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Short Communication
Conductivity as an indicator of surface water quality in the 

proximity of ferrochrome smelters in South Africa
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ABSTRACT
South Africa is one of the leading ferrochrome (FeCr) producing countries. One of the main environmental and health-
related issues associated with FeCr production is the possible generation of Cr(VI). However, Cr(VI) is not the only 
potential pollutant that has to be considered during FeCr production. Various water-soluble species are present in FeCr 
waste materials and in process water. Considering the size of the South African FeCr industry and its global importance, 
it is essential to assess the extent of potential surface water pollution in the proximity of FeCr smelters by such water-
soluble species. In this study water conductivity was measured as a proxy of general water quality. Although deposition was 
not measured, comparison of surface water results indicated that atmospheric deposition of pollutants originating from 
FeCr smelting did not significantly impact surface water quality, but that surface run-off and/or groundwater leaching 
were the main contributors. At two FeCr smelters it was observed that these smelters did not impact surface water quality 
negatively. In contrast, surface water pollution originating from at least four FeCr smelters was apparent. However, only at 
one smelter did pollution result in surface water conductivity that indicated a water quality not fit for human consumption. 
No correlations could be made between potable water quality and possible pollution from FeCr smelters. Notwithstanding 
this limitation, it was found that potable water sampled at all sites complied with the conductivity criteria for human 
consumption.

Keywords:	 surface water, ferrochromium, South Africa, conductivity, elemental composition of total 
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INTRODUCTION

South Africa is one of the leading ferrochrome (FeCr) produc-
ing countries (ICDA, 2013; Beukes et al., 2012), since the coun-
try possesses approximately three quarters of the world’s viable 
chromium ore (chromite) deposits (Murthy et al., 2011; Cramer 
et al., 2004). FeCr is mainly produced during pyrometallurgi-
cal carbo-thermic reduction of chromite in submerged arc 
furnaces (SAFs) and direct current arc furnaces (DCFs) (Beukes 
et al., 2010). One of the main environmental and health-related 
issues associated with FeCr production is the possible genera-
tion of Cr(VI). Since it is impossible to completely exclude oxy-
gen from all high-temperature FeCr production steps, Cr(VI)-
containing species can be unintentionally generated in small 
amounts (Beukes et al., 2010; Mandiwana et al., 2007). In a 
recent paper by Loock et al. (2014) the possible Cr(VI) contami-
nation of surface water in the proximity of FeCr smelters in 
South Africa was investigated. These authors indicated that, in 
general, surface water was not consistently contaminated with 
Cr(VI) at all FeCr smelters, but that surface water quality near 
some FeCr smelters is of concern. Additionally, potable water 
was also collected close to the FeCr smelters to support the 
surface water results obtained. It was found that Cr(VI) levels 
in the potable water near one of the smelters were of concern.

Cr(VI) is, however, not the only potential pollutant 
of surface-, ground- and potable water that has to be con-
sidered in relation to FeCr production. As an example, 

Riekkola-Vanhanen (1999) indicated that FeCr furnace off-gas 
dust potentially contains many water-soluble heavy metals, 
while closed-furnace off-gas venturi water sludge specifically 
also contains cyanides. Water-soluble species such as sulphate 
(SO4

2−) and chloride (Cl−) are also added to process water dur-
ing the treatment of Cr(VI)-containing wastes (Beukes et al., 
2012). The presence of water-soluble species in FeCr production 
wastes and process water does not automatically imply that 
aqueous systems around such smelters will be polluted. FeCr 
waste materials, e.g., bag-filter dust, venturi sludge and slag, 
are mostly stored on fit-for-purpose waste facilities designed 
to prevent environmental pollution. Water draining from such 
waste facilities (e.g. slimes dams) and process water is usually 
kept in a closed loop. However, leakages from the afore-men-
tioned systems might occur. Additionally, historic groundwater 
contamination, which could migrate slowly, can also result in 
environmental aqueous systems being polluted.

