobbs et al., 2008), coal-fired power genera-
tion (Dabrowski et al., 2008), industrial activities (e.g., chemical
manufacturers, chrome and steel smelters) and agriculture,
combined with a general decline in the operation and manage-
ment of wastewater treatment infrastructure, especially sewage
treatment (DWA, 2011a).

The pollutants generated by these activities include gen-
eral acidification of the system and the input or mobilisation
of heavy metal ions plus sulphates and other contaminants
via acid mine drainage (Bell et al., 2001; Hobbs et al., 2008);
potential acid rain resulting from poor air quality (Rodhe et
al., 2002); industrial effluent containing a variety of potential
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pollutants; excessive nutrient inputs (phosphorus and nitro-
gen) from agricultural activities and sewage effluent (De
Villiers and Thiart, 2007; Oberholster et al., 2010a); and
microbiological pollution from intensive agriculture (e.g.,
feedlots) and sewage effluent. Associated with these key water
quality parameters are threshold concentrations which, if reg-
ularly exceeded, can result in harmful impacts on aquatic eco-
systems and human health. Research and field observations
indicate that these thresholds are increasingly under threat.
With respect to the upper Olifants catchment, the presence

of this ‘cocktail” of pollutants has recently manifested in a
number of critical ecological and human health concerns fur-
ther downstream in the catchment, most notably in Loskop
Dam. Studies performed in the upper Olifants catchment
have documented the presence of various heavy metals in fish
tissue (Coetzee, et al., 2002). Over the past 15 years, Loskop
Dam has had a history of isolated incidents of fish mortal-

ity at different times of the year and with different durations
(Driescher, 2007; Asthon, 2010). These incidents became more
frequent from 2003 to 2008 and have coincided with crocodile
mortalities and a population decline from +80 individuals to
a total of 4 in 2010 (Ashton, 2010). The precise cause of these
mortalities is currently unknown. In 2008 a large number

of crocodile mortalities were recorded in the lower Olifants
River in the Kruger Park. These deaths were ascribed to
pansteatitis although the exact cause of this condition in the
crocodiles is currently unknown. Fish sampling in July 2009
indicated high concentrations of aluminium and iron in fish
organs as well as tumour formation and severe liver necrosis
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in certain fish species in Loskop Dam (Oberholster et al.,
2012). The occurrence of massive toxic cyanobacterial blooms
in Loskop Dam since 2008 indicates that the system is hyper-
trophic (Oberholster et al., 2010a) and edible crop plants may
be exposed to cyanobacterial toxins via spray irrigation or
other forms of watering (Oberholster and Botha, 2011).

With a view to remediation and future catchment man-
agement, it is important to link specific water quality impacts
to land use activities occurring in the catchment and to
prioritise water quality impacts and associated sources at a
catchment level. Accordingly, a multiple sampling and data
analysis approach was adopted in the upper Olifants catch-
ment to i) prioritise pollutants in the system through routine
monitoring and trend analysis of historical water quality data;
ii) link specific land use activities occurring in the catchment
to water quality impacts; and iii) identify sub-catchments
responsible for high loading of pollutants into the upper
catchment. A variety of data analysis methods, including
analysis of long-term monitoring data from the Department
of Water Affairs (DWA), generation of basic statistics and
comparison to water quality guidelines, as well as multivariate
statistical analyses are used to elucidate relationships between
land use activities in the catchment and impacts on water
quality. Outputs of these objectives can be used to prioritise
pollutants and sources of pollutants in the catchment, which
is essential with regard to future catchment management and
remediation initiatives as well as in the design of monitoring
programmes aimed at identifying the status and trends of
water quality in the catchment.

MATERIALS AND METHODS
Study area
The study area is located in the upper section of the Olifants

Water Management Area (WMA), upstream of Loskop Dam,
and comprises the Wilge and upper Olifants secondary
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Figure 1
Map showing the
location of routine,
once-off and
Department of Water
Affairs monitoring sites
in the upper Olifants
catchment.

catchments (Fig. 1). In addition to analysis of routine DWA
monitoring data, two sampling approaches were adopted;
routine monitoring at selected sites within the main stem of
the Olifants River and once-off sampling at a number of sites
downstream of different land use activities located through-
out the catchment.

Routine sampling

Ten sites were selected for the purposes of routine monitoring
(Fig. 1). The catchment area of each of the routine monitor-
ing sites was delineated using ArcGIS and the proportion

of land use activities upstream of the sampling point was
quantified (Table 1) using the National Land Cover dataset
for South Africa (Van den Berg et al., 2008). Site 1_KOF is

the most upstream site and, while it is downstream of agri-
cultural activity, is assumed to be the least impacted site.

Site 2_OLF is also relatively high up in the catchment and

is impacted mainly by agriculture and low intensity min-

ing activities. Each site further downstream is collectively
impacted on by a greater concentration of mining and urban
impacts, including wastewater treatment works (WWTWs).
There is a large increase in mining activities between 2_OLF
and 4_OLF, after which the relative proportion of total land
cover under mining remains relatively constant. Site 5_OLF
is located immediately downstream of a sewage effluent
discharge point. Site 8_OLF is just downstream of the conflu-
ence of the Olifants River with the Klipspruit River and is
thus impacted by acid mine drainage. In addition, sites in the
Steenkoolspruit (3_STK) and Klipspruit (10_KLP) catchments
were selected for the purposes of comparing metal concentra-
tions and loads originating from an area dominated by cur-
rent (Steenkoolspruit) and abandoned (Klipspruit) mining
and associated acid mine drainage. In total, 5 samples were
collected from all of the abovementioned sites; once every

