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Historical data (July 1998 – June 2018) for the middle Olifants River, Limpopo River system, were compiled to 
evaluate the dynamics of selected water physico-chemical parameters with river discharge. The concentration 
of most water quality parameters increased over time. However, these concentrations are rapidly decreased, 
or reset, by the rapid filling, or spilling, of Loskop and/or Flag Boshielo Dams during a high-flow event. The 
flow-duration curves for stations below impoundments in the middle catchment on the Olifants River are 
typical of highly regulated rivers, although releases from Flag Boshielo Dam were more consistent through 
the 20 years. No outflow from Loskop Dam was recorded for 5.4% of the 20 years. The load-duration curves 
for gauging weirs on the Olifants and Elands rivers immediately upstream of Flag Boshielo Dam showed that 
the 'tolerable' concentrations were exceeded for total dissolved solids at the 60th and 20th percentiles of the 
flow, respectively. In addition, records for electrical conductivity, sodium, chloride, and alkalinity frequently 
exceeded the ‘tolerable’ concentrations at these sites. The results for Loskop and Flag Boshielo dams are 
generally lower than the tolerable concentrations for the parameters evaluated. Management of the flow 
regulation of the Olifants River should be aimed at meeting the water quality stipulations for all users in the 
agricultural, domestic, industrial, and recreational sectors.
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INTRODUCTION

South Africa is a semi-arid country with limited fresh water resources, which are under increasing 
threat from climate change, population growth and an expanding economy (Ziervogel et al., 2014). 
Scarcity of fresh water is aggravated by a continued decline in water quality, a lack of water supply and 
waste treatment infrastructure in rural areas, poorly maintained infrastructure in urban areas, and 
poor management (Du Plessis, 2019). In addition, rainfall patterns are becoming more variable and 
have shifted seasonally (Knight and Fitchett, 2019). Water supply challenges are being exacerbated by 
population growth, rural-urban migration, and rapid socio-economic development, e.g., expansion 
of the power generation, mining, forestry, and irrigation sectors (Du Plessis, 2019). If the current 
and anticipated population and socio-economic growth trends persist, South Africa’s water resources 
could be fully committed by 2030 (Oberholster and Ashton, 2008).

The Olifants River, Limpopo River system, supplies water to sustain the rapid socio-economic 
development of the Mpumalanga and Limpopo provinces in South Africa and Gaza Province in 
Mozambique. The Olifants River, Rio Elefantes in Mozambique, is also of major socio-ecological 
importance to the Limpopo River system, contributing nearly 40% of the flow of the lower Limpopo 
River (AWARD and USAID, 2020; Retief and Pollard, 2020). About 3.5 million people live in the 
South African portion of the catchment, of which about 2.3 million live in rural areas (~66%), while 
in Mozambique, nearly 80% of Gaza Province’s 700 000 people live in the Olifants River catchment 
(AWARD and USAID, 2020). During recent decades, the Olifants River catchment has experienced 
a rapid increase in urban and agricultural development (Ashton, 2010, Heath et al., 2010). Irrigation 
schemes also supply water to commercially important intensive agricultural areas, e.g., between 
Loskop and Flag Boshielo dams, and alongside the lower Olifants from the Abel Erasmus Pass 
to Oxford Bridge. The Olifants River catchment also includes power generation facilities (e.g., at 
eMalahleni), mining and industrial activities (e.g., at eMalahleni, Middelburg, eastern Bushveld 
Igneous Complex, and Phalaborwa Industrial Complex), and more than 50% of South Africa’s 
premier conservation area, the Kruger National Park (AWARD and USAID, 2020). However, acid 
mine drainage is acidifying ground and surface waters in the upper catchment, mobilising toxic 
metals (McCarthy, 2011, Netshitungulwana and Yibas, 2012). Further, uncontrolled releases of 
raw and poorly treated sewage frequently occur in the upper reaches (Oberholster et al., 2017). 
Consequently, the Olifants River has become one of the most polluted river systems in South Africa 
(Heath et al., 2010, Oberholster et al., 2017). Concerns were raised by De Villiers and Mkwelo (2009) 
regarding the rising sulphate concentrations in the Olifants River. Jooste et al. (2015) estimated 
that the median annual sulphate concentrations at Flag Boshielo Dam were increasing at a rate of 
1.32 mg·L−1 per annum, and appeared to be approaching the 100 mg·L−1 threshold value for aquatic 
ecosystem health; see DWAF (1996). The suitability of water from the Olifants River for domestic, 
industrial, and agricultural uses, and the impact on the health of rural communities are thus relevant 
concerns. The flow of the middle Olifants River is highly regulated and a deeper understanding of the 
relationship between flow and water quality could provide information for the optimal management 
of the quality and quantity of the water resources of the Olifants River and the conservation of the 
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Figure 1. The Olifants River basin (shaded), showing the national borders (red), major towns, Kruger National Park (brown border), impoundments, 
and tributaries. The inset map of Africa shows the position of the Olifants River catchment (red) within the Limpopo River system (grey) in the 
southern African geopolitical context

ecological integrity of this important river system. Since land-use 
activities in the upper reaches of the middle catchment between 
Loskop and Flag Boshielo dams are predominantly agricultural, 
in this paper, we evaluate the dynamics of selected water physico-
chemical parameters with the flow regime of the Olifants River at 
Flag Boshielo Dam, Loskop Dam, and selected gauging stations 
on the Elands and middle Olifants rivers, based on historical data 
available from the Department of Water and Sanitation’s (DWS) 
Resource Quality Information Services website (DWS, 2017b); 
water quality (DWS, 2020b) and flow (DWS, 2020a).

MATERIALS AND METHODS

The Olifants River, a tributary of the Limpopo River, is about 
770 km long and, with its tributaries, drains a land area of  
80  509 km2 (Fig. 1). Shared between South Africa and Mozambique, 
91.5% of the Olifants River catchment, and almost all surface and 
groundwater source areas, fall within South Africa.

