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ABSTRACT
Total dissolved solids (TDS, in mg/ℓ) can be estimated from measurements of electrical conductivity at 25°C (EC, in µS/cm) 
by applying a conversion factor f. This factor is commonly reported to range from 0.54 to 1.1. For 45 South African mine-
water samples, factors between 0.25 and 1.34, with a median of 0.85, were determined. The samples cover an EC-range of 
70– 16 000 µS/cm and TDS of 50–14 000 mg/ℓ. Linear regression for the entire dataset yields a conversion factor of 0.88 but 
for samples with EC < 5 000 µS/cm, a conversion factor of 0.97 is recommended. However, both of these factors allow only 
estimates of TDS and for accurate TDS values it is necessary to determine the conversion factor specifically for each site. 
Besides spatial variations, temporal variations of conversion factors were also observed.
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INTRODUCTION

Aim

Estimations of total dissolved solids (TDS) content are com-
monly based on electrical conductivity (EC) measurements, 
using a conversion factor retrieved from regulations or guide-
lines (Wolkersdorfer, 2008). One of the applications of these 
conversion factors is in the mine-water treatment schemes in 
post-mining areas of South Africa; but TDS content is also of 
relevance in other mine-water projects. The aim of this paper is 
to establish a conversion factor for those parameters using South 
African mine-waters as a case study and to identify if reported 
conversion factors are valid for mine-water (e.g. DWA, 2012).

Historical context for South African mine-water issues

Industrial mining in South Africa began in the mid-1800s 
with the exploitation of the country’s copper resources. A large 
expansion of mining activity took place after the gold deposits 
in the Witwatersrand area were discovered in 1886 and the 
adjacent coal fields opened (Minerals Bureau, 1998). Meanwhile, 
many mine sites were abandoned, the pumps stopped and no 
appropriate steps of mine closure taken. This led to uncon-
trolled flooding and mine-water started to discharge, eventu-
ally interacting with natural ground and surface water. The 
issue received widespread attention, with the first mine-water 
discharging into the West Rand mine-water pool in 2002 
(Coetzee et al., 2003; Hobbs and Cobbing, 2007), following 
water-level rise above the environmentally-critical level (ECL) 
in 2000 (Ramontja et al., 2010).

In large areas of South Africa, acid mine drainage (AMD) 
from gold, coal and base-metal mining causes a serious envi-
ronmental problem (Makgae, 2012). The major sources of AMD 
are the di-sulphide minerals pyrite and marcasite, which, if 

coming into contact with oxygen, produce sulphuric acid and 
elevated concentrations of dissolved iron. Consequently, the 
acid facilitates the dissolution of other minerals, causing a high 
load of dissolved solids (Wolkersdorfer, 2008). However, not all 
waters in contact with mine voids have low pH, especially when 
buffering minerals are abundant or when no di-sulphides exist 
in the mine’s host rocks.

Currently, water is being pumped from the three priority 
mine-water pools in the Witwatersrand area in order to keep or 
re-establish water levels below the ECL. The water most often is 
of inadequate quality for use in any field or for direct discharge 
into rivers. Consequently, treatment with respect to pH, acidity, 
iron and other metals is inevitable (Ramontja et al., 2010).

TDS is used to calculate the volume of sludge that will be 
generated by treating the mine-water (e.g. DWA, 2012). This 
parameter is thus essential for the dimensioning of storage 
basins for sludge deposits. Rarely is TDS being determined 
directly but rather is being estimated by different means, for 
which the conductivity method is but one option (DWA, 2012).

Several studies referring to EC/TDS ratios have already 
been conducted in South Africa. Simonic (2000) compiled 
chemical, physical and physico-chemical parameters from the 
Department of Water Affairs and Forestry (DWAF) database. 
Using the results of groundwater analysis, he compiled a spatial 
distribution map (Map C2) of the TDS/EC correlation using 
field and laboratory measurements. This map shows EC/TDS 
ratios from below 0.6 to above 0.8, unfortunately without giv-
ing statistical data for the map. Huizenga at al. (2013) used the 
1972 to 2011 surface water data of the DWA dataset and com-
piled comprehensive datasets of South Africa’s surface water 
chemistry. In their dataset, they included the ‘total dissolved 
solids imbalance’, which is based on the measured and calcu-
lated TDS from the chemical analysis. Van Niekerk et al. (2014) 
explicitly investigated the TDS/EC ratios for South African 
rivers at 38 sampling locations of the DWA database using 
18 363 individual samples. Their TDS/EC ratios range between 
0.50 and 0.80 with an average of 0.68, which is close to the ratio 
of 0.65 recommended by DWAF (1996b). None of these studies 
explicitly investigated mine-waters. Therefore, this study aims 
at filling this gap.
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Electrical conductivity

Basics

Although practitioners and researchers perform electrical con-
ductivity measurements on a regular basis, they do not always 
know the theoretical background. Therefore, the following sec-
tions will provide a short introduction to the subject. Only the 
most relevant equations will be given in helping to understand 
this relationship.

The electrical conductivity of an aqueous solution is its abil-
ity to pass an electric current. Being a characteristic property of 
solutions, it is used in a range of fields and industrial applica-
tions, e.g., mine-water management (Gelhaus and Lacourse, 
2004). Electrical conductivity depends mainly on the concen-
tration of dissolved electrolytes and gases. With respect to the 
dissociated ions in particular, EC is a function of their mobility, 
determined by charge and dissolved radius and the solution’s 
viscosity and temperature (Coury, 1999).

The parameter measured by the instrument is the conduct-
ance G, being the reciprocal of the resistance R.

G =   1 __ R   (1)

Resistance R is defined by the current I that flows when a cer-
tain potential U is applied.