2 months over a 10-month period. These samples are therefore
representative of seasonal changes in river hydrology.
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Table 1
Composition of major land cover categories, in hectares (and percentage of total in parentheses), in
the catchment area upstream of routine monitoring sites located in the upper Olifants catchment

Site Agriculture Bushveld Forestry Grassland Mining Urban
1 KOF 3723 (43) 0 0 4949 (57) 0 0
2_OLF 43 871 (48) 67 (0.1) 67 (0.1) 47 193 (51.6) 201 (0.2) 45 (<0.1)
3 STK 41 418 (44) 116 (0.1) 42 (<0.1) 47 470 (50.5) | 3705 (3.9) 1321 (1.4)
4_OLF 144 767 (45.7) 847 (0.3) 201 (0.1) 155 557 (49.1) 13 420 (4.2) 2006 (0.6)
5_OLF 153 104 (42.9) 847 (0.2) 490 (0.1) 178295 (50) | 19171 (5.4) 4637 (1.3)
6_OLF 163 069 (40.9) 1917 (0.5) 736 (0.2) 205 625 (51.6) | 21601 (5.4) 5729 (1.4)
7_OLF 263 051 (40.9) 7513 (1.2) 4102 (0.6) 331332 (51.5) | 28044 (4.4) 9 898 (1.5)
8_OLF 271143 (39.3) | 12127 (1.8) 6041 (0.9) | 356211 (51.7) | 30920 (4.5) | 13108 (1.9)
9 OLF 422754 (37.7) | 75371 (6.7) 13219(1.2) | 557957 (49.7) | 33372 (3.0) 19 550 (1.7)
10_KLI 7229 (19.7) 1897 (5.2) 1592 (4.3) 19527 (53.1) | 3065 (8.3) 3254 (8.6)

Once-off sampling

For once-off sampling (Fig. 1), the objective was to select a
number of sites downstream of important land use activities

in the catchment. These included current mining, abandoned
mining, industry, agriculture and WWTWs. The location of
WWTWs was identified using the South African Department
of Water Affairs GoogleEarth-enabled water quality data explo-
ration tool (DWA, 2011b). Other land use impacts upstream

of sampling sites were identified through a combination of
existing GIS land cover maps, 1:50 000 topographical maps,
GoogleEarth and groundtruthing exercises. The location of
abandoned coal mines was determined and mapped in as much
detail as possible using information presented in Rapson and
Moolman (2004) and 1:50 000 topographical maps. This identi-
fied the location of abandoned mines to at least within a cadas-
tral farm boundary scale. In total, 32 sites were selected (10 cur-
rent mining, 6 abandoned mining, 9 agriculture, 5 WWTWs
and 2 industry sites). Water quality samples were collected and
field measurements taken at each of the selected sites during a
fieldtrip undertaken from 12 to 13 September 2011. Samples are
thus representative of low flow conditions.

Department of Water Affairs monitoring sites

Twelve monitoring stations were selected in the upper and mid-
dle Olifants catchment, as well as the Wilge catchment (Fig. 1).
Sites were selected on the basis of having both flow and water
quality data so as to enable calculation of loads. These sites were
located within the main stem of the Olifants River as well as in
main tributaries of the river. Tributary sites, in particular, were
chosen in order to identify the main sub-catchments respon-
sible for high loading of pollutants into the main stem of the
Olifants River and Loskop Dam.

Sampling and analysis

On arrival at each sampling site, water temperature, dissolved
oxygen, pH and electrical conductivity values were measured
in situ at the water surface using a Thermo 5 star pH/RDO/
Conductivity meter set. Water samples were collected at each
site for standard chemical analysis. All water samples were col-
lected in pre-rinsed, 1 € polyethylene bottles and placed on ice
in the dark, without the addition of any preservatives. Samples
were then frozen until they were delivered to the accredited
CSIR Analytical Laboratory in Stellenbosch. Samples were
filtered through 0.45 pm pore size Whatman filters prior
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to being analysed for dissolved nutrients, metals and major
ions using standard methods (APHA, 1992). Concentrations
of aluminium (Al), arsenic (As), cadmium (Cd), iron (Fe),
manganese (Mn), nickel (Ni) selenium (Se), vanadium (V),
zinc (Zn) and copper (Cu) were determined using inductively
coupled plasma mass spectrometry (ICP-MS). Detection limits
were 1 ug/€ (apart from Cd which was 0.05 pg/€). All major
ions, except chloride, were analysed using inductively coupled
plasma optical emission spectrometry (ICP-OES). Chloride
and all dissolved nitrogen and phosphorus forms were meas-
ured using a flow injection analyser (FIA). Ammonium (NH,")
concentrations were used to estimate the concentration of dis-
solved ammonia (NH,) concentrations as recommended by the
Department of Water Affairs and Forestry (DWAF) guidelines
for the aquatic ecosystem (DWAF, 1996). Detection limits for
all the aforementioned constituents were 0.1 mg/¢.

Data analysis

Routine sampling and once-off sampling

Data collected during the five sampling events were plotted
as box and whisker plots from upstream to downstream so as
to determine changes in water quality parameters along the
length of the river. The 10* (bottom whisker), 25" (bottom
of box), 50" (line through box), 75% (top of box) and 90 (top
whisker) percentiles of measured water quality parameters
were presented. Relevant endpoints were compared to existing
water quality guidelines for the aquatic ecosystem (DWAF,
1996) so as to prioritise pollutants that potentially pose the
greatest risk to the aquatic ecosystem. Where applicable, the
Target Water Quality Range (TWQR), Chronic Effect Value
(CEV) and the Acute Effect Value (AEV) guidelines were
used. For metals the 90" percentile was compared to these
guidelines (DWAF, 1996), while average values were used in
the case of nutrients.