Study sites

Flag Boshielo Dam (Fig. 2) was selected as the focal point for 
the study because of its potential as a site for the development of 
inland fisheries (Sara et al., 2021a) and the elevated concentrations 
of toxic metals previously reported in fish muscle tissue from this 
locality (Sara et al., 2021b). Flag Boshielo Dam (24° 46’ 51.46”S: 
029° 25’ 32.57”E), formerly Arabie Dam, is a mainstem reservoir 
within the middle Olifants River sub-catchment, situated 
approximately 35 km north of Marble Hall, Sekhukhune District, 
Limpopo Province, South Africa. The dam was constructed in 
1987 to improve and ensure water supply to the municipalities 
of Polokwane, Lebowakgomo, and downstream platinum mines 
(Dabrowski et al., 2014). When full, the dam extends upstream 

to the confluence of the Elands and Olifants rivers, about 25 km 
from the dam wall. A continuous outflow via a pipeline provides 
water to the surrounding area for agricultural and human 
consumption, and downstream flow in the Olifants River is 
augmented as stipulated by water released for irrigation, mining 
and domestic use (Dabrowski et al., 2014). The dam height was 
raised from 31 to 36 m (2007–2008), thus increasing the storage 
capacity from 100 to 188 million m3 (Jooste et al., 2013). The 
current operating rule for the dam assumes a constant release 
for ecological purposes; the ‘ecological reserve’ (DWS, 2019). The 
average annual rainfall at Flag Boshielo Dam is 582 mm and the 
potential evapotranspiration (PET) is 1 709 mm.

Loskop Dam (Fig. 2) is a 361.5 million m3 combined gravity and 
arch type dam (43m high), located on the Olifants River near 
Groblersdal, Mpumalanga, South Africa (25° 25' 01"S; 29° 21 '01"E). 
The impoundment, situated within the Loskop Dam Nature 
Reserve, was established in 1939 and renovated in 1979. Water 
is released into canals on both sides of the Olifants River for the 
irrigated agriculture scheme along the Olifants River between 
Loskop and Flag Boshielo dams. Water is also supplied to the 
Weltevreden water treatment plant to supplement the water supply 
to domestic households in the region. Other smaller towns, such as 
Marble Hall and Groblersdal, are also supplied from Loskop Dam 
via the canal. While no releases have been made for the ecological 
reserve, there is scope within the available yield of the dam for such 
releases (DWA, 2011a, b; DWS, 2015). The average annual rainfall 
at Loskop Dam is 649 mm and the PET is 1 689 mm.

Rust de Winter and Mkhombo dams are located on the Elands 
River upstream of Flag Boshielo Dam (Fig. 2). Rust de Winter Dam 
(25° 14' 00"S; 28° 31' 05"E), a 28 million m3 rock-filled dam (31 m 
high), was established in 1920. The impoundment, located within 
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Figure 2. The middle Olifants River basin showing the location of the gauging stations used within this study. The town of Marble Hall is indicated 
in red. The abbreviated site code is included in parentheses.

the Rust de Winter Nature Reserve, was constructed to supply 
water to the Rust De Winter Irrigation Scheme, which appears to 
have fallen into disuse and is currently only providing 10% of its 
design capacity. There are no releases from the dam into the river 
for ecological purposes (DWS, 2015). The average annual rainfall 
at Rust de Winter Dam is 610 mm and the PET is 1 633 mm.

Mkhombo Dam, formerly Renosterkop Dam (25° 05' 45"S; 028° 55' 
00"E), a 206 million m3 combined gravity and arch type dam (36 m 
high), was established in 1984. The dam supplies water for regional 
domestic use via the Weltevreden water treatment plant. Water is 
released from the dam into the Elands River in pulses and is pumped 
to the treatment plant. Although there are irrigators downstream, 
no water is released specifically for irrigation or ecological purposes 
(DWA, 2011a, b; DWS, 2015). The average annual rainfall at 
Mkhombo Dam is 577 mm and the PET is 1 704 mm.

Historical flow and water quality data

For this study, a hydrological year was delineated from 1 July to 
30 June, based on the winter low flow to ensure that the summer 
high flow was not partitioned between successive years. Historical 
water quality (DWS, 2020b) and river flow (DWS, 2020a) data 
were acquired from the DWS’s Resource Quality Information 
Services website (DWS, 2017b) for the 20-year period from 1 July 
1998 to 30 June 2018. Data were compiled for gauging stations on 
the Olifants River, B3R002 at Loskop Dam wall (hereafter LKD), 
B5R002 at Flag Boshielo Dam wall (hereafter FBD), B3H017 
below Loskop Dam (hereafter OR1), B3H001 above (hereafter 
OR2) and B5H004 below Flag Boshielo Dam (hereafter OR3), 
and the Elands River, B3R001 at Rust de Winter Dam (hereafter 
RWD), B3R005 at Mkhombo Dam (hereafter MKD), and B3H021 
below Marble Hall (hereafter ER1); see Fig. 2. Each daily flow 
datapoint has an associated data quality code to highlight whether 
the gauging station was operational or out of order, and when 

the flow exceeded the gauging station rating. All flow records 
were reviewed and all records with out-of-range or out-of-order 
codes were removed from the data for the statistical analyses. The 
data were analysed to elucidate patterns between various water 
quality parameters and the flow. All maps, graphs and statistical 
analyses were generated using the R 4.1.0 statistical software 
(R Development Core Team, 2022). Results were considered 
statistically significant at p < 0.05.