R =   U __ I   (2)

G, the electrical conductance, depends on the properties of the 
solution as well as on the dimensions of the measuring cell. 
Those dimensions, the physical shape and the size of the con-
ductivity cell limiting the ions’ movement, are represented by 
the cell constant K, which is constituted of the electrode dis-
tance l and the electrode surface A.

K =   l __ A   (3)

Multiplying the conductance G and the cell constant K results 
in the conductivity κ (sometimes also γ), which is thus a 
solution-specific parameter, independent of the instrument’s 
geometry.

κ = K . G (4)

This calculation is usually performed within the instrument and 
the reading given is that of the (electrical) conductivity κ, some-
times also referred to as specific conductance (South African 
National Standard, 1985). Per definition, this is the conductance 
of a body of solution of a given unit length and cross section 
at a specified temperature θ (Hem, 1985). As the reciprocal of 
the resistance’s unit, Ohm (Ω) is the Siemens (S), Siemens per 
meter (S/m) is the SI unit for conductivity at temperature θ. 
Internationally, figures in water science are commonly given in 
mS/cm or µS/cm, whilst in South Africa or Finland very often 
mS/m (South African National Standard, 1985), and in the US 
mmho/m, is used. The latter should be avoided, as it is not an SI 
unit. Different authors assume that the terms specific conduct-
ance (Atekwana et al., 2004) or electrical conductivity indicate 
that the solution-specific property of conductivity was normal-
ized to 25°C, but this is not commonly accepted as a convention. 
Assumption that a temperature compensation was done can thus 
lead to misinterpretation of data.

Before measurements are performed, instrument calibra-
tion with a standard solution of known electrical conductivity 
κS is necessary (Gelhaus and Lacourse, 2004). This calibration 
determines the cell constant for the measured electrical con-
ductance of that standard GS. 

K =   
κS __ GS

   (5)

Subsequently, the cell constant will be used to convert conduct-
ance to conductivity, because although in theory the cell con-
stant is defined by its geometry, it is practically only measurable 
under working conditions and also changes over time.

Temperature correction

Electrical conductivity strongly depends on the solution’s 
temperature θ because the movement of ions is directly pro-
portional to the temperature. Due to the large dependency 
of EC on temperature, values are only comparable if either 
measured at or converted to the same reference temperature 
(Smith, 1962). In most countries, the reference temperature for 
water is 25°C, but since this is not the same worldwide or across 
all fields of science, the reference needs mentioning with the 
data. This procedure is referred to as temperature correction 
or temperature compensation and is done by applying a linear 
or non-linear correction algorithm, which is even required for 
measurements close to 25°C.

For the purpose of temperature compensation, a tempera-
ture coefficient αθ is used. It characterizes the rate of conductiv-
ity change per degree of temperature change. For practicality, 
mean temperature coefficients for certain temperature ranges 
are used (Smith, 1962).

αθ25 =   1 ___ κ25
    (   κθ – κ25 _______ θ – 25°C   )  × 100 (6)

By applying this coefficient, electrical conductivity κ25 at 25°C 
can be calculated from a conductivity κθ measured at tempera-
ture θ (all temperatures in °C).

κ25 =   
κθ ______________  

1 + (    αθ25 ___ 100   )  (θ – 25°C)
   (7)

In case of a linear correction, the same coefficient is used across 
the whole temperature range. A common coefficient α for 
that purpose is 2%/K, which is derived from the coefficient of 
1.91%/K for a standard KCl solution assumed to be an approxi-
mation for most natural waters (Standard Methods for the 
Examination of Water and Wastewater, 2005). Many conduc-
tivity meters have a built-in temperature compensation, using 
mainly linear algorithms to convert the sample conductivity 
to the chosen reference temperature. For natural waters with 
conductivities of approximately 60–1 000 µS/cm, a non-linear 
compensation can be used (South African National Standard, 
1985: SANS 7888: identical to ISO 7888-1985). Yet, regardless 
of the compensation method used, the more the sample tem-
perature deviates from 25°C, the larger the uncertainty of the 
temperature compensation.

Calculation of EC from ionic concentrations

If results from a chemical analysis are available, electrical 
conductivity can be computed from the ions’ concentrations. 
Twelve different equations have been proposed and are dis-
cussed in McCleskey et al. (2012). They require knowledge of 
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the tabulated molecular conductance λ of the individual types 
of ions (limiting ionic molecular conductivity), including their 
valence states Z. The method used in this paper is based on 
Rossum (1975) and Coury (1999), applying an extended table 
listed in Wolkersdorfer (2008):

κ25 = K0
+ + K0

– –   
Λ0 . Z+ . Z– ____________  115.2 . (Z+ + Z–)

   .   2 . Q
 ______ 

1 +    √
__

 Q  
   + 0.668 . 

[(Z+ + Z–) . C]1.5 (8)

with:

Q =   
Λ0 . Z+ . Z–  ___________________  (Z+ + Z–) . (Z+ . λ+ + Z– . λ–)

   (9)

and: Λ0, the total ionic conductance (λ+ + λ-), as well as C, the 
concentration of the ion (mol/ℓ). At the assumed state of infi-
nite dilution, the contribution of different types of ions in a 
complex solution to conductivity is additive. McCleskey et al. 
(2011) introduced the ‘transport number for the individual ions’ 
and could show that there are 3 groups of ions that contribute to 
the water’s EC: significant (H+, Na+, Ca2+, Mg2+, NH4

+, K+, Cl-, 
SO4

2-, HCO3
-, CO3

2-, F-, Al3+, Fe2+, NO3
-, HSO4

-), moderate (Li+, 
Fe3+, Cu2+, Mn2+, Zn2+, OH-, NaCO3

-) and very little contribution 
(Ba2+, Br-, Cs+, Sr2+, KSO4

-). OH- needs to be considered for pH 
higher than 9 and H+ for pH below 5, since the conductance 
contributed by OH- and H+ is substantially greater than that of 
other ions (Rainwater and Thatcher, 1960).