Considering the above-mentioned context, it would be 
ideal to include all possible pollutant species in a study on the 
contamination of aqueous systems around FeCr smelters. Such 
investigations are likely to have been conducted for relatively 
new smelters for which environmental impact assessments 
(EIAs) were required, or for older FeCr smelters during the 
application for water use licences. However, this informa-
tion is usually not available in the peer-reviewed literature. 
Considering the size of the South African FeCr industry and its 
global importance, it is essential to have such data available. In 
order to, at least partially, address this knowledge gap, con-
ductivity of surface water was investigated in the proximity of 
most FeCr smelters in South Africa. The primary focus of this 
paper was to investigate surface water pollution, but potable 
water was also collected in the proximity of the selected FeCr 
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smelters. The sampling sites selected correlated with those that 
Loock et al. (2014) introduced. Figure 1 illustrates a regional 
map indicating the extent of the chromite ore deposits in South 
Africa, as well as the locations of FeCr smelters that are shown 
in the enlarged sections of Fig. 1, i.e., 1a, 1b and 1c.

EXPERIMENTAL

Reagents

Ultra-pure water (resistivity 18.2 MΩ∙cm-1), produced by 
a Milli-Q water purification system, was used for cleaning 

equipment and sampling containers. Conductivity calibration 
solutions of 12 880 µS/cm and 1 413 µS/cm at 25°C (Hanna 
instruments) were used to calibrate the conductivity meter 
prior to each sample collection campaign.

Sampling site selection and sampling duration

The objective of this study was to assess the general water qual-
ity of surface water in the vicinity of FeCr smelters in South 
Africa. Currently South Africa has 14 different FeCr smelters 
(Beukes et al., 2012) – 13 located in or close to the chromite 
deposits in the Bushveld Igneous Complex (BIC) and one 

Figure 1 
Location of the FeCr smelters (black dots) within the context of the South African Bushveld Igneous Complex (BIC) is illustrated in the regional map. The 

enlarged areas demonstrate the surface-(green squares) and potable water sampling sites (red diamonds) in relation to the FeCr smelters  
and rivers/streams (blue lines).
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comprehensive breakdowns in terms of conductivity ranges for 
defined water use applications. According to these guidelines 
(Anderson et al., 1999), conductivity values of 0 – 800 µS/cm 
can be used for human consumption and irrigation. However, if 
the conductivity is higher than 300 µS/cm, care must be taken 
during the irrigation of plants sensitive to higher salt levels. 
Conductivities between 800 and 2 500 µS/cm are still suit-
able for human consumption, while irrigation at these levels 
should be managed to minimise plant damage. Levels between 
2 500 and 10 000 µS/cm are not recommended for human 
consumption. Salt-tolerant crops can be irrigated using water 
with conductivities of up to 6 000 µS/cm. Most livestock can 
consume water with levels of up to 10 000 µS/cm, but conduc-
tivity levels in the drinking water of poultry and pigs should 
be limited to 6 000 µS/cm. Considering the afore-mentioned 
conductivity criteria, the surface water conductivity results in 
Fig. 2 were divided into 4 categories, i.e., 0 – 300, 300 – 800, 
800 – 2 500 µS/cm and above 2 500 µS/cm, respectively. These 
ranges are separated in Fig. 2 by the three lines indicated at 300, 
800 and 2 500 µS/cm.

Surface water conductivity range: 0 – 300 µS/cm

According to the above-mentioned categorisation, the average 
conductivity at surface water sampling sites 1, 4a, 8 and 9b can 
be regarded as suitable for all water use applications (Anderson 
et al., 1999). The spread of conductivity levels at these sites 
was also relatively small (Fig. 2). The water sampled at surface 
water sampling site 1 drained directly out of the property of 
FeCr Smelter 1 (Fig. 1). Also, surface water sampling site 8 
was positioned to capture possible seepage and run-off from 
Smelter 8. These two results therefore seem to indicate that 
Smelters 1 and 8 do not influence the surface water quality at 
sampling sites 1 and 8 to a significant extent. Sampling site 
4a was positioned upstream from Smelter 4, while Site 9b was 
located on a separate branch of a perennial river not directly 
impacted by Smelter 9. Although atmospheric deposition was 
not specifically measured, comparison of the results for these 
two sites indicates that deposition of pollutant species released 
by Smelters 4 and 9 does not significantly impact the afore-
mentioned sampling sites.

located close to the east coast (Fig. 1). Samples were collected at 
sites identified by Loock et al. (2014), who critically evaluated 
several criteria (personal safety during sampling collection, 
accessibility, logistical, drainage patterns, etc.) to identify the 
best suited sampling sites. Implementation of the afore-men-
tioned criteria resulted in the collection of surface- and potable 
water samples in the proximity of 10 and 11 FeCr smelters, 
respectively.