Water quality

Box plots of selected water quality parameters (pH, electrical 
conductivity (EC), total dissolved solids (TDS), sodium (Na), 
potassium (K), calcium (Ca), magnesium (Mg), chloride (Cl), 
fluoride (F), alkalinity (CaCO3), sulphate (SO4), and silicon (Si)) 
were prepared for three gauging stations along the Elands River 
(RWD, MKD, and ER1) and for the river gauging stations related 
to Flag Boshielo Dam; ER1 on the Elands River and OR1, OR2, 
and OR3 on the Olifants River. The generic ‘ideal’, ‘acceptable’ and 
‘tolerable’ concentrations stipulated by the DWS (DWA, 2011c) 
were included in the box plots to show whether these guidelines 
are being exceeded. The Shapiro-Wilk test was used to determine 
whether the water quality parameters were normally distributed. 
In all cases, a significant result was returned (p < 0.001), indicating 
that the data were not normally distributed and, therefore, non-
parametric statistics were required. The Kruskal-Wallis test was 
thus used to determine whether there were statistically significant 
differences between the respective water quality parameters at 
the three gauging stations on the Elands River, or between the 
four gauging stations related to Flag Boshielo Dam. Where the 
Kruskal-Wallis test returned a significant result, the Dunn test was 
performed post hoc to determine which results between pairs of 
gauging stations were statistically significant using the DunnTest 
function in the DescTools package (Signorell et al., 2019).
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Figure 3. Box plots for the water chemistry parameters along the Elands River: B3R001 at Rust de Winter Dam (RWD), B3R005 at Mkhombo 
Dam (MKD), and B3H021 downstream of Marble Hall (ER1). The horizontal lines represent the generic 'ideal' (green), 'acceptable' (orange), and 
'tolerable' (red) concentrations set by the DWS for the respective parameters (DWA, 2011c).

Time-series plots

Time-series plots for selected water quality parameters (pH, EC, 
TDS, Na, K, Ca, Mg, Cl, F, CaCO3, SO4 and Si) were plotted with 
the daily mean flows for the Olifants River stations OR1 and 
OR3 to identify patterns in the water chemistry parameters. The 
generic ideal, acceptable and tolerable concentrations stipulated 
by the DWS (DWA, 2011c) were included in the time-series plots 
to show whether these guidelines are being exceeded. Further, 
the monthly mean spillage over the impoundment wall, monthly 
mean water level, and change in the monthly mean water level 
were plotted for gauging stations LKD and FBD at Loskop and 
Flag Boshielo dam walls, respectively. Time-series plots were then 
prepared for the spillage, dam level, change in dam level, EC, and 
daily mean flow downstream of the dam to evaluate the influence 
of flow on the water chemistry.

Flow-duration curves

Flow-duration curves relate the magnitudes of streamflow at a 
site and the frequency, or probability, that those flow magnitudes 
would be exceeded (Davie and Quinn, 2019). The flow is plotted 
on the y-axis (log-scale) against the exceedance probability (or 
exceedance frequency) on the x-axis. For the flow-duration curves, 
the daily mean flows were used. An R script was used to execute 
the following procedure: all NA values were removed from the 
flow data for the station; the flow data were ranked in descending 
order; the exceedance probability was calculated as the rank 
expressed as a fraction of the total number of observations; the 
exceedance probability and the associated discharge were linked 
in a data frame; and the flow distribution curve plotted. Flow-
duration curves were calculated for the river gauging stations 
OR1, OR2, OR3, and ER1. Where the data were incomplete, e.g., 
OR2, the flow-duration curves were constructed for the period 
where data were available.

Load-duration curves

Load-duration curves (USEPA, 2007) were calculated by multiplying 
the flow-duration curves by the DWS’s generic ideal, acceptable and 
tolerable concentrations (DWA, 2011c) for TDS and SO4 (Table 
A1, Appendix). For each gauging station, the daily mean flow for 
the dates when water quality data were collected were extracted 
from the flow database for the gauging station. The exceedance 
probability for the flows associated with the water quality data was 
then extracted from the flow-duration curve. The load for the water 
quality parameters was then calculated as the product of the daily 
mean flow and the concentration of the water quality parameter and 
converted to tonnes per day; see Dlamini et al. (2019). For a daily 
average flow in cumecs (m3·s−1) and water parameter concentration 
in mg·L−1, the unit conversion factor to load in t·day-1 would be  
(60 s·min−1 × 60 min·h−1 × 24 h·day−1 × 1 000 L·m−3)/1000 000 000 mg·t−1.  
The load-duration curves were plotted with the loads from the water 
quality data included as point records. Load-duration curves were 
calculated for the river gauging stations OR1, OR2, OR3, and ER1. 
Where the data were incomplete, e.g., OR2, the load-duration curves 
were constructed for the period where data were available.

RESULTS

Flow data from some gauging stations were not complete for 
the entire period of the study, e.g., OR2. The data for Mkhombo 
Dam were only used for water quality as the flow data were not 
consistent with the other stations on the Elands River.

Water quality

All water quality parameters increased in concentration, or 
value for pH, along the Elands River from Rust de Winter Dam 
(RWD) to Marble Hall (ER1) (Fig. 3). The greatest increase in 
concentration was between Mkhombo Dam (MKD) and Marble 



384Water SA 48(4) 380–393 / Oct 2022
https://doi.org/10.17159/wsa/2022.v48.i4.3960

Hall. The Kruskal-Wallis tests returned significant results for 
all parameters tested. The post hoc Dunn tests showed that, 
with the exceptions of SO4, ammonia (NH4), nitrate and nitrite 
(NO2+NO3), and ortho-phosphate (PO4), there were significant 
differences in the concentrations of the water quality parameters 
between all three Elands River stations. For SO4, NH4, NO2+NO3, 
and PO4, there were significant differences between the Marble 
Hall site and the two upstream dams, but no significant differences 
between the two dams.

For the gauging stations surrounding Flag Boshielo Dam, the water 
chemistry parameters were consistently highest in the Elands River 
below Marble Hall (ER1), followed by the Olifants River above 
Flag Boshielo Dam (OR2) (Fig. 4). For most of the parameters 
considered, the concentrations were higher in the water exiting 
Flag Boshielo Dam (OR3) than in the water exiting Loskop Dam 
(OR1), with the exceptions of SO4, Ca and Mg. The Kruskal-Wallis 
tests returned significant results for all parameters tested. The post-
hoc Dunn tests showed that there were significant differences in 
the concentrations of the water quality parameters between all four 
stations, with the exceptions of: SO4 between the Olifants River 
stations downstream of Loskop Dam OR1 and upstream of Flag 
Boshielo Dam OR2; Ca between the releases Loskop Dam OR1 and 
Flag Boshielo Dam OR3; and NH4 between the Flag Boshielo Dam 
release OR3 and the two Olifants River stations upstream (OR1 and 
OR2) and the Marble Hall station (ER1).

