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Abstract

The dolomite aquifer in Witwatersrand is one of the most important water resources in South Africa. The present paper aims
to evaluate the hydrochemical and isotope (8%°H and 8'%0) signature of water (n=36) (groundwaters, surface waters, dams,
springs, canal, cave and pipeline) of the Wonderfonteinspruit (WFS). These samples were analysed for the first time in the
Centre for Water Sciences and Management (South Africa). The dominant anions are 8042_ and CI™, while the dominant
cations are Ca>* followed by Mg*, Na* and K*. A Piper diagram showed that there are two principal hydrochemical facies
(1) Ca—Mg—Cl-S0Oy; (2) Ca—Mg—HCO; in the study area. Bivariate plots revealed that the main hydrogeochemical processes
influencing the water are water—rock interaction, mineral precipitation/dissolution, ions exchange and anthropogenic activi-
ties. The local meteoric water line (LMWL) was plotted for the first time for the WFS catchment based on precipitation data
during six periods (November 2018 until June 2019) with the following equation §°H=7.39 * §'80 +7.9%0 (R*=0.85). The
results of stable isotopes (8H and 8'%0) indicated that the water points from local precipitation and recent water, and the

groundwater recharge is influenced by rapid infiltration river flow and return irrigation flow.
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Introduction

Owing to climate change, urban expansion and population
growth, the equilibrium between water supply and human
demand (domestic, industrial and agriculture) have increased
over the last decades in the world. This problem of water
scarcity is greatly affecting the arid and semi-arid areas in
Africa (Allan 2002; Connor et al. 2017; Morsy et al. 2018).
South Africa (SA) is one of the countries in Africa that have
several mineral deposits like gold, diamonds, coal, uranium
and platinum. Conversely, SA suffers from a scarcity of
water resources, which is mainly caused by pollution of nat-
ural water of rivers, streams, springs, dams by anthropogenic
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activities that include, industrial, mining activities, farming,
etc.

The karst aquifers situated in the Far West Rand (FWR)
goldfield of the Witwatersrand Basin and in WFS catch-
ment represent a significant groundwater resource in SA
(Schrader and Winde 2015). The groundwater management
in the deep-level gold mines below the dolomites is in a
disadvantageous state due to the morpho-structural context
development and the considerable volume of groundwater
that changes the flowing regime into the mine voids, making
the exploitation of gold both risky and expensive (Hodgson
et al. 2001; Schrader and Winde 2015).

Therefore, the mining infrastructure, such as tunnels,
haulages, waste rock dumps, tailings, storage facilities, evap-
oration dams and pipelines, plays an important role in chang-
ing groundwater flow and recharge conditions. Mining-
related impacts in the FWR include the dewatering of four
groundwater compartments namely Venterspost, Oberholzer,
Bank and Gemsbokfontein which results in a drop in the
water table (> 300 m in some places) and several boreholes
in farming areas and karst springs dry up. Water circulation
is discharged via canals and pipelines outside the boundaries
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of the dewatered compartments (Swart et al. 2003a, b; Coet-
zee et al. 2006a, b; Schrader and Winde 2015).

Mining activities in WFS have also impacted negatively
on both the quantity and quality of ground and surface water.
Generally, the groundwater quality is mostly influenced by
many factors such as the intermixing of water, rock—water
interactions, climatic conditions, geological formations, dis-
solution and precipitation, oxidation—reduction, recharge and
discharge, residence time, the transformation of organic mat-
ter and various anthropogenic activities (Faure 1998; Bar-
becot et al. 2000; Belkhiri et al. 2010; Ledesma-Ruiz et al.
2015; Al-Khashman 2008; Sharif et al. 2008; Pazand and
Fereidoni Sarvestani 2013; Pazand 2014; Yang et al. 2016;
Hamed 2015; Mokadem et al. 2016). To study these pro-
cesses influencing groundwater quality, a thorough hydro-
geochemical investigation is needed in the WFS catchment.
In that context, the application of stable isotopes of water
(6'%0 and 8%H) is an excellent way to fingerprint and evalu-
ate various hydrological processes in the Witwatersrand
Basin, such as identification of recharge and discharge areas,
mixing process, qualitative groundwater pathways, saliniza-
tion of groundwater, evaporation and condensation, surface
air temperature and recharge altitude (Craig 1961; Clark and
Fritz 1997; Dotsika et al. 2010; Abyie et al. 2011).