A multivariate statistical approach was adopted to assess
associations between sites (representative of different land use
activities) and median measurements of specific water qual-
ity variables collected during routine sampling. Ordination
of sites by water quality variables was performed by principal
component analysis (PCA), using the CANOCO software
programme. A PCA was used as the length of the gradient in
the data set was less than 4 standard deviations, indicating a
linear relationship between sites and water quality. The same
approach was adopted to assess associations between sites and
specific water quality variables measured during the once-off
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Figure 2
Box and whisker plots of
pH and dissolved oxygen
concentration (mg/¢)
measurements at routine
monitoring sites along the
upper Olifants River (n =5).
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sampling programme. Routine data collected from the
Klipspruit and Steenkoolspruit were plotted as a time series.
In addition, flow data from DWA, together with measured
water quality data, were used to calculate estimated annual
metal loads originating from these two catchments. A Monte
Carlo analysis, using 10 000 iterations, was used to simulate
and compare loads of selected water quality pollutants based
on observed ranges of measured water quality and flow data.

Department of Water Affairs monitoring data

Historical water quality data from 1972 to 2010 and flow data
from 2000 to 2008 for the 12 DWA monitoring stations were
obtained from online DWA databases (DWA, 2011b, c). Boxplots
of the minimum (bottom whisker), 25th percentile (bottom of
box), median (line through box), 75th percentile (top of box) and
maximum concentrations (top whisker) of indicator water qual-
ity variables (phosphates, nitrates, sulphates, TDS and pH) were
generated using GraphPad Prism (version 4.03). Statview was
used to subject the data to Kendall correlation analysis to deter-
mine significant (p < 0.05) positive (Tau value is positive) and
negative (Tau value is negative) trends. The FLUX programme
(Walker, 1996) was then used to calculate annual loads from flow
and water quality data at each station. These loads were used to
calculate a mean annual load at each station.
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RESULTS
Routine monitoring

Field measurements

The median pH (Fig. 2) for most sites was above 7, with sites
1_KOF, 2_ OLF, 4_ OLF and 7_OLF being comparably higher
(above 8). The exception was 8_OLF, which showed noticeably
lower pH values, with almost 50% of values being below 6. At
Site 9_OLF further downstream, pH values generally increased
to the neutral to alkaline range. Dissolved oxygen concentra-
tions were generally high, with median values exceeding 8
mg/L. Sites 4_ OLF and 6_OLF in particular showed very high
dissolved oxygen concentrations with median values exceeding
10 mg/L. Site 5_OLF was the exception with 50% of measured
values being below 6 mg/¢.

Nutrients

In the case of ortho-phosphate and ammonia, the limits of
analytical detection (0.1 mg/€) were considerably higher than
values provided as a guide of trophic status (for ortho-phos-
phate) or toxicity (for ammonia) and thus average values for
nutrients could not be compared to guidelines for many of the
sites. An assessment of trophic status for each site was made
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Figure 4
Mean (n = 5) total dissolved salts (TDS) concentrations (+ standard
deviation) and contribution of major ions to total TDS at routine
sampling sites along the upper Olifants River.

through calculation of the total inorganic nitrogen to total
inorganic phosphorus ratio (N:P) (DWAF, 1996). Site 5_OLF is
clearly impacted by nutrients and has high ortho-phosphate,
total inorganic nitrogen and ammonia concentrations

(Fig. 3). Sites 7_OLF and 8_OLF also show comparatively higher
concentrations of ortho-phosphate and inorganic nitrogen. In
the case of 7_OLF, high inorganic nitrogen concentrations are

Arsenic

as a result of elevated nitrate and nitrite concentrations, with
average ammonia concentrations being comparatively low. The
AEV for ammonia is 0.1 mg/€. This value is exceeded at Sites
5_OLF and 8_OLF. A number of sites (i.e., Sites 1_KOF, 2_ OLF
and 5_OLF) show average N:P ratios of less than 10, which indi-
cate that the system is impacted (eutrophic or hypertrophic).
The remainder of the sites (with the exception of 8_OLF) show
average N:P ratios that indicate mesotrophic conditions.

Total dissolved salts and major ions

Mean total dissolved salts (TDS) concentrations and the mean
composition of each of the major ions are presented in Fig. 4.
There is an initial increasing trend from 1_KOF to 4_OLF, after
which the mean TDS concentrations remain relatively constant
(i.e., from 5_OLF to 9_OLF). There is, however, a noticeable
trend in the relative composition of major ions that make up
the bulk of TDS concentrations. This is particularly noticeable
with regard to the anions, with carbonate showing a general
decrease in concentration and composition from upstream

to downstream and sulphate showing a general increase from
upstream to downstream sites.