Because the molecular conductance λ changes with con-
centration, the activity of the species in the sample needs to be 
known (Coury, 1999; McCleskey et al., 2012). For accurate EC 
calculations, it is therefore imperative to account for the indi-
vidual concentrations of the ions in solution. PHRREQC is a 
chemical-thermodynamic computer code for calculating aque-
ous speciation, which computes the EC based on the results of 
the water analysis, based on Kohlrausch’s law and the Debye-
Hückel equation (Parkhurst and Appelo, 2013). For most waters 
with electrical conductivities below 60 mS/cm and MgSO4-rich 

waters below 20 mS/cm, this method results in sufficiently good 
results (Appelo, 2015). Those results can then be used to verify 
the accuracy of the chemical analysis, a method that is more 
reliable than the commonly-used ionic balance (Wolkersdorfer, 
2008).

Total dissolved solids

Total dissolved solids (TDS) or filterable matter (ASTM 
D5907-13) is a measure of the total concentration of dissolved 
matter in a water sample (ASTM D5907-13; Hem, 1985; US 
Environmental Protection Agency, 1971). It includes all inor-
ganic and organic dissociated anions and cations as well as 
undissociated dissolved species (McNeil and Cox, 2000). It 
is sometimes wrongly called total dissolved salts (Hobbs and 
Cobbing, 2007; Hobbs et al., 2008) or mistakenly confused with 
salinity (Scofield and Wilcox, 1931; Rainwater and Thatcher, 
1960; McNeil and Cox, 2000; Zinabu et al., 2002; Oelofse and 
Strydom, 2010). Sometimes it is also defined as the content of 
dissolved inorganic salts (DWAF, 1996b). Results are reported 
as mass per volume units, most commonly mg/ℓ. Together with 
total suspended solids (TSS), TDS makes up the total solids 
(TS) content of water.

The standard method for the determination of TDS is 
gravimetric, where an accurately measured volume of filtered 
sample is evaporated and dried at a certain temperature (e.g. 
South African National Standard, 2013). The volume of sample 
to be evaporated depends on the expected TDS, which can be 
estimated from a quick EC measurement. If the sample volume 
chosen is too large, an excessive amount of residue can remain 
and water entrapped in the crust might not be released in its 
entirety during the drying process (Rainwater and Thatcher, 
1960). Though the determination of TDS seems to be relatively 
straightforward, the results of TDS determination are influ-
enced by various parameters, such as pore size, porosity and 
filter thickness, particle size, amount of sample and drying 
time as well as method used (Table 1).

TABLE 1
Methods for determining TDS based on literature

Method/standard Drying 
temperature, °C

Drying time, h Filter pore size, 
µm

Mass of residue, 
mg

Mass constancy

SANS 5213a 180 ± 2 2 1.0 ± 0.2 5–200 Constant

US EPA 160.1b 180 ± 2 1 + repetitions 0.45 10–200 < 0.5 mg or < 4%, 
whichever smaller

APHA SM 2540Cc 180 ± 2
or 103 – 105 (1980)

> 1 + repetitions ≤ 2 2.5–200 < 0.5 mg or < 4%, 
whichever smaller

DIN EN 15216-1d 105 ± 3 Until dry 0.45 20–1 000 < 2 mg or < 0.5%, 
whichever larger

USGS I-1750-85 1989e 180
or 105

2 ‘filtered’ 10–200 constant

ASTM D5907 2013 f 180
or 103 – 105

> 1 glass fibre filter 25–200 < 0.5 mg

IS 3025-16g 180 ± 2 Long 1.2 25–250 < 0.5 mg

SAWQG Vol. 7h <70 0.45

Standard Operating 
Procedurei

180 5 days 0.7 – 1.2 allow to stabilize

References: aSouth African National Standard, 2013; bUS Environmental Protection Agency, 1971; cStandard Methods for the Examination of Water 
and Wastewater, 2005; dDIN, 2007; eFishman and Friedman, 1989; fASTM International, 2013; gIndian Standards, 1984; hDWAF, 1996b; iMotter, 2015 
(the 2010 method 13A.1 recommended a 2 h drying time)
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Drying at 180°C for a duration of 1 to 2 h will lead to the 
release of almost all mechanically held water and most water 
of crystallization. At that temperature, all bicarbonate, which 
becomes unstable at 100°C, will be transformed to carbon-
ate, releasing carbon dioxide (Rainwater and Thatcher, 1960). 
Some organic and also inorganic matter, such as nitrite and 
boron, will be volatilized (Howard, 1933; Hem, 1985), but 
not all of it will be removed completely. Especially at low 
pH, some anion content, such as chloride and nitrite, may be 
lost by the volatilization of acids (Standard Methods for the 
Examination of Water and Wastewater, 2005). Contrary to 
those losses, some weight gain can also happen due to oxida-
tion or transformation into hydroxides. Some parameters 
may cause a longer drying time. These are a particularly 
high mineral content, a high bicarbonate concentration or 
large concentrations of calcium, magnesium, chloride and 
sulphate. Weighing will have to be done as soon as pos-
sible after the required cooling phase, in a desiccator (US 
Environmental Protection Agency, 1971). Even after the 
slower release of contained water, some crystallization water 
may remain in residue when rich in gypsum (Hem, 1985). 
At lower temperatures, not all of those processes occur until 
completion, usually leading to more water retained in the sol-
ids. Yet, different temperatures are recommended for drying 
by different standards (Table 1). In addition to the results, it 
is consequently necessary to record the drying temperature 
– even for more dilute natural waters for which differences 
in the drying temperature yield not substantially different 
results (Hem, 1985).