A large amount of research related to the WFS catchment
has been published IWQS 1999; Wade et al. 2002; Coet-
zee et al. 2002; Swart et al. 2003a, b; Coetzee et al. 20064,
b; Schrader and Winde 2015; Durand 2012; Brink 1979;
Bredenkamp 1993; Enslin and Kriel 1967; Fleisher 1981;
Foster 1988; Wolmarans 1984).

The aims of the present study are to: (1) provide a better
understanding of the evolution of water, (2) determine the
hydrochemical facies, rock—water interaction and the role
of anthropogenic activities, (3) identify recharge—discharge
areas and to generate a Local Meteoric Water Line (LMWL)
(not generated before) using an integrated hydrochemical
and isotopic approaches.

Site description

The name Wonderfonteinspruit means ‘“Wonderful-fountain-
stream’’ defining the ample volumes of dolomitic ground-
water that once supplied the stream by means of karst
springs (eyes). The WFS catchment, also known as the WFS
Valley (De Kock 1967), is located in the historic mining dis-
trict of the Witwatersrand region. The study area is famous
in SA for its gold mines. It is situated between longitude
27°0'0"-27°60'0" east and latitude 26°0'0"-26°40'0" south
with a topography ranging from 1322 to 1839 m (m) above
sea level (a.s.l.) (Fig. 1a—c).

The WES river runs over 90 km from Johannesburg, past
the towns of Krugersdorp, Bekkersdal, Carletonville and
Khutsong and flows into the Mooi River near Potchefstroom.
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The region has a warm sub-humid climate with summer
rainfall (November—March) and dry winters (June—August).
The average annual rainfall is approximately 700 mm per
annum. The average evaporation rate for the area is in the
order of 1560 mm (De Klerk 2018).

Geological and hydrogeological setting

The Wonderfonteinspruit valley is partially concentrated at
two major goldfields, namely (1) The West Rand and (2)
The FWR. The goldfields of the West Rand are situated
approximately 50 km south—west of Johannesburg (Fig. 2a,
b). These goldfields are located in the headwaters of the
non-dolomitic portion of the WFS and includes active gold
mines.

The FWR goldfields host some of the first gold mines
in South Africa, which are located in the upper area of the
lower WFS (downstream of Donaldson Dam). According to
Cole (1998), the FWR was the richest mined goldfield in the
Witwatersrand Basin. This Goldfield contains the following:
‘West Wits Line’ regrouping gold mines around the town
of Westonaria (Libanon, Venterspost, Western Area, Kloof,
South Deep) and the Carletonville mining area close to the
city of Merafong comprising mines (Doornfontein, Eland-
srand, Blyvooruitzicht, West and East Driefontein, Deelkraal
and Western Deep Levels) (Robb and Robb 1998).