Time-series plots

When the water chemistry data were presented as time-series plots 
for Olifants River gauging stations below Loskop Dam OR1 and 
Flag Boshielo Dam OR3 (Figs 5 and 6, respectively), a cyclic pattern 
of increasing concentrations terminated by step dilutions (resets) 

emerges for some of the water quality parameters. When the flow 
data were superimposed on the EC data, it became apparent that 
the majority of the ‘resets’ corresponded with spilling and/or filling 
events at the respective impoundments (Fig. 7).

Pearson’s correlation revealed two groups of water quality 
parameters: parameters correlated with EC that exhibited frequent 
resets due to high-flow events and those not correlated with EC 
that did not appear to be affected by high-flow events (Tables 
A2 and A3, Appendix). Parameters correlated with EC include 
conservative solutes, e.g., Na, K, Cl, F, alkalinity, Ca, Mg and SO4. 
Parameters present at low concentrations and/or not correlated 
with EC include non-conservative, or reactive, solutes, e.g., pH, Si, 
NH4, NO3+NO2, and PO4. The correlation with EC was stronger 
at the gauging station away from large impoundments: OR1 
on the Olifants River and ER1 on the Elands River (Table A2). 
Further, the correlation with EC was more pronounced below 
Flag Boshielo Dam than below Loskop Dam (Table A3).

To explore instances where water quality resets occurred without 
an associated spillage event, the level of the water at the dam wall, 
and the monthly change in water level at the dam wall, were plotted 
as time series with the EC and the flow recorded at the gauging 
stations downstream of the two Olifants River impoundments, OR1 
and OR3, respectively (Fig. 7). It is apparent that, for both Loskop 
and Flag Boshielo dams, resets in the EC occur in conjunction with 
filling events, such as in December 2001 and March–April 2004, and 
not just from spillage over the dam walls. Both the aforementioned 
events had an increase in the impoundment water level without a 
high-flow event at the gauging stations below the impoundments. 
In contrast, a high-flow event was recorded between March and 
July 2006 at the gauging station below Flag Boshielo Dam but not 
reflected in the spillage data for the dam.

Figure 4. Box plots for the water chemistry parameters for gauging stations surrounding Flag Boshielo Dam: gauging stations B3H017 
downstream of Loskop Dam on the Olifants River (OR1), B3H001 upstream of Flag Boshielo Dam on the Olifants River (OR2), B3H021 downstream 
of Marble Hall on the Elands River (ER1), and B5H004 downstream of Flag Boshielo Dam (OR3). The horizontal lines represent the generic 'ideal' 
(green), 'acceptable' (orange), and 'tolerable' (red) concentrations set by the DWS for the respective parameters (DWA, 2011c).
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Figure 5. Time-series plots for the water chemistry parameters of the water leaving Loskop Dam (black dots, left axis) and the daily mean flow 
of the Olifants River at gauging station B3H017 (OR1) downstream of Loskop Dam (blue line, right axis) for the period July 1998 to June 2018. The 
horizontal lines represent the generic 'ideal' (green), 'acceptable' (orange), and 'tolerable' (red) concentrations set by the DWS for the respective 
parameters (DWA, 2011c).
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Figure 6. Time-series plots for the water chemistry parameters of the water leaving Flag Boshielo Dam (black dots, left axis) and the daily mean 
flow of the Olifants River at gauging station B5H004 (OR3) downstream of Flag Boshielo Dam (blue line, right axis) for the period July 1998 to June 
2018. The horizontal lines represent the generic 'ideal' (green), 'acceptable' (orange), and 'tolerable' (red) concentrations set by the DWS for the 
respective parameters (DWA, 2011c).
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An analysis of the duration of annual spilling from the 
impoundments showed that for 6 of the 20 years evaluated, there 
was no spillage from the impoundments, including 5 years when 
both impoundments did not spill (Table 1). On average, Loskop 
Dam spilled for 25.7% of the year while Flag Boshielo Dam spilled 
for 28.2% of the year. For both impoundments, the number of days 

spilling per year was lower than the average in 9 years. Loskop Dam 
spilled for 6% of the year in below-average years and 50% of the year 
in above-average years. Similarly, Flag Boshielo Dam spilled for 8% 
of the year in below-average years and 53% of the year in above-
average years. The longest period of above-average spilling was 
between July 2007 and June 2011 where both impoundments spilled 

Figure 7. Time-series plots for the period July 1998 to June 2018 for the Olifants River impoundments at: (a) Loskop Dam, and (b) Flag Boshielo Dam. 
The top panel shows the impoundment water level relative to the spillway level. The middle panel presents electrical conductivity (red markers, right 
axis), the mean daily flow (grey markers, left axis) at gauging stations B3H017 (OR1) and B5H004 (OR3) downstream of Loskop Dam and Flag Boshielo 
Dam, respectively, and the average monthly spillage flow (solid black lines, left axis) from Loskop Dam B3R002 (LKD) and Flag Boshielo Dam B5R002 
(FBD). The lower panel presents the change in impoundment water level relative to the spillway level, reflecting filling events at the impoundments.

Table 1. The duration of spilling over the dam walls of Loskop and Flag Boshielo dams expressed in the number of days per year where spillage 
was recorded and the percentage of the number of days in the year that the impoundment was spilling.