Because the evaporation method is time consuming and 
thus expensive, methods for determining TDS mathematically 
from ion concentrations, sulphate concentration and EC exist. 
If a reasonably complete chemical analysis was performed, a 
possible method for determining TDS is to add up all of the ion 
concentrations, which usually yields results quite close to the 
gravimetric method. Particularly in mine-water with elevated 
EC and low pH-values, metal ions such as Fe, Al and Mn can 
be abundant (Blowes et al., 2014). To avoid errors in the TDS 
calculation, those concentrations have to be added to the main 
ions. Rucker et al. (2009) estimated TDS with on-site geophys-
ics and found good correlations (R2 = 0.85) between the meas-
ured resistivity and the TDS content of the mining-impacted 
groundwater, which can be used to map for potential ground-
water contamination.

TDS-EC conversion factors

As a result of its own dissociation, the EC of pure water is 
0.05483 µS/cm at 25°C (South African National Standard, 
1985). Exposure to the atmosphere will raise the conductivity 
to > 2 µS/cm due to contamination with CO2. In natural waters, 
conductivity will typically range from tens of µS/cm to tens 
of mS/cm (Hem, 1985). Because almost all the conductivity is 
accounted for by the dissolved ions, there is a direct propor-
tionality between EC and TDS:

TDS = EC . f (10)

This conversion factor f allows the estimation of TDS from a 
precisely measured EC (Singh et al., 1975) and is commonly 
used in all situations where TDS needs to be established quickly 
(e.g. agriculture, industry, water supply, resource management 
or mining; Van Niekerk et al., 2014).

At lower concentrations, the relation between concentra-
tion and EC for single electrolyte solutions is linear and flattens 
off for higher ones because the ionic mobility decreases with 
increasing concentration due to interferences and interactions 
between the ions. Yet, the slope of the linear part, as well as 
the degree of flattening off at higher concentrations, differs for 
different dissolved electrolytes. As natural waters are not simple 
solutions and contain various ionic and undissociated species 
with widely varying amounts and proportions, the relation-
ship between EC and TDS becomes complicated. However, it 
is generally well enough defined to be of good practical value 
(Hem, 1985), and a linear relationship is usually a reasonably 
good estimate.

Commonly, predefined conversion factors without proper 
site-specific validation are used. Yet, the factors differ for dif-
ferent types of waters, depending on the dominant major ions 
varying between water bodies, sampling locations and seasons 
(Van Niekerk et al., 2014). Consequently, TDS calculated from 
a generalised factor is an estimate (Scofield and Wilcox, 1931) 
and accurate TDS calculations need site- and runoff-specific 
conversion factors (Smith, 1962). 

The exact value for the conversion factor depends on the 
water’s ionic composition, especially its pH and bicarbonate 
concentration (DWAF, 1996a) and the TDS of the solution 
(DWAF, 1996b; Van Niekerk et al., 2014). Van Niekerk et al. 
(2014) documented that factors were not consistent between 
sites belonging to different river systems, but varied little for 
individual sites. The ratio cannot be constant across wide 
ranges of TDS due to differences in the degree of dissociation 
of dissolved electrolytes at different solution concentrations 
and due to differences in the mobility of the ions in solutions of 
mixed dissolved electrolytes (Van Niekerk et al., 2014). While 
conductivity is only influenced by ionized constituents, TDS 
also contains non-conducting material, such as some organics 
and silica. Day and Nightingale (1984) found that incorporat-
ing groundwater SiO2 concentrations substantially increased 
accuracy of the regressions between TDS and EC.

Although f should have the unit (mg∙cm)/(ℓ∙µS) derived 
from TDS and EC, it is usually given without units. To avoid 
miscalculation, it is therefore relevant to know the used SI 
units. All of the following factors are for conversion from EC in 
µS/cm to TDS in mg/ℓ.

The South African National Standard for TDS (2013) 
recommends a factor of 0.75 to estimate the volume of water 
to be evaporated for TDS determination. Scofield and Wilcox 
(1931) discussed converting EC to ‘total dissolved electrolytes’. 
For irrigation water, they recommend using 0.7 for sulphate-
dominated waters with an EC > 1 000 µS/cm and 0.6 for 
chloride-dominated water with an EC below that threshold. A 
similar differentiation was made by Hem (1985) with factors of 
0.54–0.94 for natural inland waters, where most fall between 
0.55 and 0.75, and with higher ones for sulphate-rich and lower 
ones for chloride-rich waters. This latter span was adopted by 
the DWAF for the South African Water Quality Guidelines 
(DWAF, 1996b) for the use of water in various fields, including 
domestic, industrial and agricultural, with strong emphasis put 
on the average lying at 0.65. The US Geological Survey has long 
been suggesting 0.65±0.1 (Rainwater and Thatcher, 1960), stat-
ing that the factor increases for higher TDS (especially when 
containing substantial amounts of non-ionized silica) and is 
lower for waters high in free acid, alkalinity and NaCl. For 
Australian surface waters, McNeil and Cox (2000) ascertained 
factors of 0.59–0.72, with a normal variability between < 0.35 
and > 1.00 in a conductivity range of 50–1 000 µS/cm. For 
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mountain streams, Singh et al. (1975) determined 0.54–0.55. 
Atekwana et al. (2004) report a factor of 0.55–0.8 with a regres-
sion providing 0.64. Van Niekerk et al. (2014) recommended 
factors of 0.48 – 0.86 for individual samples with a median of 
0.7, where NaCl-dominated waters were prone to lower – and 
Ca(HCO3)2 dominated waters to higher – conversion factors. 
Other scientists use regressions between EC and TDS that do 
not intersect at the origin, avoiding a simple factor for conver-
sion (Day and Nightingale, 1984). Instruments for measuring 
and logging EC often have built-in options to perform the con-
version to TDS with settings ranging from 0.5 to 0.7, though the 
factor can usually be set manually (Van Niekerk et al., 2014). 
No publications on determining conversion factors specifically 
for mine-water were found.