Metals

In addition to the metals presented in Fig. 5; antimony, chro-
mium, lead and selenium were also analysed. All four of these
metals were either always below detection limits or were well
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Figure5
Box and whisker plots of metal concentrations measured at routine monitoring sites along
the upper Olifants River (n = 5). Dotted, dashed and solid lines represent the TWQR, CEV and
AEV guideline values, respectively, as specified by DWAF (1996).
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below relevant water quality guidelines. Additionally, arsenic
and cadmium (with the exception of 8_OLF) were both always
detected below the TWQR. No guidelines exist for nickel and
vanadium in South Africa. Sites 1_KOF, 2_OLF and 6_OLF
showed 90 percentile aluminium concentrations above the
CEV level (for pH levels greater than 6.5), whilst 8_OLF sig-
nificantly exceeded the AEV guideline (for pH levels less than
6.5) more than 25% of the time. The CEV copper guideline (for
hard water, between 120 and 180 mg CaCO,/¢) was frequently
exceeded at all sites (at least 25% of the time), with Sites 1_KOF,
4_OLF, 6_OLF and 8_OLF even exceeding the AEV guideline.
The DWAF water quality guidelines do not provide a defini-
tive guideline for iron; however, iron concentrations were in
most instances (with the exception of Site 8_OLF) lower than
that measured at 1_KOF, the most upstream site included in
the study. For manganese, Site 8_OLF exceeded the AEV, with
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Table 2
Minimum and maximum annual flow (m3 x 10°) and concentrations (mg/2) of aluminium,
iron, manganese and zinc (input) used in a Monte Carlo analysis (10 000 iterations) to
estimate annual metal loads (kg/year) originating from the Klipspruit and Steenkoolspruit rivers.
Results are reported as average annual loads and the average, 10", 50t and 90 percentile
ratios of Klipspruit to Steenkoolspruit loads (output).

Monte Carlo Analysis | Aluminium | Iron | Manganese | Zinc
Input

Flow range (Klipspruit) 18.21-88.42

Flow range (Steenkoolspruit) 6.94-144.3

Concentration range (Klipspruit) 4.3-0.5 0.35-0.07 3.4-1.6 0.23-0.013
Concentration range (Steenkoolspruit) 0.38-0.01 0.25-0.008 0.02-0.002 0.05-0.003
Output

Average Load (Klipspruit) (kg/year) 11093 972 11 354 567
Average Load (Steenkoolspruit) (kg/year) 1289 843 75 161
Ratio (Average) 27 4 352 9
Ratio (10" percentile) 2.23 0.34 53.11 0.79
Ratio (50™ percentile) 9.69 1.32 177.58 3.83
Ratio (90" percentile) 58.92 7.86 798.05 20.97

The PCA grouped Sites 2_OLF, 6_OLF and 7_OLF together and
separated the remaining sites as being distinct from this group
and each other. Site 1_KOF is characterised by having relatively
higher concentrations of dissolved iron, vanadium and copper
as well as higher concentrations of carbonate and chloride. Site
5_OLF is characterised by having comparatively higher concen-
trations of nutrients, particularly total phosphate and ammonia
as well as relatively high concentrations of copper and iron. Site
4_OLF is characterised by having the highest concentrations of
major ions (including calcium, magnesium, potassium and sul-
phate). Sites 8_OLF and 9_OLF also show high concentrations
of these ions; however, they differ significantly with respect to
other water quality parameters. Site 8_OLF is characterised by
the highest concentrations of aluminium, manganese, zinc and
sodium as well as low pH. In contrast, 9_OLF is characterised
by the lowest concentrations of metals and nutrients of all sites
monitored. Sites 2_OLF, 6_OLF and 7_OLF are grouped close
together, indicating that the water quality at these sites is rela-
tively similar, in spite of the fact that 2_OLF is located quite a
bit further upstream and is far less impacted by mining activity.

Comparison of Klipspruit and Steenkoolspruit

Monitoring data for 2010 show strong seasonal patterns in
water quality parameters in the Klipspruit River (Fig. 7). The
pH values showed a tendency to decline during low flow peri-
ods (i.e., more acidic conditions). Conductivity and dissolved
metal concentrations show a strong tendency to increase
during low flow conditions. Concentrations measured at this
site were higher than those measured at the Steenkoolspruit,
which did not show any seasonal variation in pH, conduc-
tivity and metal concentrations. The Monte Carlo analysis

of estimated load contributions from these two catchments
showed markedly higher loads originating from the Klipspruit
catchment (Table 2), particularly for aluminium and manga-
nese, with average annual loads being 27 and 352 times higher
than from the Steenkoolspruit, respectively. For 90% of the
time, aluminium and manganese loads from the Klipspruit
are 2.23 and 53.11 times higher, respectively, than those from
the Steenkoolspruit. Zinc loads from the Klipspruit are also
generally higher than from the Steenkoolspruit, while iron
loads are relatively similar.
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Monthly flow records from flow stations in the upper
Olifants catchment were analysed to determine the net acidic
flow input. On an annual basis the combined flow of the
Spookspruit and Klipspruit rivers exceeds that of the flow out-
put from the Witbank and Middelburg dams into the Olifants
and Klein-Olifants rivers, respectively (Fig. 8). This net acidic
flow occurs during the drier winter months. During the sum-
mer months the net flow is dominated by the more alkaline
Olifants and Klein-Olifants rivers.