Year Loskop Dam (B3R002) Flag Boshielo Dam (B5R002)
No. of days % of year No. of days % of year

1998–1999 56 15.3 53 14.5
1999–2000 167 45.6 170 46.5
2000–2001 137 37.5 201 55.1
2001–2002 0 0.0 59 16.2
2002–2003 0 0.0 0 0.0
2003–2004 0 0.0 0 0.0
2004–2005 0 0.0 0 0.0
2005–2006 151 41.4 135 37.0
2006–2007 59 16.2 15 4.1
2007–2008 198 54.1 196 53.6
2008–2009 209 57.3 238 65.2
2009–2010 248 68.0 275 75.3
2010–2011 247 67.7 268 73.4
2011–2012 24 6.6 109 29.8
2012–2013 0 0.0 14 3.8
2013–2014 171 46.9 199 54.5
2014–2015 73 20.0 79 21.6
2015–2016 0 0.0 0 0.0
2016–2017 27 7.4 0 0.0
2017–2018 109 29.9 51 14.0
Average 93.8 25.7 103.1 28.2
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for more than 50% of the year for 4 consecutive years (Table 1).  
The longest periods for below-average spilling were between July 
2001 and June 2005 where there was no spilling from Loskop 
Dam for 4 consecutive years and from Flag Boshielo Dam for  
3 consecutive years. Similarly, between July 2014 and June 2018 
there was below-average spilling from Flag Boshielo Dam for  
4 consecutive years and for 3 consecutive years for Loskop Dam. 
Loskop Dam’s spilling between July 2017 and June 2018 was above 
average while Flag Boshielo Dam did not spill until March 2017 
due to the exceptionally low water levels in the impoundment in 
late 2016 and early 2017 (see Sara et al., 2021b).

Flow-duration curves

For the 20-year period reviewed, 7 305 daily mean flow records 
were expected for each gauging station. Gauging station OR2 
was only operational for the first 4 664 days while the three other 
stations were operational for the entire 7 305 days. A daily mean 
flow of 0 m3·s−1 was recorded at OR2 for 570 days of the station’s 
4 664 operational days; 12.2% of records. A daily mean flow of  
0 m3·s−1 was recorded for 393 days at OR1 (5.4% of records) and 
for 1 221 days at ER1 (16.7% of records).

The 20-year flow-duration curves for the gauging stations 
immediately upstream of Flag Boshielo Dam on the Olifants and 
Elands rivers, OR2 and ER1 respectively, exhibited relatively steep 
slopes indicating rivers with high variability in flow (Fig. 8). In 
contrast, the flow-duration curves for gauging stations below 
Loskop and Flag Boshielo dams, OR1 and OR3, respectively, 
exhibit flat slopes characteristic of regulated rivers with controlled 
flows making the bulk of the duration curve, indicating low flow 
variability and low frequencies of high flows (Fig. 8). The greater 
variability in flow shown at OR2, which lies between Loskop and 
Flag Boshielo dams, is likely due to free-flowing tributaries of 
the Olifants River between the impoundments, in particular the 
Moses River (Fig. 2).

Load-duration curves

Load-duration curves for TDS (Fig. 9) and SO4 (Fig. 10) were 
prepared for the river gauging stations on the Olifants and Elands 
rivers; OR1, OR2, OR3, and ER1. In all cases, the exceedance of 
the ‘tolerable’ and ‘acceptable’ loads increased with decreasing 

flow. For the gauging station below Loskop Dam OR1, the loads 
of TDS and SO4 exceeded the ‘tolerable’ in 1% of the observations 
(Fig. 9a). For SO4, the loads exceeded the ‘acceptable’ level in 41% 
of the observations, while the ‘acceptable’ level was only exceeded 
in 4% of the observation for TDS (Fig. 10a).

For the gauging station upstream of Flag Boshielo Dam OR2, the 
TDS load exceeded the ‘tolerable’ load in 15% of the observations 
(Fig. 9b). Loads in excess of the ‘tolerable’ TDS level were observed 
when the flow was greater than the 60th percentile of the flow. 
The TDS load exceeded ‘acceptable’ in 65% of the observations. 
For SO4, the load exceeded ‘tolerable’ in 4% of observations and 
‘acceptable’ in 42% of the observations (Fig. 10b).

For the gauging station on the Elands River ER1, the TDS load 
exceeded ‘tolerable’ in almost 60% of observations (Fig. 9c). 
Loads in excess of the ‘tolerable’ TDS level were observed when 
the flow was greater than the 20th percentile of the flow. The TDS 
exceeded ‘acceptable’ loads for 94% of the observations. For SO4, 
the load exceeded ‘tolerable’ in 15%, and ‘acceptable’ in 65% of 
observations (Fig. 10c).

For the gauging station downstream of Flag Boshielo Dam, OR3, 
the TDS load did not exceed ‘tolerable’, but exceeded ‘acceptable’ 
for 49% of the observations (Fig. 9d). For SO4, the load did not 
exceed ‘acceptable’ (Fig. 10d).

DISCUSSION

The Olifants River and its major tributaries above Flag Boshielo 
Dam all have one or more major impoundments, resulting in the 
Olifants River and the Elands River at Flag Boshielo Dam being 
highly regulated. Analysis of the spilling events and gauging 
station data below the impoundments suggests that the Olifants 
River experiences wet periods of frequent high-flow events and 
dry periods without high-flow events. However, an analysis of the 
change in water levels at both impoundments (Fig. 7 lower panel) 
shows that there are frequent filling events at both impoundments, 
almost annually, many of which are not reflected in the spillage 
from the impoundment because the impoundment did not fill to 
spilling capacity. The regulation of the flow of the rivers entering 
Flag Boshielo Dam implies that high-flow events downstream 
of Flag Boshielo Dam only occur when Flag Boshielo and all 
the upstream impoundments are filled to capacity and spilling.  

Figure 8. Flow-duration curves for the Olifants River at gauging station B3H017 below Loskop Dam (OR1), gauging station B3H001 above Flag 
Boshielo Dam (OR2), and gauging station B5H004 below Flag Boshielo Dam (OR3), and on the Elands River at gauging station B3H021 between 
Marble Hall and Flag Boshielo Dam (ER1) over the period July 1998 to June 2018
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This condition is only likely to occur following substantial 
rainfall in the catchments upstream during the wet season. When 
impoundments upstream are not filled to capacity, flow from 
rainfall events in the catchments of these impoundments is likely 
to be retained in the impoundments until they reach full capacity. 
However, the magnitude of the filling events varied between years, 
an indication of the inter-annual variability in rainfall in the upper 
Olifants River sub-catchment.