The Witwatersrand supergroup acquired its name from
a description of the auriferous outcrop on the Witwa-
tersrand. The Witwatersrand supergroup (approximately
8000 m thick) is subdivided into two major groups namely
the West Rand Group and Central Rand Group (Fig. 2a,
b). The West Rand Group is characterized by the presence
of some gold and a lithology including shale and quartz-
ite. This group contains three formations from bottom to
top, namely the Hospital hill subgroup, the Government
Reef subgroup and Jeppestown subgroup (Fig. 2a, b).
The Central Rand Group is in turn divided into two units:
Johannesburg Subgroup and the Turffontein Subgroup.
The first strata (Johannesburg Subgroup) has the richest,
most exploited gold deposits in the Witwatersrand Basin.
These subgroups in the Central Rand Group include the
reefs mined in the West Rand and FWR goldfields such
as Leader Reef, Middelvlei Reef, the Elsburg Reef and
Composite Reef (Mc Carthy and Rubidge 2005; Viljoen
and Reimold 2002). Approximately 8 m thick of igne-
ous rocks known as Ventersdorp Contact Reef is found
between the upper sections of the Witwatersrand sedi-
ments and the base of the Ventersdorp Supergroup (Brink
1979; Els 1987, 2000). The latter (approximately 600 m
thick) includes three groups namely, the Klipriviersberg,
Platberg, Priel Groups. The Transvaal Supergroup was
deposited above the Ventersdorp Supergroup. The bottom
layer of The Transvaal Supergroup known as the Black
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Reef, is approximately 10 m thick. The latter contains lim-
ited deposits of gold and is the unique reef in the study
area exploited by opencast mining. The Transvaal Super-
group is subdivided into two groups (a) Chunispoort (b)
Pretoria. The former contains dolomite of the Malmani
Subgroup. This Subgroup contains four formations as
shown in Fig. 2b. These formations contain chert. The
highly chert-rich dolomite is located in Eccles Formation
and Monte Christo Formation; these cover the majority
of the dolomite outcrops in the region. This is unlike the
Oak Tree and Lyttelton Formations which are chert-poor.
Therefore, the chert-rich formations form the main aqui-
fers (Mc Carthy and Rubidge 2005; Eriksson and Reczko
1995). This dolomite is overlain by the Pretoria Group.
The area is characterized by a series of lineaments rep-
resenting dolerite dykes and faults. The dykes are mainly
semi- or impermeable barriers. The natural boundaries
divide the dolomites into many compartments, including
from east to west the Zuurbekom, Gemsbokfontein, Venter-
spost, Bank, Oberholzer and Boskop-Turffontein Compart-
ments. The permeability of these dolomites compartments
is mostly due to secondary fissures such as joints and faults
which provide the easy circulation of groundwater and con-
trolling its flow direction in the weathered regions. The four
main lineaments in the area (Fig. 2a) are as follows: West
Rand (NNW-SSE), Transkaroo (NE-SW), Bank (NW-SE)
and Witpoortjie (NNE-SSW) (Brink 1979). The Bank and
Witpoortjie faults generally penetrate through the dolomites
and are filled with clayey residual material. The Bank fault
separates the goldfield into the FWR goldfield and the Car-
letonville goldfield (Robb and Robb 1998). These two line-
aments form conduits for groundwater flow. On the other
side, Libanon and Doornfontein are the dry mines in the area
due to the mylonitic of Trans-Karoo and West Rand faults.

Fig. 3 Example of sinkholes in
study area

The karstification of the region results in many large fea-
ture both on the surface and beneath. In WFES valley many
sizes and type of Karst forms are developed such as flute,
small feature, runnels, lapiez, sinkholes. The principal result
of the karstification is dissolving of the carbon rocks by car-
bonic acid, owned by reaction of the carbon dioxide with
water. The weakly-acidic groundwater circulating along
tension fractures, faults and joints in the dolomitic succes-
sion causes leaching of the carbonate minerals. However,
gypsum is dissolved by sulfuric acid, which is formed by
reaction of the oxygen with H,S. So, the surface water rich
with oxygen seep into deep anoxid karst systems, it causes
oxygen to react with sulphide present in the system (H,S)
to form sulfuric acid (H,SO,). The process of karstification
is characterized by: chemical dissolution of the soluble ele-
ment of the carbonate rock, simultaneous removal of the
dissolved species and mechanical erosion of the undissolved
particles and the creation of open voids (Dubois et al. 2014;
Sissakian et al. 2016).