Once-off monitoring

The PCA biplot (Fig. 9) groups sampling sites according to
their similarity in terms of their water quality signature. The
first (horizontal) axis is positively correlated with trace met-
als and is negatively correlated with pH. The second (vertical)
axis is largely characterised by dissolved salts. Three groups of
sites could be clearly separated. These are (i) abandoned min-
ing sites, located on the right hand side of the plot; (ii) current
mining and industry sites (located towards the bottom, left

of the plot); and (iii) a combination of agricultural, current
mining and WWTWs, located on the top left portion of the
graph. The abandoned mining sites are characterised by hav-
ing comparatively high concentrations of aluminium, iron,
manganese and zinc, and low pH (i.e., acidic water). There was
high variation in water quality downstream of current mining
activities. The second group of sites (current mining and indus-
try) were characterised by higher pH values and very high TDS
concentrations. Some of the current mining sites also show
metal concentrations that are higher than those associated
with agricultural land use and WWTWs (but much lower than
abandoned mining sites). Sites 13_CM, 14_CM and 20_CM
show relatively higher concentrations of aluminium, copper
and iron, while Sites 15_CM, 21_CM and 40_CM show higher
concentrations of zinc and manganese. The final group of sites
represents a number of land use impacts (including agriculture)
and in comparison to other sites included in the analysis has
lower concentrations of TDS (and associated ions) and metals
(although copper is relatively high at these sites). Phosphate
plays a minor role in distinguishing sites (as indicated by the
very short length of the arrow).
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Figure 8
Net monthly flow originating from acidic streams (sum of Klipspruit and
Spookspruit) versus alkaline rivers (sum of Olifants and Klein-Olifants). Positive
values indicate a net acidic flow and negative values indicate a net alkaline flow.
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Figure 9
Principal component analysis (PCA) of measured water quality

Figure 10
Mean total dissolved salt concentrations (+ standard

parameters (black arrows) and sampling sites downstream of
agriculture (solid triangle), abandoned mining (solid circle)
current mining (open circle), industry (solid diamond) and
wastewater treatment works (open triangle) in the upper

deviation) and contribution of major ions to total TDS at
once-off sampling sites representative of agriculture (n = 8),
abandoned mining (n = 6), industry (n = 2), current mining
(n = 10) and wastewater treatment works (n = 5) in the upper

Olifants River catchment. Olifants River catchment.

Figure 10 confirms the results from the PCA with respect
to TDS and major ions. Sites downstream of current mining
activities showed amongst the highest TDS concentrations of
all sites sampled, with sulphate forming the majority of the
ionic composition. There is, however, a high amount of vari-
ation associated with total TDS concentrations as inferred by
the standard deviation. Sites impacted by abandoned mining
and industry also show comparatively high TDS concentrations
with sulphate also comprising a large proportion of the ionic
composition. Sites downstream of agriculture and WWTWs
show amongst the lowest TDS concentrations and have a more
equal composition of major ions, with carbonate concentra-
tions being noticeably higher in comparison to mining (aban-
doned and current) and industrial sites.

Department of Water Affairs monitoring data

Trends

Historical water quality data from 1972 to 2010 of the upper
and middle Olifants, as well as the Wilge catchment, are
indicated in Fig. 11. Significant positive trends were observed
for phosphate concentrations at 10 of the 12 selected sites.

The other two sites in the upper Olifants River (B1H018) and
below Loskop Dam (B3HO017) also showed positive trends, but
these were not significant. In contrast, a significant increase

in nitrate concentrations was observed at only 3 sites, namely,
the Steenkoolspruit, Bronkhorstspruit and Wilge River. On the
other hand, significant decreasing trends were observed at the
following 6 sites: Olifants River (B1H005, BIH010 and B3HO017),
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Figure 11
Minimum, 25th, median,
75th and maximum
percentiles of phosphate,
nitrate, sulphate and
total dissolved salts
concentrations, and pH,
measured at Department
of Water Affairs monitoring
sites located in the upper
Olifants catchment from
1972 to 2010. Positive (+) and
negative (-) symbols indicate
significant positive and
negative trends, respectively.

Spookspruit, Klein-Olifants and Klipspruit. Non-significant Loads

positive trends were found at the Olifants River (B1HO018), Mean annual loads from 2000 to 2010 are indicated as box-
Noupoort and Kromdraaispruit. For the sulphate and TDS and whisker plots in Fig. 12. The Steenkoolspruit contributes
concentrations the trends were mostly significantly positive, the greatest phosphate and nitrate loads to the Olifants River,
with the exceptions of Steenkoolspruit and Noupoort (signifi- resulting in high loads at BIH005 (with Klipspruit also con-
cantly negative). The trend for pH was significantly positive at tributing high loads of nitrate). The Steenkoolspruit (BIH021),
5 sites, namely Olifants River (B1H005), Spookspruit, Klein- Spookspruit (BIH002), Klipspruit (B1H004), Klein-Olifants
Olifants, Klipspruit and Bronkhorstspruit. Significant negative and Wilge rivers (B2HO015) all contribute comparatively high
trends were observed for Olifants River (B1H018, B1IH010 and loads of sulphate and TDS to the main stem Olifants River,
B3HO017), Steenkoolspruit and Wilge River. resulting in high loading at BIH005 and B3HO17. For all water
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quality parameters, loads decreased below Witbank Dam in
comparison to loads calculated upstream of the dam (B1H005),
indicating that the dam acts as a sink for nutrients and dis-
solved salts.