In its ‘Feasibility Study for a Long-Term solution to 
Address the Acid Mine Drainage Associated with the East, 
Central and West Rand Underground Mining Basins’ (2012), 
the Department of Water Affairs (DWA, formerly known as 
DWAF) used a factor of 1.1 to calculate TDS in some cases; 
in other sections it was not indicated which method was used 
to estimate TDS, although several options are referred to in 
the theoretical section. In its report to the Inter-Ministerial 
Committee on Acid Mine Drainage, the same institution 
referred to using a factor of 1.06 in the same context (Ramontja 
et al., 2010). Hobbs (2013) mentions using 0.77 and 0.7 to derive 
TDS from EC. The frequently recommended factor of 0.65 
in praxis also gets applied in the context of mine-water (e.g. 
Hobbs 2011) and other applications (e.g. Kempster et al., 1997; 
Reinders, 2010).

METHODS

Sampling

A total of 45 samples from 38 locations in the South African 
provinces of Gauteng and Mpumalanga were investigated. Most 
samples were taken from surface discharges, a few from shafts 
and some from mine-water influenced surface water. 1-ℓ plastic 
sampling bottles were cleaned and rinsed 3 times with the 
unfiltered water to be sampled before being filled entirely and 
then stoppered. Samples were stored in cool and dark condi-
tions at 4°C until analysis.

EC measurements

EC, κθ, as well as temperature, θ, were measured with an 
IntelliCAL graphite, 4-pole conductivity probe (CDC40101) 
attached to a Hach HQ40d handheld meter. The instrument 
was calibrated daily using a 0.01 M KCl standard solution with 
an EC of 1 413 µS/cm at 25°C. In addition, a daily calibrated 
IntelliCAL gel-type pH probe (PHC20101) was employed. 
Laboratory EC measurements were performed at ambient room 
temperature, between 18.3°C and 26.3°C (mean 23.2°C), with 
subsequent manual temperature correction.

In order to set up an accurate temperature-conductivity 
relation for each single sample, conductivity was measured con-
stantly while slowly heating up a cold portion of each sample. 
Heating occurred from 5–10°C to 35–45°C over the course of 
30 min on a heating plate with a magnetic stirrer. Regression 
analyses were made using the program TableCurve and linear 
temperature coefficients determined for the required tempera-
ture sections. These were applied for computing the tempera-
ture-corrected value κ25 of EC at 25°C.

Measuring errors for EC are due to contamination between 
samples, suspended matter in the sample, grease or oil, and 
air bubbles forming on the electrodes while warming up. 
Contamination was minimized by rinsing the probe with 
deionized water and blotting it dry with a lint-free paper cloth. 
By keeping the sample in motion with a magnetic stirrer, most 
of the bubbles were eliminated. In addition, EC for 12 samples 
that had been chemically analysed was calculated from the 
ionic concentrations.

Determining TDS 

Clean and empty beakers for evaporation were dried at 180°C 
for 1 h, cooled in a desiccator for 30 min and weighed to 
an accuracy of 0.1 mg, followed by half-hour drying phases 
in the drying-cooling-weighing cycle until constant mass 
was obtained, which was defined as a mass change < 0.5 mg 
between successive measurements. The beakers were then 
stored in a desiccator until use on the same day.

Each sample was filtered (0.45 µm cellulose nitrate mem-
brane filters) with Millipore filtration units and a vacuum 
pump. The required volume of sample was pipetted into the 
evaporation dish and samples were evaporated in a drying oven 
overnight (just below boiling temperature). The drying cycle as 
described for beaker preparation encompassed a first 2-h dry-
ing step, followed by half-hour drying steps until constant mass 
was achieved. The beakers subsequently were left to cool in a 
desiccator for 30 min, which was long enough to bring them to 
almost-ambient temperature, but short enough that the more 
hygroscopic minerals could not collect too much moisture. 
Longer cooling times often resulted in mass gain.

TDS was then calculated with the following equa-
tion (Standard Methods for the Examination of Water and 
Wastewater, 2005):

TDS =   
mf – me ______ V   (11)

with: V the volume of sample before evaporation, me the mass 
of the empty beaker and mf the mass of the beaker contain-
ing residue. All samples were analysed in duplicates, some in 
triplicates; TDS standards and deionized water as blanks were 
handled in the same way as the samples.

Calculation of EC from chemical analysis

Often, the TDS determined through evaporation is greater than 
that obtained by summation of the individual constituents, due 
to the retention of crystallization water and small quantities 
of undetermined constituents. However, the concentrations of 
all individually determined constituents were added together 
as their anhydrous residue (Rainwater and Thatcher, 1960). 
Bicarbonate and carbonate content were calculated from total 
alkalinity in CaCO3 eq mg/ℓ (TAL) as a function of pH and the 
fractions of CO3

2- and HCO3
- were estimated using the carbon-

ate equilibrium system. The bicarbonate content in solution 
was then divided by 2.03 to account for its transformation to 
carbonate – the form it will have in the residue – and the cor-
related loss of CO2.