In order to relate the sampling site location to the results 
obtained, the various FeCr smelters were numbered 1 to 12, as 
shown in Figs. 1a, 1b and 1c. Surface and potable water sam-
pling sites were numbered accordingly, i.e., correlating to the 
number of the closest FeCr smelter. At Smelters 4, 5, 7 and 9 
(Fig. 1) two surface water sampling sites were located at each 
smelter, which were distinguished by indicating them as sam-
pling sites ‘a’ and ‘b’.

The sampling sites were all located in the geographical area 
commonly referred to as the South African Highveld. Laakso et 
al. (2012), with references therein, provided a concise descrip-
tion of the meteorological conditions over the South African 
Highveld. Almost all precipitation on the South African 
Highveld occurs during the wet season (middle October to 
April), with virtually no precipitation taking place during the 
dry season (May to middle October). These strong seasonal 
cycles could lead to bias if samples were collected only in a 
specific season. To limit seasonal bias, sampling was conducted 
monthly for almost a full year, i.e., March 2011 to January 2012.

Sampling and analytical procedures

The first step during sampling at any given site consisted of col-
lecting a 1 ℓ sample in a Schott Duran glass bottle. The collected 
samples were then divided into several 100 mℓ portions. Some 
of these portions were used for Cr(VI) analysis, as discussed in 
Loock et al. (2014). 15 mℓ of one 100 mℓ sampled portion was 
then used for the determination of conductivity with a Hanna 
instrument HI 255 combined meter with a HI 76310 electrode. 
The remaining 85 mℓ was evaporated in an oven at 100°C so 
that scanning electron microscopy incorporated with energy 
dispersive X-ray spectroscopy (SEM-EDS) analysis could be 
done to identify the elemental composition of the total dis-
solved solids (TDS) portion. A FEI QUANTA FEQ 250 ESEM, 
integrated with an OXFORD INCA X-Sight 200 EDS system 
operating with a 15kV electron beam at a working distance of 
10 mm was used. Sample preparations for the SEM-EDS analy-
ses consisted of mounting the precipitate on buttons covered 
with carbon tape.

RESULTS AND DISCUSSION

Surface water

In Fig. 2 the mean, minimum and maximum conductivity 
values measured at the surface water sampling sites in the 
proximity of FeCr smelters (Fig. 1) for the entire sampling 
period are presented. As is evident from these data, there are 
significant differences in the conductivity values measured at 
the various sites. To facilitate the discussion of these results, 
it is necessary to consider possible conductivity ranges that 
suit specific applications. Various references indicate differ-
ent conductivity ranges that are suitable for specific water 
use applications (e.g. Anderson et al., 1999; DWAF, 1996). Of 
these references, Anderson et al. (1999) gave one of the most 

Figure 2
Mean conductivity values of the surface water sampling sites near 

the various FeCr smelters (Fig. 1). The error bars indicate the minimum 
and maximum values. The horizontal lines indicate the 300, 800 and 

2 500 µS/cm values, which were used to categorise the data.
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Surface water conductivity range 300 – 800 µS/cm

The average conductivity at surface water sampling sites 5a, 7a, 
10 and 11 fell within the category that can be regarded as suit-
able for all water use applications, except for the irrigation of 
plants sensitive to higher salt levels (Anderson et al., 1999). The 
conductivity values of surface water sampling sites 5a, 10 and 
11 had small spreads (Fig. 2), which indicated that seasonal 
cycles (e.g. rain) had little effect, nor did any large spillages 
from these smelters occur. Site 5a was located in a cement-
lined waterway near Smelter 5. The lining of this waterway 
limited possible sources of water quality impacts to atmos-
pheric deposition and/or upstream pollution. The acceptable 
status of the water according to the considered conductivity 
criteria applied indicated that atmospheric deposition from 
pollutant species from FeCr Smelter 5 did not significantly 
impact the water quality.

Since the surface water at Sites 10 and 11 was considered 
to be acceptable for all applications, except for the irrigation of 
plants sensitive to higher salt levels, it is likely that atmospheric 
deposition from Smelters 10 and 11 also did not impact water 
quality significantly. Sampling sites 10 and 11 were in a peren-
nial river near Smelters 10 and 11, implying that groundwater 
seepage could also play a role. However, the satisfactory status 
of the surface water indicated that groundwater seepage and 
surface water run-off from Smelters 10 and 11 does not signifi-
cantly impact on general surface water quality.