DISCUSSION
Nutrients

Nutrient concentrations measured at the three uppermost rou-
tine monitoring sites indicate impacted systems with N:P ratios
falling within the range of eutrophic to hypertrophic condi-
tions (Fig. 3). This is further supported by the high pH values
recorded at these sites (Fig. 2). Excessive algal growth (brought
about by nutrient enrichment) results in utilisation of available
dissolved CoO,, which reduces the carbonic acid content of the
water, thus increasing pH levels. Further indicators of excessive
algal growth are hyper-saturated dissolved oxygen concentra-
tions as a result of high oxygen production by photosynthesis-
ing algae (Mainstone and Parr, 2002; Hilton et al., 2006). These
conditions exist at a number of sites in the Olifants River,
including 1_KOF, 2_OLF, 4_OLF and 6_OLF. Site 5_OLF is
located a short distance downstream of the Riverview sew-

age works in Witbank and shows very high concentrations of
ortho-phosphate and nitrogen (Fig. 3), which are commonly
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Figure 12
Minimum, 25", median,
75" and maximum
percentiles of annual
phosphate, nitrate,
sulphate and total
dissolved solids loads
measured at Department
of Water Affairs monitoring
sites located in the upper
Olifants catchment from
2000 to 2010. Shaded bars
are read on the right-hand
y-axis

associated with sewage input (Jarvie et al., 2006). Average
in-stream ortho-phosphate concentrations at this site were in
excess of 1 mg/¢ (the current effluent standard for WWTWs
in South Africa). Average ammonia concentrations (6.8 mg/¢)
significantly exceeded the AEV guideline of 0.1 mg/¢. These
results indicate that the Riverview WWTW is not operating
to an acceptable standard and is releasing unacceptably high
concentrations of nutrients into the Olifants River. This is most
likely a wider problem in the catchment, with the majority of
WWTWs in the upper Olifants catchment scoring very poorly
in the annual Green Drop report (DWA, 2011a). Furthermore,
while ortho-phosphate did not play a significant role in distin-
guishing between sites during the once-off sampling exercise
(as indicated by the short length of the PO, arrow in Fig. 9)
concentrations downstream of Sites 4 WT and 36_WT meas-
ured 4.09 and 7.6 mg/¢, respectively. These exceptionally high
concentrations provide further evidence of the general poor
standard of WWTWs in the catchment.

Analysis of DWA data provides further evidence of dete-
riorating water quality with respect to nutrient concentrations.
The majority of DWA monitoring sites showed significant
increasing trends in ortho-phosphate concentrations and no
sites showing a negative trend (Fig. 11). This pattern is in agree-
ment with the analyses of De Villiers and Thiart (2007), who
showed that nutrient concentrations are generally increasing in
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large catchments across South Africa. These increasing trends
are cause for concern as eutrophication caused by increasing
nutrient loads is regarded as one of the most critical issues fac-
ing water quality in South Africa. Many dams across the coun-
try are in a eutrophic state (Van Ginkel, 2011) and Loskop Dam
recently shifted from a mesotrophic to hyper-eutrophic status
in 2008 (Oberholster et al., 2010a). In this respect, the identifi-
cation of sources of nutrients is an important step with regard
to managing eutrophication at the catchment level. Calculation
of mean annual loads identified the Steenkoolspruit in par-
ticular as an important source of phosphate loading (Fig. 12).
This corresponds to high loads further downstream (i.e., at
B1HO005). Witbank Dam clearly acts as a sink for phosphates,
as demonstrated by the reduced loads downstream of Witbank
Dam (B1HO010). Prioritisation of sub-catchments in this man-
ner allows for closer scrutiny of potential sources of pollutants.
In the case of the Steenkoolspruit, the high concentration of
WWTWs located in the catchment is most likely an important
source of phosphates (Fig. 1).

Total dissolved salts and metals

Site 1_KOF is located relatively high up in the catchment, but
is downstream of significant agricultural activity and has TDS
concentrations that are similar to those recorded at sites located
further downstream in the Olifants River (Fig. 4). Routinely
measured TDS concentrations at sites upstream of Witbank
Dam indicate a progressive increase in TDS from upstream

to downstream. This indicates that changes in land use activi-
ties have a progressive and increasing impact on this stretch

of river. In particular, the increased mining activity along the
length of this section of river (Table 1) most likely impacts on
the river, as indicated by the increased sulphate concentrations
measured at Sites 2_OLF and 4_OLF. Increased sulphate con-
centrations are commonly associated with mining activity as
aresult of the exposure of pyrite to oxygen and water (Bullock
and Bell, 1997). Total dissolved salts concentrations are notably
lower downstream of Witbank Dam (at Site 5_OLF), indicating
that the dam acts as a sink. Total dissolved salts concentrations
remain relatively constant after Witbank Dam and are compa-
rable to those measured at Site 1_KOF. However, the relative
concentration of sulphate increases along these sites in com-
parison to other ions. Mining activity increases steadily from
5_OLF further downstream to 7_OLF (Table 1). This is further
supported by the once-off sampling, which clearly showed that
sulphate comprised the highest proportion of major ions down-
stream of current mining sites (Fig. 10). Van Zyl et al. (2001)
estimated that excess mine water in the upper Olifants catch-
ment amounted to 4.6% of the total water usage (volume-wise),
but contributed 78.4% of the total sulphate load.

Increased sulphate concentrations along the longitudinal
gradient were not associated with increased dissolved metal
concentrations up to Site 7_OLF, despite the river flowing
through intensive current mining areas, particularly south
of Witbank and Middelburg (Fig. 1). While there is an initial
increase in mean TDS concentrations upstream of Witbank
Dam, concentrations measured at 7_OLF were comparable to
1_KOF (and are in fact slightly lower). Similarly, metal concen-
trations show a similar trend. Concentrations of aluminium,
copper, iron, manganese, nickel, vanadium and zinc at 1_KOF
were comparable to, or higher than, concentrations of these
metals measured at downstream sites (up to 7_OLF). This could
be due to dilution of metals in increasing volumes of water
further downstream and measurement of loads would provide a
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more accurate picture of whether metal input is in fact increas-
ing further downstream.