2HCO–
3 → CO2–

3 + CO2 + H2O (12)

  
MHCO–

3 _____  MCO2
3

–
     = 2.03366 (13)
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CCO2–
3
  =   TAL _____ MCaCO3

   . xCO2–
3
   . MCO2–

3
 (14)

CHCO–
3
 =   TAL _____ MCaCO3

   . xHCO–
3
  . MHCO–

3
 . 2.03366 (15)

with xCO2–
3

    and xHCO–
3
 being the fractions of CO3

2− and HCO3
− 

based on the carbonate equilibrium.
All other constituents were assumed to be in the same form 

in the anhydrous residue as analysed in the water. Crucial for 
the EC are the following constituents: Na+, K+, Mg2+, Ca2+, Ba2+, 
Cu2+, Ni2+, Fe2+, Fe3+, Mn5+, Cl, F-, NO3

-, SO4
2-, PO4

2-, NH4
+, as 

well as total alkalinity and pH.

Calculating conversion factors

For each sample, the average for the duplicate or triplicate 
measurements was used to determine the conversion factor. 
Average TDS and EC measurements of each sample were plot-
ted to determine a general conversion factor by linear regres-
sion. For the 12 samples where chemical analyses were avail-
able, the factor was calculated from the computed TDS and EC 
values.

RESULTS AND DISCUSSION

It could be shown that the individual results show a high vari-
ability (Appendix: Table A1). In addition, the appendix shows the 
TDS/EC ratio from Map C2 in Simonic (2000). As can be seen, 
there is no correlation between the conversion factors for mine-
waters and the groundwater ratios established by Simonic (2000). 
The highest conversion factor (1.34) is for a sample from Robinson 

Lake in the West Rand that is strongly influenced by evaporation, 
with its banks being yellow from precipitated iron compounds. 
In contrast, the lowest factor (0.25) is for a sample from a rainfall 
pond on top of an uncovered tailings dam on the former Nestor 
gold mine near Sabie. Thus, this water is interacting with man-
made solids and requires a factor very different from the 0.74 for 
the water from the nearbyby mine itself, where quartzite is the 
predominant rock type. Very low conversion factors may be due 
to loss of volatile constituents in the drying process (e.g. organ-
ics, ammonia or nitrite) and very high conversion factors could 
be caused by the presence of large amounts of poorly dissociated 
calcium, sulphate ions or silica (Day and Nightingale, 1984).

The 45 samples provide a wide range of EC, TDS and conver-
sion factors (Table 2, Fig. 1) with a median EC of 3 059 µS/cm and 
a median TDS of 2 832 mg/ℓ, showing a bimodal distribution, 
with EC < 5 000 µS/cm and EC around 15 000 µS/cm. However, 
the conversion factors calculated from single measurements are 
close to a normal distribution (Fig. 2), ranging around a median 
of 0.85 with only a minor indication for a bimodal distribution. 
A linear regression including the full range of results (Fig. 1) 
leads to a conversion factor of 0.88.

At Lancaster Dam in the West Rand, the water is very 
acidic and has a relatively high EC and TDS and a conversion 
factor of 0.98. Downstream of the dam, the water flows through 
a wetland area, which lowers the pH slightly and EC and TDS 
considerably. The sample from the wetlands requires a conver-
sion factor of 0.64, which is much lower than that at the dam 
and very close to the generally recommended factors for natural 
waters.

The samples from Oak Tree Spring below Hippo Dam in the 
Krugersdorp Game Reserve illustrate that the conversion factor 
may have to be adjusted even for a single site, when conflux con-
ditions change. Over the course of 14 months f first slowly and 
then abruptly dropped, from 1.00 to 0.88, with the latter, sudden 
drop correlating with a period of extensive rainfalls.

As Hem (1985) showed for single electrolyte solutions, the 
linear correlation between EC and TDS at lower concentrations 

TABLE 2
Statistics of all sample results. pH average calculated from the average of {H+}

  pH κ25, µS/cm TDS, mg/ℓ f = TDS/κ25

n 45 45 45 45

Minimum 2.45 67 50 0.25

Maximum 7.85 16 369 13 948 1.34

Median 3.76 3 059 2 832 0.85

Average 3.29 4 769 4 279 0.86

SD 1.90 5 091 4 422 0.19

SD, % 58 107 103 22

Figure 1
Relationship between EC and TDS, n = 45, linear regression  

TDS = 0.88∙κ
25 

, R2 = 0.97
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Distribution of conversion factors f, n = 45
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Figure 3
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Fig. 3 – Relationship between EC and TDS for κ25 < 5 000 µS/cm, n = 36, linear regression 
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will flatten at higher concentrations. A regression including 
only the samples with EC < 5 000 µS/cm (Fig. 3) yields a higher 
conversion factor, of 0.97, compared to the one including all 
samples that also is applicable to the samples with very high 
conductivities.

Yet, a detailed investigation of EC and TDS influences on 
the conversion factor (Fig. 4 and Fig. 5) shows that the correla-
tion of EC and TDS is not linear for the mine-water samples 
examined in this study. At EC < 5 000 µS/cm, f is not constant, 
but shows a rise with EC and TDS respectively. For very high 
EC and TDS values the rise does not continue, but conversion 
factors are again lower.