The analysis of the water chemistry in the Elands River shows a 
major increase in all parameters from Mkhombo Dam (MKD) 
to the gauging station downstream of Marble Hall ER1. The 
towns of Marble Hall and Groblersdal are both supplied from 
the irrigation canal on the west bank of the Olifants River 
(DWA, 2011a, b; DWS, 2015). The Olifants River also shows a 
considerable increase in the concentrations of the water quality 
parameters between Loskop Dam and Flag Boshielo Dam.  

Figure 9. Total dissolved solids load-duration curves for Olifants River at gauging station B3H017 below Loskop Dam (OR1), gauging station 
B3H001 above Flag Boshielo Dam (OR2), and gauging station B5H004 below Flag Boshielo Dam (OR3), and on the Elands River at gauging station 
B3H021 between Marble Hall and Flag Boshielo Dam (ER1) for the period July 1998 to June 2018. The black dots represent loads calculated from 
sample concentrations and daily flow for these stations.

Figure 10. Sulphate load-duration curves for Olifants River at gauging station B3H017 below Loskop Dam (OR1), gauging station B3H001 above 
Flag Boshielo Dam (OR2), and gauging station B5H004 below Flag Boshielo Dam (OR3), and on the Elands River at gauging station B3H021 
between Marble Hall and Flag Boshielo Dam (ER1) for the period July 1998 to June 2018. The black dots represent loads calculated from sample 
concentrations and daily flow for these stations.
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In the middle Olifants River, the annual PET is about three 
times the annual rainfall; therefore, the increase in the chemical 
concentrations in the river and impoundment water is most likely 
due to evaporation, although the influx of contaminants from 
poorly operating wastewater treatment works, or other pollution 
sources, e.g., agriculture. can’t be discounted. The TDS and SO4 
concentrations of for the Olifants River above Flag Boshielo Dam 
OR2 and the gauging station downstream of Marble Hall ER1 
both frequently exceeded the ‘tolerable’ concentrations set by the 
DWS, especially during the low flows that are prevalent for the 
majority of the year. In addition, the ‘tolerable’ concentrations for 
Na, Cl, and alkalinity were also exceeded for most observations 
at these gauging stations. The drivers for the unacceptably high 
concentrations for these parameters at these stations need to be 
identified by the DWS, catchment management agencies, the 
local municipalities, and wastewater treatment operations, with 
mitigation measures introduced by the local municipality, and 
supervised by the catchment management agency and the DWS to 
improve the water quality at these stations, reduce environmental 
impacts, and bring the water quality of the Olifants and Elands 
rivers to acceptable concentrations for industrial, agriculture, 
irrigation, and aquaculture/inland fisheries. Acid mine drainage 
is recognised as the major driver of metal contamination in the 
Olifants River (McCarthy, 2011, Netshitungulwana and Yibas, 
2012) while the agricultural sector is recognised as the major 
contributor to pesticide (Ansara-Ross et al., 2012, Bollmohr 
et al., 2008) and nutrient pollution (Ashton and Dabrowski, 
2011, McCartney et al., 2007). However, phosphate and organic 
inputs from domestic sources may also be substantial from the 
poorly maintained and overloaded wastewater treatment works 
(Ashton and Dabrowski, 2011).

Lakes and impoundments have been identified as sinks of 
reactive chemicals, including nutrients, metals and some salts 
(Shaughnessy et al., 2019, Winter et al., 2001). With sufficient 
residence time, the precipitation of low-solubility compounds 
(e.g., transition metals), adsorption of ions onto suspended solids, 
or the uptake of chemicals into biota, both as nutrients or through 
bioaccumulation (Di Toro et al., 2001), should sequester most of 
the reactive chemicals entering the impoundment to the sediment 
or biota. The concentrations of non-conservative, or reactive, 
ions and pH appear to be independent of the high-flow resets, 
e.g., PO4, NH4, NO3+NO2, and Si. The historical water-chemistry 
data showed a gradual increase in the concentrations of several 
conservative water chemistry parameters, e.g., EC, Na, Ca, Mg, Cl, 
alkalinity, and SO4, for the water leaving Flag Boshielo and Loskop 
dams during periods of low flow, followed by discrete dilution 
‘resets’ coincident with high-flow events that increased the level of 
the impoundments (filling events), or resulted in the impoundment 
spilling (Fig. 7). The gradual increase in the concentration of 
conservative chemicals is likely due to evaporation, considering 
the high PET relative to rainfall for the region, while the resets 
clearly result from dilution due to high water influx.

Gauging stations immediately upstream of Flag Boshielo Dam 
(OR2 and ER1) exhibited high variability of inter-day flows and 
water chemistry. However, the water leaving Loskop and Flag 
Boshielo dams (OR1 and OR3) showed stable inter-day flows, 
due to regulated releases from the impoundments, and lower 
variability in water chemistry, due to the mixing of water within 
the impoundment smoothing the variability of the chemical 
concentrations in the water column. The flow-duration curves 
for the gauging stations immediately upstream of Flag Boshielo 
Dam (OR2 and ER1) had steeper slopes than those for the gauging 
stations downstream of the impoundments (OR1 and OR3). The 
steeper slope of the flow-duration curve is characteristic of rivers 
with high flow variability, while a shallower slope is indicative of 
greater river regulation. It is curious that the regulated releases 

from Loskop Dam (OR1) should result in a higher flow variability 
at the downstream gauging station above Flag Boshielo Dam 
(OR2); however, the absence of regulation of the tributaries that 
confluence with the Olifants River between the two impoundments 
may contribute to the greater flow variability at OR2. The largest of 
these tributaries is the Moses River; however, flow and water quality 
data for the tributaries were not available. For the gauging station 
on the Elands River below Marble Hall ER1, the effluent from the 
Marble Hall wastewater treatment plant may be a dominant driver 
for the variability in flow and the considerable increase in the water 
parameter concentrations relative to Mkhombo Dam.