In WES valley are prone to sudden, catastrophic col-
lapse which can lead to death, injury or structural dam-
age. These phenomena are known as sinkholes and
occur in areas underlain by dolomite rock in the study
area (Buttrick et al. 2001). Jennings et al. (1965) and
Brink (1979) proved that sinkholes can form owing to
concentrated ingress of water or dewatering of compart-
ment (Fig. 3). However, (i) the huge active subsurface
erosion caused by concentrated penetration of water will
result in downwards transportation of materials into the
nearest cavity, (ii) the mechanism of triggering leads to
the breaching of the last arch. Particularly in the case
of small sinkholes, the cross-section resembles a narrow
opening at the surface, a shape that may be maintained
for some time and (iii) the lowering of the water table
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perturbs the equilibrium and active subsurface erosion
may be accelerated. Buoyant support within the over-
burden is also removed, leading to compression of the
wad which may lead to collapse. Therefore, the natural
process of sinkholes formation in the study is area owing
to the accelerating groundwater level drawdown known
as ‘dewatering’. According to Brink (1979) in the Far
West Rand sinkholes set off by dewatering could achieve
depths of 50 m and diameters of 125 m, while sinkholes
triggered by ingress that are mostly smaller.

However, the mining activities in the WFS Valley
have had many negative impacts on groundwater level,
storage, quantity and quality, which caused the drying-
up of springs (e.g. Venterspost spring, Bank spring and
Oberholzer spring). The resultant formation of sinkholes
continues today (Fig. 2a). Furthermore, all these problems
are considered to be repercussions of an official policy
to deliberately dewater which was implemented for the
Venterspost and Oberholzer Compartments in 1964, Bank
Compartment in 1969 and Gemsbokfontein Compartment
in the late 1980s (Enslin and Kriel 1967). The dewatering
of compartments has an impact on pumping rates (Wol-
marans 1984). For instance, in September 1955 to April
1973, with the dewatering of the Oberholzer Compart-
ment, the pumping rates decreased from 170 to 50 ml/day
(Hodgson et al. 2001).

Hence, to avoid recirculation of water in the study area,
water pumped from fissures, sinkholes and underground
mine workings is discharged outside the boundaries of
the dewatered dolomitic compartments in pipelines and
canals. A large volume of the pumped water is discharged
into the WFS and to adjacent catchments. The pipelines
in WEFS valley are approximately nearly 30 km in length
(Fig. 1c¢).

The study area contains several dams, the most impor-
tant among them the Donaldson Dam which has an impact
on the WFS. Here, the river flow circulates through a
pipeline over dolomites (Fig. 1¢). The dam transports the
water over the dolomitic groundwater compartments (with
storage about 1000 ml) to where it discharges close to
Carletonville. The diversion of the river from its natural
channel has been designed to allow deep gold mining to
proceed below the outcropping dolomite.

In this area, several types of research have been
published which involved calculating the dolomitic
compartments recharge in the WFS (Wolmarans 1984;
Bredenkamp 1993; Fleisher 1981; Foster 1988; Ens-
lin and Kriel 1967) indicated that average groundwater
recharge for each compartment is 14.7% (Zuurbekom
compartment), 13.1% (Gemsbokfontein compartment),
27.5% (Venterspost compartment), 16.2% (Bank com-
partment), 11.6% (Oberholzer compartment) and 5.6%
(Boskop-Turffontein).

Materials and methods
Sampling and laboratory analyses

Water points were collected during normal flow in February
2019 from 19 boreholes, 5 surface watersources, 5 Dams
(namely Klerkskraal Dam, Boskop Dam, Potchefstroom
Dam, Donaldson Dam and Luipaardsvlei Dam), 4 springs
(named Gerhard Minnebron, Bovenste Oog, Gemsbokfon-
tein Spring and RODO1), 1 canal, 1 pipelines, 1 cave), a total
of 36 samples within the study area for hydrochemistry and
2H and '®0 analyses (Fig. Ic, e-i).

The water samples were collected in 500 ml bottles for
subsequent chemical and isotopic analysis in the laboratory
(Fig. 4a). All bottles were labelled with code number, ID,
date of sampling and coordinates. Chemical and isotopic
analyses were carried out at the Centre for Water Sciences
and Management of the North—West University of Potchef-
stroom (South Africa).