Figure 4 
Relationship between κ

25
 and f, linear regression for κ

25
 < 5 000 µS/cm,  

f = 9∙10-5∙κ
25

 + 0.62, R² = 0.46

 

4 
 

 

 
 

Fig. 4 – Relationship between κ25 and f, linear regression for κ25 < 5 000 µS/cm, f = 9∙10-5∙κ25 + 
0.62, R² = 0.46 
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Figure 5 
Relationship between TDS and f, linear regression for κ
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Fig. 5 – Relationship between TDS and f, linear regression for κ25 < 5 000 µS/cm, f = 1∙10-4∙TDS 
+ 0.62, < 5 000 µS/cm, R² = 0.7 
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TABLE 3
Statistics for the results of samples from the area northwest of Emalahleni with EC < 5 000 µS/cm, coal mining. pH average 

calculated from the average of {H+}

  pH κ25, µS/cm TDS, mg/ℓ f = TDS/κ25

n 6 6 6 6

Minimum 2.79 1 742 1 296 0.70

Maximum 3.29 4 034  4 669 1.16

Median 2.86 1 990 1 829 0.94

Average 2.96 2 601 2 612 0.95

SD 0.21 1 109 1 545 0.17

SD, % 7 43 59 18

For local studies with water of similar chemistry, conver-
sion factors provide better TDS estimations compared to 
regional factors. This shall be exemplified by the following 
paragraphs focussing on the local results. The median con-
version factor 0.94 for samples with EC < 5 000 µS/cm from 
northwest of Emalahleni (Table 3), influenced by coal mining, 
coincidentally is similar to that of the whole dataset for that 
range of conductivity. But even within this group of samples 
variation of f between individual sites is obvious. 

The origin of all samples with very high EC, between 14 
587 µS/cm and 16 369 µS/cm (Table 4), and similarly high TDS 
between 12 590 µS/cm and 13 948 µS/cm, also lies northwest of 
Emalahleni, about 4–5 km away from the sampling sites of the 
previous group. All those samples have very similar conversion 
factors, with a median of 0.85.

The samples from the Western Gold Field of the 
Witwatersrand mining area (Table 5) show a greater varia-
tion, also encompassing a larger spatial distribution and con-
sequently water chemistry. The median conversion factor for 
those samples is 1.00, with a range from 0.64 to 1.34.

For the samples from a nickel mine in Emgwenya (Table 6), a 
conversion factor of 0.81 was derived. Those samples are charac-
terized by neutral pH with EC and TDS higher than commonly 
observed for natural waters.

To investigate the accuracy of TDS determination by 
evaporation of the sample, the same experiment was performed 
with TDS standard KCl solutions (Table 8). It could be shown 
that TDS was underestimated by more than 20%, which led to 
relatively low conversion factors. There were substantial losses 
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of dissolved solids through volatilization and the evapora-
tion method is not suitable to check TDS of single electrolyte 
standard solutions. The measured EC with the TDS allows one 
to suggest that the solutions should truly have yielded conver-
sion factors of 0.66, which is very close to the factor of 0.65 that 
is generally recommended for use when no source for the factor 
is given. This could suggest that factors are sometimes deter-
mined from single electrolyte standards, which are not repre-
sentative, per se, of the waters to be examined.

In some cases, a chemical analysis of the water sample 
might be available, but not an evaporative determination of 
TDS. Therefore, a comparison between the experimentally 
determined conversion factor, calculated from measured EC 

and directly-determined TDS, and the factor calculated from 
the two parameters, as computed from results of chemical 
analysis, was made (Table 8). The conversion factors deter-
mined with those two different methods differed by as much 
as 15%, with a median difference of 10.7%, approximately the 
same as the differences between TDS and EC from the two 
methods. Factors determined with the two methods cannot be 
treated equally in one dataset.

CONCLUSIONS

This study showed that applying a uniform conversion factor 
for EC and TDS for all of the investigated mine-waters results 

TABLE 5
Statistics for the results of all samples from the West Rand, gold mining; pH average calculated from the average of {H+}

  pH κ25, µS/cm TDS, mg/ℓ f = TDS/κ25

n 13 13 13 13

Minimum 2.70 192 122 0.64

Maximum 6.83 6 828 9 141 1.34

Median 4.81 3 833 3 409 1.00

Average 4.43 3 570 3 863 1.00

SD 1.41 1 658 2 255 0.20

SD, % 32 46 58 20

TABLE 6
Statistics for the results of samples from Emgwenya, nickel mine. pH average calculated from the average of {H+}

  pH κ25, µS/cm TDS, mg/ℓ f = TDS/κ25

n 8 8 8 8

Minimum 7.17 1 094 812 0.71

Maximum 7.85 3 557 3 051 0.86

Median 7.57 2 026 1 661 0.81

Average 7.56 2 202 1 806 0.80

SD 0.25 994 916 0.06

SD, % 3 45 51 7

TABLE 7
Results for TDS standard KCl solutions

TDSt (target), mg/ℓ κ25 , µS/cm

TDSe (by 
evaporation), 

mg/ℓ
fe = TDS (by 

evaporation) /κ25

ft = TDS (target)/
κ25

TDS under-
estimate, %

750 1 138 581 0.51 0.66 22.5

1382 2 085 1 098 0.53 0.66 20.5

TABLE 8
Comparison of results by measurement of EC and determination of TDS by evaporation and calculation of the two 

parameters from chemical analysis results

 
difference κ25 (measured) 

and κ25 (calculated), %
difference TDS (measured) 

and TDS (calculated), %
difference f (experimentally) 

and f (calculated), %

n 12 12 12

Minimum 0.0 1.9 3.8

Maximum 25.0 20.1 15.2

Median 10.7 11.7 10.7

Average 9.8 10.7 10.3
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in wrong estimations of TDS. Total dissolved solids (TDS) from 
Mpumalanga and Gauteng waters with EC < 5 000 µS/cm can 
be approximated by using a conversion factor of 0.97, and for 
higher ECs a factor of 0.85 may be used instead. Yet, the rela-
tively large range of factors spanning from 0.25 to 1.34 excludes 
the use of a standard factor for all mine-waters. Consequently, 
it is recommended that site-specific conversion factors should 
be determined with the gravitational method. A dependence of 
the conversion factor on pH, as stated by the DWAF (1996a) in 
the South African Water Quality Guidelines, cannot be sup-
ported by this study (Fig. 6).