The flow-duration curves for the gauging stations below Loskop 
and Flag Boshielo dams exhibit characteristics of regulated rivers: 
high flows occur at low durations, while controlled flows make 
up the bulk of the flow-duration curves. The releases from Flag 
Boshielo Dam are greater and more consistent than the releases 
from Loskop Dam (Fig. 8). The larger releases from Flag Boshielo 
Dam are probably necessary for supplying the downstream 
platinum mines and the inter-basin transfer to Polokwane via the 
Sand River catchment (Fig. 1). It is not clear whether the higher 
releases from Flag Boshielo Dam incorporate an ecological flow 
component. There are periods when no releases from Loskop 
Dam occur, but this does not appear to be a frequent event for Flag 
Boshielo Dam, as flow is reported nearly 100% of the time in the 
flow-duration curve (Fig. 8). The Olifants River Water Resources 
Development Project proposes that Flag Boshielo Dam and De 
Hoop Dam, located on the Steelpoort tributary of the Olifants River 
(Fig. 1), be operated as a single functioning system (DWS, 2015). 
However, no integrated operating rules have yet been developed 
for the impoundments within the Olifants River catchment and 
operating rules are individually specified for each impoundment 
(DWS, 2019). Loskop and Flag Boshielo dams are currently 
under the custodianship of the national DWS and are managed 
collaboratively with local irrigation boards, water user associations, 
water boards, and other users. It has been suggested that the full 
ecological reserve requirements be phased in over a number of 
years to allow for various intervention strategies (e.g., eliminating 
unlawful use, clearing of alien vegetation) while continuing water 
use developments (e.g., supply to mining) (Wambui et al., 2016).

There is rising pressure to utilise South Africa’s inland waters for 
fisheries (Hara and Backeberg, 2014, Sara et al., 2021a). However, 
the establishment of inland fisheries requires that the fish 
products should be safe for long-term human consumption (Weyl  
et al., 2021). Flag Boshielo Dam has been suggested as a suitable 
impoundment for an inland fishery and aquaculture (Britz et al., 
2015, Sara et al., 2021a). However, the consumption of fish from 
Flag Boshielo Dam could be harmful to human health, especially 
because of metal contamination (Sara et al., 2021b). Several studies 
based on 2009 surveys raised concern regarding the concentrations 
of certain metals in fish muscle (Addo-Bediako et al., 2014a, b; 
Jooste et al., 2014, 2015; Marr et al., 2015). However, subsequent 
studies reported fewer concerning results (Lebepe et al., 2016; Sara 
et al., 2018; Sara et al., 2017). It is unclear whether the results from 
the 2009 surveys were anomalous, or indicative of macro-scale 
drivers in the Olifants River catchment, e.g., environmental cycles.

CONCLUSION

This analysis of 20 years of data for the middle Olifants River 
describes observable patterns in the water quality, but insights 
into the environmental drivers controlling these parameters have 
proven to be elusive (Sara et al., 2021b). The values of non-reactive 
parameters increase when the water levels in the impoundments 
are receding, but are reset through dilution by high-flow events 
that substantially increase the level of the impoundment, or cause 
the impoundment to spill. Regrettably, the DWS has not measured 
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the water parameters at any of the sites used in this study since 
mid-2018. We recommend that DWS resume sampling as soon as 
funds are available. The monitoring network should be expanded 
to include measurements of metal and organic chemical/pesticide 
concentrations in the water column, as recommended in DWS 
(2017a). Understanding the relationships between water quality, 
toxic chemicals, and the flow dynamics is important for the 
management of the middle Olifants River as a water source for 
agricultural, irrigation, industrial, and domestic uses, but also 
for the long-term sustainability of the river as a socio-ecological 
system. Further work is required to identify the drivers of water 
quality in the middle Olifants River to construct management 
plans for the impoundments that will allow for the sustainable use 
of these impoundments for water supply, recreation, and fisheries 
development.
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Table A2. Pearson’s correlation coefficients for pairwise comparisons between water parameters in the Elands and Olifants rivers above Flag 
Boshielo Dam. Elands River data are presented in the upper triangle while Olifants River data are presented in the lower triangle. Figures in bold 
indicate strong correlations between the water parameters; i.e., correlation coefficients > 0.7.

pH EC TDS Na K Cl F Alkalinity Ca Mg SO4 Si NH4 NO2 + NO3 PO4

pH 0.280 0.324 0.387 0.213 0.314 0.253 0.335 0.263 0.271 0.328 −0.121 0.012 −0.199 −0.190

EC 0.662 0.991 0.948 0.631 0.973 0.629 0.914 0.931 0.954 0.930 −0.383 0.168 −0.230 −0.066

TDS 0.657 0.992 0.964 0.642 0.978 0.654 0.949 0.946 0.954 0.957 −0.412 0.201 −0.255 −0.060

Na 0.672 0.987 0.988 0.608 0.922 0.735 0.911 0.879 0.859 0.907 −0.366 0.127 −0.279 −0.080

K 0.243 0.524 0.503 0.533 0.612 0.509 0.565 0.627 0.614 0.647 −0.048 0.179 −0.212 0.046

Cl 0.629 0.975 0.973 0.987 0.521 0.597 0.880 0.914 0.969 0.897 −0.373 0.191 −0.255 −0.036

F 0.665 0.854 0.868 0.891 0.562 0.853 0.707 0.584 0.508 0.592 −0.056 0.051 −0.197 −0.039

Alkalinity 0.743 0.928 0.952 0.942 0.476 0.909 0.923 0.895 0.857 0.879 −0.281 0.115 −0.172 −0.159