The pH was measured using a pH metre 510 (Fig. 4b),
the electrical conductivity (EC) was measured using a multi-
parameter WTW model 3210 (Fig. 4c) and alkalinity (Alk)
was determined with a pH metre with volumetric titration
using HCI to pH 4.5; 4.2 and 8.2 (Fig. 4d). The chemical
analyses of the anion components (C1~, SO,>7, Alk NO;7)
were performed using Metrohm ion chromatography, 761
compact IC model (Fig. 4e), with a precision of +0.001 mg/I
and for the cation components (Na*, Mg*, K*, Ca™) were
analysed using a Metrohm ion chromatography, ICP-MS
7500 series (Fig. 4f). Samples were filtered before being
analysed in chromatography line.

Materials

Fig.4 Materials used
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5'80 and &°H relative to the Vienna-Standard Mean
Ocean Water (RVSMOW), were determined by Picarro
L2130-I Isotopic H,O (Cavity Ring down laser spectrom-
eter, Picarro Ltd.) (Fig. 4g). The mineral saturation indices
(ST) such as dolomite calcite gypsum halite were calculated
using PHREEQC® software (Parkhurst and Appelo 1999)
(Table 1).

Results and discussion
Hydrochemical result
Hydrochemical parameters

The assessment of the geochemical analyses of the WFS
includes physical parameters such as EC and pH together
with major cations and anion ions. These parameters were
analysed for their respective minimum, maximum, mean
standard deviation and coefficient of variance of 36 water
type samples (groundwater, surface water, spring, dam,
canal, pipeline and cave) are listed in Table 1. The pCO,
in the Karst water samples varies between 0.27 and 96.94
1073 atm more than pCO, of the precipitations (10733 atm)
(Table 1). Figure 5a shows a good correlation between pH
and pCQO,, that indicates a dissolution of the carbonate (cal-
cite and dolomite) enhanced by the acidic rainwater (Edet
and Offiong 2002; Ayadi et al. 2018a, b). Most of the water
samples show rapid circulation via karst conduits like faults,
sinkholes and the impact of recent rainfall infiltration. Fig-
ure Sa illustrates a drop in pH caused an increase in pCO,.
pH result shows that most of the water samples in the region
are slightly alkaline, with an average values 6.63, 7.53, 6.87,
7.7,7.15,7.9 and 7.11, respectively, groundwater, surface
water, spring, dam, pipeline, canal, cave. Electrical conduc-
tivity (EC) is a measure of an ability to conduct current and
higher EC indicates the enrichment of salts/dissolved matter
in water. Electrical conductivity value in the study area rang-
ing from 0 to 1.13 mS/cm (Fig. 5b). Most of the water types
have a mean EC value (around 0.6-0.9 mS/cm) except for
groundwater which has a mean value of 0.2 mS/cm. Majority
of the samples have the values less than 1 mS/cm indicating
rapid infiltration, recent water, regular recharge and rapid
water circulation due to the high hydraulic conductivity and
different residence time of the karst water within the area.
These factors govern the variation in the chemical compo-
nent that most influence the EC such as Mg**, SO,*~, Ca®*
with come from the dissolution of aquifer bedrock after each
recharge event and impact of anthropogenic activities. The
average concentrations abundance of major ions in the study
area are as follows HCO; > SO, > Ca>Cl>Mg>Na>K.
The average values of potassium (K*) are 1.6, 6.2, 3.83,
7.35, 5, 2.93 and 5.83 mg/l in groundwater, surface water,
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spring, dam, pipeline, canal and cave, respectively. The
maximum alkalinity observed in surface waters and dams
was between 210 to 285 mg/l with an average of 252 mg/l
and 222.5 to 340 mg/1 with an average of 263.5 mg/l, respec-
tively. The high concentrations of calcium are located in
surface water samples ranging between 50.87 and 93.29 mg/1
with an average of 70.74 mg/l. Surface water and cave
samples show high CI contents with values 65.81 and
76.69 mg/l, respectively. The mean values of sulphate ions
(mg/1) in groundwater, surface water, spring, dam, pipeline,
canal and cave were 28.16, 201.31, 121.95, 132.5, 214.33,
293.59 and 243.63 mg/l, respectively. The average sodium
value of groundwater samples is lower than the average of
the rest of the other types of water samples Table 1. All types
of water (groundwater, surface water, spring, dam, pipeline,
canal, cave) have similar maximum Mg values, ranging from
33 to 49 mg/l. The maximum nitrate content is that of the
groundwater sample and is 63.44 mg/l. Most of the maxi-
mum mean values of major (cation and anion) ions in the
study area were observed in surface water. Generally, the
physical and hydrochemical parameters of water samples
during this period show that the majority of parameters have
a high coefficient of variance (CV%) > 50% which signifies
there is a spatial variation between the samples (Table 1).