The fact that 1_KOF showed a relative ionic composition
that is typical of a site that is un-impacted by mining activity
(i.e., high carbonate and low sulphate concentrations - Fig. 4),
yet showed comparatively high metal concentrations, indicates
that measured metal concentrations could either originate
from sources other than mining (i.e., agriculture or atmos-
pheric deposition) or reflect natural background concentra-
tions derived from the surrounding geology. The CEV value for
aluminium was exceeded at 1_KOF, 2_OLF and 6_OLF, while
the AEV was exceeded at 8_OLF. The AEV guideline values for
copper and especially zinc were exceeded at many sites along
the length of the river. The fact that these guideline values were
consistently exceeded, even at the uppermost site in the catch-
ment, could indicate that the guideline values may be unreal-
istically low. The South African Water Quality guidelines do
make provision for modification of guidelines (DWAF, 1996)
in relation to site-specific conditions. Aluminium and cop-
per are common elements in rocks and minerals of the earth’s
crust and do occur naturally in most surface waters (DWAF,
1996) as a result of weathering. The solubility of aluminium is
strongly pH dependent and aluminium may be mobilised to the
aquatic environment under acidic (pH < 6) or alkaline (pH > 8)
conditions (Gensemer and Playle, 2010). The pH levels recorded
at 1_KOF, 2_OLF, 3_OLF and 6_OLF were frequently above 8.
Another possible explanation for the high metal concentrations
could be due to the analytical method. Although the abun-
dance of dissolved elements is commonly quantified by filtering
water through 0.45 pum filter paper, it is well known that fine
particles and colloids smaller than 0.45 pum (which interact
strongly with metals) may pass through the filter and thus be
incorporated and interpreted as part of the dissolved fraction
(Hill and Aplin, 2001). Other potential sources of metals at sites
high up in the catchment (i.e., 1_KOF) may be from atmos-
pheric deposition. For example, vanadium concentrations at
Site 1_KOF were the highest for all sites included in the study.
One of the most important sources of atmospheric vanadium
is the combustion of coal (WHO, 2000), and the fact that the
upper Olifants catchment is the major centre for coal-fired
electricity production in the country could suggest that atmos-
pheric deposition may contribute to impaired water quality in
the catchment. Analyses of rain water collected during the first
year of the study frequently reported concentrations of alu-
minium, iron, vanadium and zinc (Oberholster et al., 2010b).
Given the intensity of mining in the catchment and the fact
that these metals are commonly associated as pollutants from
such mining activities (Bell et al., 2001), together with the fact
that guideline values were frequently exceeded, is reasonable
justification to highlight these elements as potential priority
pollutants which should be considered in routine monitoring
programmes.

The frequency of routine sampling conducted in this study
was low and most likely does not account for variability in the
system, particularly in association with controlled mine water
releases that could potentially result in locally acidic conditions
and release high concentrations of metals and sulphates into
the system (Van Zyl et al., 2001). The principle of these releases
is to release polluted water from current mining activities
during periods of high flow, such that the runoft is sufficient to
dilute pollutants to acceptable concentrations (Mey and Van
Niekerk, 2009). In this respect, performing routine sampling at
more frequent intervals during the wet season and analysis of
monitoring data from the controlled release scheme will help
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to further clarify the contribution of current mining activities
to metal loads in the upper Olifants River. Once-off sampling
identified sites downstream of current mining activities that
contribute higher metal concentrations relative to other land
uses. However, there were also a number of current mining sites
grouped together with agricultural and WWTW sites, which
were all characterised by having relatively low metal concentra-
tions. This indicates that there is a large amount of variation
associated with the water quality downstream of current min-
ing activities. This is obvious from the large amount of varia-
tion in TDS concentrations at monitored sites (Fig. 10).

Mining activities and associated impacts are often aggre-
gated to include acid mine drainage from abandoned mines and
intentional mine water release from current mining activities.
However, acid mine drainage is generally characterised by low
pH water and high salt and metal concentrations (Bell et al.,
2001). While high salt concentrations are tolerated, mine water
release from existing mines is required to be treated before
release such that near-neutral water with low metal concentra-
tions is released (Mey and Van Niekerk, 2009). Once-off sam-
pling illustrated that abandoned mining areas are clearly the
most important source of metals in the upper Olifants system.
These abandoned mining sites are concentrated within the
Klipspruit, Kromdraaispruit, Saalboomspruit and Spookspruit
catchments (Fig. 1). The effect of abandoned mining on the
Klipspruit River and its influence on the Olifants River is
apparent at 8_OLF. This is the only site along the length of the
Olifants River that showed metal concentrations that consist-
ently and greatly exceeded guideline values, indicating that
acid mine drainage has a significant impact on the Olifants
River at this point. The threat of acid mine drainage related
impacts is highlighted by the load calculations performed for
the Steenkoolspruit and Klipspruit catchments (Fig. 12). While
both catchments are a similar size and have a similar area
under mining activity, the influence of abandoned mines in the
Klipspruit results in significantly higher dissolved metal loads
to the Olifants system.

Routine monitoring showed that the Klipspruit is acidic
and transports high concentrations of dissolved metals (Fig.