Ca 0.544 0.880 0.901 0.838 0.434 0.822 0.695 0.830 0.904 0.904 −0.273 0.177 −0.100 −0.060

Mg 0.618 0.946 0.967 0.922 0.473 0.913 0.767 0.886 0.889 0.900 −0.381 0.207 −0.246 −0.073

SO4 0.480 0.907 0.912 0.859 0.468 0.854 0.645 0.755 0.898 0.937 −0.329 0.180 −0.140 −0.091

Si 0.219 0.002 −0.024 0.006 0.101 −0.063 0.185 0.192 0.082 −0.077 −0.176 −0.077 0.185 0.126

NH4 −0.026 0.010 0.000 0.007 0.421 −0.002 0.034 0.011 −0.023 −0.007 −0.012 0.099 0.034 0.298

NO2 + NO3 0.321 0.162 0.177 0.166 −0.100 0.115 0.207 0.275 0.227 0.136 0.072 0.351 0.008 −0.011

PO4 0.087 0.017 0.019 0.034 0.027 0.008 0.057 0.078 0.028 −0.013 −0.037 0.197 0.112 0.318

APPENDIX

Table A1. The generic resource water quality objectives at a national level for South Africa (DWA, 2011c)

Parameter Units Ideal Sensitive user Acceptable Sensitive user Tolerable Sensitive user
Alkalinity (CaCO3) mg/L 20 Agriculture 

Aquaculture
97.5 Agriculture 

Aquaculture
175 Agriculture 

Aquaculture

Ammonia (NH3-N) mg/L 0.015 Ecological 0.044 Ecological 0.073 Ecological
Calcium (Ca) mg/L 10 Domestic 80 Basic needs 80 Basic needs
Chloride (Cl) mg/L 40 Industrial Categ. 2 120 Industrial Categ. 2 175 Industrial Categ. 2
EC mS/m 30 Industrial Categ. 2 50 Industrial Categ. 2 85 Ecological
Fluoride (F) mg/L 0.7 Domestic 1 Domestic 1.5 Domestic
Magnesium (Mg) mg/L 70 Domestic 100 Domestic 100 Domestic
Nitrate (NO3-N) mg/L 6 Agriculture 10 Agriculture 20 Agriculture 
pH units ≤8.0 Industrial Categ. 2 <8.4 Industrial Categ. 2

≥6.5 Agriculture 
Aquaculture 

Industrial Categ. 2

>8.0 Agriculture 
Aquaculture 

Industrial Categ. 2
Potassium (K) mg/L 25 Domestic 50 Domestic 100 Domestic
Ortho-phosphate (PO4-P) mg/L 0.005 Ecological 0.015 Ecological 0.025 Ecological
Sodium (Na) mg/L 70 Agriculture 92.5 Agriculture 115 Agriculture 
Sulphate (SO4) mg/L 80 Industrial Categ. 2 165 Industrial Categ. 2 250 Industrial Categ. 2
Total dissolved solids mg/L 200 Industrial Categ. 2 350 Industrial Categ. 2 800 Industrial Categ. 2
Silicon (Si) mg/L 10 Industrial Categ. 2 25 Industrial Categ. 2 40 Industrial Categ. 2

Table A3. Pearson’s correlation coefficients for pairwise comparisons between water parameters at Loskop and Flag Boshielo dams. Loskop 
Dam data are presented in the upper triangle while Flag Boshielo Dam data are presented in the lower triangle. Figures in bold indicate strong 
correlations between the water parameters; i.e., correlation coefficients > 0.7.

pH EC TDS Na K Cl F Alkalinity Ca Mg SO4 Si NH4 NO2 + NO3 PO4

pH 0.099 0.033 0.109 −0.193 0.062 −0.045 0.154 0.020 −0.066 0.001 −0.088 0.000 0.127 −0.111

EC 0.221 0.936 0.794 0.645 0.641 0.119 0.344 0.820 0.618 0.788 −0.048 −0.053 −0.228 −0.107

TDS 0.360 0.986 0.786 0.529 0.748 0.287 0.586 0.895 0.734 0.739 −0.040 0.061 −0.248 0.097

Na 0.408 0.947 0.950 0.371 0.778 0.248 0.305 0.638 0.282 0.591 −0.147 0.007 −0.155 0.003

K 0.279 0.826 0.823 0.763 0.321 0.262 0.038 0.562 0.483 0.577 −0.015 0.001 −0.175 0.026

Cl 0.358 0.917 0.913 0.974 0.721 0.204 0.279 0.574 0.356 0.551 −0.140 0.050 −0.198 −0.005

F 0.411 0.784 0.795 0.882 0.600 0.875 0.082 0.156 0.295 0.137 −0.041 0.059 0.023 0.183

Alkalinity 0.487 0.903 0.939 0.924 0.750 0.886 0.837 0.418 0.385 −0.053 0.051 0.260 −0.118 0.139

Ca 0.193 0.815 0.829 0.657 0.756 0.611 0.463 0.684 0.588 0.711 0.023 0.062 −0.270 0.024

Mg 0.201 0.795 0.820 0.647 0.690 0.583 0.474 0.682 0.825 0.546 0.046 −0.014 −0.161 0.061

SO4 −0.098 0.521 0.539 0.297 0.488 0.223 0.076 0.254 0.740 0.734 −0.078 −0.173 −0.038 −0.051

Si 0.208 0.584 0.581 0.677 0.412 0.698 0.655 0.633 0.295 0.261 −0.076 0.118 −0.011 0.029

NH4 −0.163 −0.221 −0.230 −0.168 −0.275 −0.137 −0.151 −0.183 −0.268 −0.213 −0.248 −0.061 −0.173 0.194

NO2 + NO3 −0.115 −0.124 −0.105 −0.070 −0.207 −0.050 −0.082 −0.074 −0.139 −0.110 −0.179 −0.023 0.130 0.061

PO4 −0.060 −0.001 0.012 −0.008 0.039 −0.016 −0.039 0.021 0.028 0.047 0.027 −0.010 0.000 0.157