Sampling site 7a was in perennial stream, located 
upstream from Smelter 7. The larger spread of the conductiv-
ity values at Site 7a indicated possible seasonal variations. 
The seasonal variations observed in the conductivity levels at 
this site, as well as other sites for which seasonal cycles pos-
sibly occur, are presented in Fig. 3. The data (Fig. 3) indicate 
that the conductivity levels at surface water sampling site 7a 
are lower in the drier months of June–October and higher in 
the rainy season months, notwithstanding higher volumes of 
water in this stream during the rainy season. It is therefore 
highly likely that surface run-off and/or seepage upstream 
from Site 7a, and not Smelter 7, are responsible for the higher 
conductivity levels during the rainy season. Several opencast 
coal mines and large coal-fired power stations occur in this 
geographical area that could potentially serve as pollution 
sources (Lourens et al., 2011). The surface chemical composi-
tion (SEM-EDS) of the total dissolved solids (TDS) remain-
ing after all samples were evaporated is presented in Fig. 4a, 
while Fig. 4b indicates the same data normalised excluding 
oxygen (O). Although TDS was not specifically measured in 
this study, there is usually a direct correlation between con-
ductivity and TDS (e.g. Paul and Sen, 2012; Atekwana et al., 
2004; McNeil and Cox, 2000). The elemental composition of 
the TDS at Site 7a shows relatively high levels of sulphur (S), 
which cannot be attributed to natural sources. Josipovic et al. 
(2009 and 2011) indicated that S wet and dry deposition on 
the Mpumalanga Highveld is higher than in any other region 
in South Africa, mainly due to the occurrence of numerous 
large atmospheric point sources in this region (e.g coal-fired 
power stations). It is therefore likely that the aforementioned 
atmospheric deposition will contribute to higher conductivity 
levels in the rainy season due to surface water run-off from 
the catchment area of Site 7a. Additionally, run-off and/or 
seepage from non-atmospheric pollutions sources (e.g. coal 
mines) upstream of surface water site 7a could also make a 
significant contribution in the rainy season.

Surface water conductivity range 800 – 2 500 µS/cm

Surface water sampling sites 3, 4b, 5b, 6 and 7b can be regarded 
as suitable for all consumptive water uses, but irrigation of 
plants should be managed to minimise damage (Anderson et 
al., 1999).

The conductivity values for surface water sampling sites 
3, 4b and 7b had large spreads (Fig. 2) that could be due to 
seasonal cycles or spillages from the smelters. The conductiv-
ity data in Fig. 3 indicates no correlation to season cycles for 
any of these sites. Although seasonal cycles could therefore 
contribute to the spread of the conductivity data at these three 
sites, seasonal cycles cannot fully explain the large spreads. All 
of these sites, i.e., 3, 4b and 7b, are located downstream from 
the respected FeCr smelters and will capture any spillages and/
or seepage. When comparing the conductivity values of surface 
water sampling sites 4a (upstream of Smelter 4) and 4b (down-
stream of Smelter 4), as well as 7a (upstream of Smelter 7) and 
7b (downstream of Smelter 7), significant differences in the 
conductivity values are observed (Fig. 2). Additionally, if the 
elemental compositions of the TDS at Site 4b are compared to 
Site 4a (Fig. 4) an increase in the percentage of S and Cl can be 
observed, which can be associated with the wastewater of FeCr 
production (Beukes et al., 2012). As indicated earlier, surface 
water site 7a is already impacted upstream of the sampling 
site. Additionally, the elemental compositions of the TDS for 
this site did not differ significantly from those for Site 7b. 
Considering all the afore-mentioned discussions it can there-
fore be stated that it is likely that the higher and larger spread 
in conductivity values measured at Sites 3, 4b and 7b can be 
attributed to the impact of the respective smelters.

Surface water sampling sites 5b and 6 had smaller spreads 
in the conductivity values than Sites 3, 4b and 7b (Fig. 2), but 
these were still large enough to warrant exploration thereof. 
The conductivity values at both surface water sampling sites 
were variable, but did not indicate a significant correlation to 
seasonal cycles (Fig. 3). Both Site 5a and Site 5b are located close 
to FeCr Smelter 5 (Fig. 1), with the only difference between the 
two sampling sites being that 5a is a cement-lined waterway 
while 5b is an unlined river. As indicated earlier, Site 5a was 
minimally impacted by atmospheric deposition from FeCr 
Smelter 5. Therefore it is likely that Site 5b would also not be 
impacted in such a way. Surface water pollution at 5b (unlined 
river) can consequently only be as a result of run-off and/or 

Figure 3
Seasonal variations observed in the conductivity levels at the different 

surface water sampling sites
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seepage. The difference between the conductivity values at Sites 
5a and 5b (Fig. 3) demonstrates that there is a pollution source 
only affecting the river, thus implicating FeCr Smelter 5.