7). This results in a decrease in pH and in an increase in alu-
minium, iron, manganese and zinc concentrations, which are
significantly higher than their respective AEV guideline values
at 8_OLF in the Olifants River. These concentrations are signif-
icantly reduced at 9_OLF. This is most likely as a result of dilu-
tion by ‘cleaner’ water in the Wilge River, as well as the gradual
precipitation of metals out of solution as the acidic water mixes
with the alkaline water of the Olifants River (Short et al., 1990;
Kimball et al., 2002). In this respect, the precipitation of metals,
their incorporation into the sediment and subsequent transport
(either via sediment or as a colloidal suspension) into Loskop
Dam, and factors that may influence their mobilisation from
dam sediments require further investigation. Witbank Dam
clearly acts as a sink for TDS and Loskop Dam most likely
performs a similar function. Chronic and acute effects most
likely related to pollution have been observed in Loskop Dam
through the manifestation of pansteatitis and periodic fish

kills (Ashton, 2010). Studies suggest that, under anoxic condi-
tions brought about by eutrophication, metals are generally
immobile due to the formation of metal sulphide precipitates
(Jackson, 1978; Harrington et al., 1998) and are thus confined
to the sediments. However, the high pH associated with algal
blooms in Loskop Dam and the absorption of metals by phyto-
plankton (Laube et al., 1979) may also result in the mobilisation
of metals and their incorporation into the food chain. Similarly,
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acidic conditions can also mobilise metals from the sediments
(Calmano et al., 1993).

In this respect, the influence of the Klipspruit on the mobi-
lisation of metals and other toxic compounds in Loskop Dam
should not be underestimated. Analysis of flow records (Fig.

8) shows that, particularly during low-flow winter months,

the combined monthly discharge of acidic rivers (i.e., the
Klipspruit and Spookspruit) can exceed the flows released from
the Witbank and Middelburg dams (i.e., Olifants and Klein-
Olifants rivers). While other rivers join the Olifants River prior
to its entry into Loskop Dam (i.e., the Wilge River and other
small streams), it is possible that the flow of the Olifants River
may not be sufficient to neutralise the water originating from
the Klipspruit. This net acidic flow originating from acid mine
drainage is potentially exacerbated by the fact that the pH is
particularly low and metal concentrations considerably higher
during low flow conditions (Fig. 7), which is most likely as a
result of reduced dilution capacity during this period (Tutu et
al., 2008). Acidic water entering the dam can mobilise metals
from the sediment and also convert sulphate to H,S, which is
particularly toxic to aquatic life. Acidic conditions (pH 5.9-6.8)
were reported at the inflow of Loskop Dam from January to June
2008 (Oberholster et al., 2010a). This coincided with a particu-
larly high net acidic flow from Spookspruit and Klipspruit (Fig.
8). There are a large number of abandoned mines located within
the Saalboomspruit and Kromdraaispruit catchments (Fig. 1)
which could have a similar effect on the Wilge River during low
flow conditions and should be investigated further. These results
suggest that low rainfall or drought periods could result in
potentially serious consequences with respect to water quality in
the lower section of the Olifants River and in Loskop Dam.

The importance of the Klipspruit is emphasised by the anal-
ysis of long-term DWA data. The Klipspruit, Spookspruit and
Klein-Olifants are clearly the highest contributors of sulphate
loads to the Olifants system (Fig. 12). Significant positive trends
in sulphate and TDS concentrations at these and the majority
of other DWA monitoring stations in the catchment indicate
that, at current status quo, the situation is likely to deteriorate
(Fig. 11). De Villiers and Mkwelo (2009) found similar trends in
their analysis of water quality in the Olifants catchment. This is
especially concerning considering the number of new mining
applications granted in the catchment. Measurements of pH
show a significant decreasing trend in the Steenkoolspruit and
upper Olifants River (B1H010 and BIHO018). This together with
the fact that very low pH values have been measured at a num-
ber of sites across the catchment indicates that acidic events do
occur in current mining areas. Considering the current extent
of coal mining in the upper Olifants catchment, the influence
of the Klipspruit River highlights the importance of effective
management, planning and closure of mines so as to minimise
acid mine drainage in the future. The costs and the benefits of
acid mine drainage management accrue to different stakehold-
ers at different timeframes. If left unmitigated, the impacts of
acid mine drainage impose costs to the wider community of
water users; often these costs will need to be borne for decades
or generations. On the other hand, while a well-designed acid
mine drainage management plan would increase short-term
costs for mining companies, it would create long-term benefits
to the community, local government, and other stakeholders,
and reduce risks to the environment. Recognising the nature
of these costs over time, relative to the desired and anticipated
benefits, is critical to the development of an acceptable solu-
tion to the current water quality situation in the upper Olifants
River catchment.
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CONCLUSION

While dissolved metal concentrations appeared to be elevated
throughout the catchment and there was no obvious trend from
upstream to downstream, it is important to assess the toxicity
of this water through toxicological experiments. In this respect,
analysis of the speciation of metals would be useful in assess-
ing toxicity. Furthermore, it is important to determine whether
or not metal enrichment of sediment may be taking place.

The fate of sediment-bound metals, particularly in sink areas
such as Loskop Dam, and their susceptibility to fluctuations

in redox conditions and in pH levels, is crucial with regard to
assessing their risk to aquatic ecosystem health. In addition,
the relative contribution of the Olifants and Klipspruit riv-

ers to loads of dissolved, colloidal and sediment-bound metal
ions is an important step to further quantifying the relative
sources of metals transported to Loskop Dam from current
and abandoned mining activities. Improved management and
maintenance of WWTWs and rehabilitation and/or treatment
of abandoned mines and associated acid mine drainage are
crucial. Proper rehabilitation of current mining activities is
also essential to avoid or minimise acid mine drainage related
impacts in the future.
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