Because of the variety of different methods available for 
determining TDS, the method used should always be men-
tioned, including the drying temperature and filter pore size. 
When using the conductivity method for estimating TDS, it 
is essential to mention the conversion factors and to carefully 
choose an appropriate factor for each sample in those cases 
where laboratory determination is not possible.

Even regional conversion factors based on groundwater 
data (Simonic, 2000) do not reflect the peculiar characteris-
tics of mine-water. Based on the literature, similar results are 
expected in other areas of the world, where a single conversion 
factor is used to estimate the TDS based on the measured EC. It 
is therefore highly recommended that site-specific conversion 
factors be established for each mine-water project in order to 
achieve accurate TDS estimations.
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APPENDIX 
TABLE A1

Results for all samples, in order of rising f, TDS (measured) determined gravitationally by evaporation, κ25 (calculated) and 
TDS (calculated) derived from results of chemical analyses; ‘Simonic TDS/EC ratio’ from Map C2 in Simonic (2000)

sample ID pH
κ25 

(measured), 
µS/cm

κ25 
(calculated), 

µS/cm

TDS  
(measured), 

mg/ℓ

TDS 
(calculated), 

mg/ℓ
f = TDS/κ25

Simonic TDS/
EC ratio

ECO-0604-NTD 2.45 1 983   498.3   0.25 0.70–0.72

ECO-0304-IDM 7.34 608.3   344.2   0.57 0.72–0.74

ECO-0804-MEG 7.09 4 483   2 832   0.63

ECO-0204-LWL 3.70 1 172   749   0.64 0.72–0.74

ECO-0204-CNP 6.83 192.2   103.7   0.64 0.72–0.74

ECO-0404-KPS 6.84 759.0   510.5   0.67 0.70–0.72

ECO-0504-RGD 6.67 134.8   103.5   0.68 > 0.8

ECO-0702-UNL 3.16 1 847   1 296   0.70

ECO-2403-NB3 7.75 1 344 1 252 960 833 0.71

ECO-0404-CDE 4.80 805.4   594.5   0.74 0.70–0.72

ECO-0604-NGM 6.61 66.6   62.4   0.74 0.70–0.72

ECO-2403-NA3 7.84 1 094 1 131 812 721 0.74

ECO-0504-DEW 6.56 203.2   151   0.74 > 0.8

ECO-2403-NB2 7.85 1 472 1 666 1 116 1 137 0.76

ECO-2403-NA2 7.45 1 455 1 758 1 124 1 218 0.77

ECO-0404-FMP 2.91 2 584   2 073   0.80 0.70–0.72

ECO-0702-TBP 3.13 15 185   12 770   0.84 0.70–0.72

ECO-2403-NCB 7.35 3 517 3 163 2 975 2 780 0.85

ECO-0702-TSA 3.07 15 244   12 899   0.85 0.70–0.72

ECO-0702-TSC 3.29 14 876   12 590   0.85 0.70–0.72

ECO-0702-TSD 3.30 14 907   12 647   0.85 0.70–0.72

ECO-2403-NB1 7.43 2 600 2 321 2 210 1 807 0.85

ECO-2403-NA1 7.17 2 580 2 314 2 198 1 836 0.85

ECO-0702-TDD 3.46 14 981   12 764   0.85 0.70–0.72

ECO-0404-TDD 3.76 16 369   13 948   0.85 0.70–0.72

ECO-0702-TP2 3.28 14 953   12 747   0.85 0.70–0.72

ECO-2403-NCA 7.69 3 557 3 140 3 051 3 134 0.86

ECO-0702-TSB 3.28 14 587   12 597   0.86 0.70–0.72

ECO-0702-BB4 3.29 2 133   1 848   0.87 0.70–0.72

ECO-1703-OTS 2.80 3 833 2 980 3 366 3 000 0.88

ECO-0702-DNW 2.79 1 742   1 542   0.89 0.70–0.72

ECO-0404-FND 3.07 2 243   2 116   0.94 0.70–0.72

ECO-0402-OTS 6.10 2 470 2 470 2 412 2 125 0.98

ECO-0204-LDM 2.70 3 481   3 409   0.98 0.72–0.74

ECO-0404-DCP 2.80 1 840   1 810   0.98 0.70–0.72

ECO-2409-OTS 6.13 3 059 3 174 3 033 3 556 0.99

ECO-2901-OTS 5.28 3 297 3 247 3 303 3 468 1.00

ECO-0204-OPD 3.20 4 389   4 653   1.06 0.72–0.74

ECO-2802-SH8 2.95 4 555   4 942   1.09 0.72–0.74

ECO-0702-MSS 2.83 4 011   4 509   1.12 0.70–0.72

ECO-0204-BRI 4.81 4 333   4 940   1.14 0.72–0.74

ECO-0204-SH8 4.89 4 399   5 075   1.15 0.72–0.74

ECO-0204-W18 4.93 4 395   5 079   1.16 0.72–0.74

ECO-0404-MSS 2.89 4 034   4 669   1.16 0.70–0.72

ECO-0204-RLM 3.25 6 828   9 141   1.34 0.72–0.74

http://dx.doi.org/10.4314/wsa.v41i4.08
http://www.wrc.org.za