Sampling site 6 was located near FeCr Smelter 6, but not 
in a stream flowing directly to or from the smelter (Fig. 1). 
Additionally, several other large industries, as well as semi-
formal and informal settlements, were located nearby. The 
authors also observed raw sewage running into the river on 
several occasions. Therefore it is impossible to relate the results 
in a systematic manner to FeCr Smelter 6.

Surface water conductivity above 2 500 µS/cm

According to the conductivity criteria applied, surface water at 
sampling site 9a is not recommended for human consumption 
(Anderson et al., 1999). The larger spread of conductivity values 
at Site 9a (Fig. 2) indicated that seasonal cycles and/or pollution 
from Smelter 9 might have an influence. The conductivity data 
for this site did not indicate a conclusive seasonal cycle (Fig. 3). 
However, comparison of conductivity levels between Site 9b (in 
a perennial river not directly impacted by Smelter 9) and Site 9a 

Figure 4
The surface chemical composition (SEM-EDS) of the solids remaining after surface water samples were evaporated, for all of the surface water sampling 

sites, are presented in Fig. 4a, while Fig. 4b indicates the same data normalised to exclude oxygen (O).
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(in a stream running directly from the Smelter 9) indicated very 
clearly that the elevated levels of conductivity observed at 9a 
are a direct result of groundwater seepage and/or surface water 
run-off pollution from Smelter 9. The differences in the elemen-
tal composition of the TDS at sampling sites 9a and 9b (Fig. 4a 
and 4b) is also apparent.

Potable water

The mean, minimum and maximum conductivity values 
measured at the potable water sampling sites in the proximity 
of FeCr smelters (Fig. 1) during the entire sampling period are 
presented in Fig. 5. As for the investigations of surface water, 
the conductivity criteria suggested by Anderson et al. (1999) 
were applied. These category ranges are shown in Fig. 5 by the 
two lines indicated at 300 and 800 µS/cm.

In discussing the surface water sampling site results, 
the possible impacts of the various FeCr smelters could be 
explored, since the results could be contextualised using 
upstream and downstream measurements near certain smelt-
ers, as well as from streams running directly from smelters 
vs. streams not directly impacted. However, it is impossible 
to deliberate about the potable water conductivity results in a 
similar manner. Additionally, the source at a specific potable 
water site was not always known. As an example, groundwa-
ter that is commonly used as potable water in the Steelpoort 
valley has a high natural conductivity (Loock-Hattingh et al, 
2015; Loock et al., 2014). Therefore, it would be preposterous 
to propose linkages between potable water conductivity and 
pollution originating from the various FeCr smelters. The only 
factual deduction that can be made from the data presented in 
Fig. 5 is that the potable water measured at all sites complied 
with the conductivity criteria proposed for human consump-
tion (Anderson et al., 1999).

CONCLUSIONS

To the knowledge of the authors, this study is the first relatively 
comprehensive survey of surface water conductivity in the 
proximity of FeCr smelters in South Africa. In this study water 
conductivity was used as a proxy for general water quality, with 
application of the conductivity criteria suggested by Anderson et 

al. (1999). Obviously this approach has limitations, but the data 
compiled will help to close the current knowledge gap on the 
influence of FeCr production on water quality.

The results indicated that atmospheric deposition of pol-
lutants originating from FeCr smelting did not significantly 
impact surface water quality. At certain FeCr smelters (e.g. 
Smelters 1 and 8) surface water sampling sites, which would 
have been impacted if surface run-off and/or seepage occurred 
from the relevant smelters, did not indicate any significant 
negative impacts. This proves that FeCr smelting does not 
automatically imply surface water pollution. In contrast, the 
surface water pollution originating from certain FeCr smelt-
ers was apparent, especially near smelters where upstream and 
downstream samples could be collected (Smelters 4, 5, 7 and 9). 
However, only at Smelter 9 did this pollution result in surface 
water conductivity not being fit for human consumption.

No correlations and/or deductions could be made between 
potable water quality and possible pollution from FeCr smelt-
ers. Notwithstanding this limitation, it was found that potable 
water sampled at all sites complied with the conductivity cri-
teria for human consumption. Although groundwater quality 
in the proximity of ferrochrome smelters was not investigated, 
such an investigation should be considered as an important 
future perspective.
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