Hydrochemical facies

The identification of hydrochemical facies of all types of
water samples within the WFS Valley, have been analysed
and plotted on the trilinear diagram Piper diagram (Piper
1944). This diagram has a rhombus and two triangles.
Each one of the triangles indicates three ion percentages
of concentrations and the rhombus presents the water com-
position according to anions and cations (Fetter 2014).
Five hydrochemical facies have been identified in the
study area (Fig. 6): Two main facies: (1) Ca—Mg-Cl-SO,
(S1, S2, S3, S4, S5, S10, S11, S14, S15, S16, S17, S22,
S23, S30); (2) Ca—Mg-HCO; (S6, S7, S8, S9, S19, S20,
S21, S24, S27, S28, S29, S31, S32, S33, S34, S35) and
three second groups: (3) Ca—Mg-SO, (S12, S13, S36);
(4) Mg-HCO; (S6, 525, S26) and (5) Na-—K-HCO; (S18).
The first facies includes the surface water samples, canal,
cave, pipeline, Gerhard Minnebron and Gemsbokfontein
springs and few groundwater samples. The second facies
characterizes the majority of boreholes of Malmani aquifer
(Transvaal Supergroup), most of dam samples and Boven-
ste spring. The Ca—Mg-SO, type (with higher SO, con-
centration) represents samples located upstream of WEFS.
The Mg-HCO; facies belongs to samples collected from
two wells and the Klerkskraal Dam. The Luipaardsvlei
Dam shows Na—K-HCO; hydrochemical facies.
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Major ions distributions System (GIS) with Arc GIS 10.6.1 software. The spatial

variation of Alkalinity and Ca™ concentrations (Fig. 7a, b)
The distribution maps of the major (anion and cation) ions  indicates that the highest contents were located near WFS.
in study area were generated using Geographic Information =~ However, these high concentrations were found in surface
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Fig.7 Spatial distributions of
the major ions
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water, springs and dams. Therefore, the contents of alka-
linity and Ca™ reach the discharge zones of study area.
Chloride concentrations for all types of water ranged from
0.47-76.69 mg/1. The highest contents (40-76.69 mg/l) were
registered in the surface water samples and near dykes. The
high chloride concentrations may be due to short flow paths
caused by the dykes in the study area (Fig. 7c). The high
concentrations of potassium were observed in the water
samples located at the Upper Wonderfonteinspruit Sub
Regions (8-12 mg/l) and Boskop Dam (9.59 mg/l) down-
stream of the study area (Fig. 7d). The highest contents
of K are probably induced by weathering of K-feldspar
minerals. The Mg ions in water samples ranged from 0.9 to
49 mg/1 (Fig. 7e). The highest concentration was found in
the lower WFS (30-49.07 mg/1). The ion exchange, weath-
ering of ferromagnesium minerals, alteration and dissolu-
tion of dolomite of Malmani formation and precipitation
of CaCOj; could be the reasons behind the high magnesium
concentration. Spatial variation of Na* (Fig. 7f) signifies
that the highest concentration was registered upstream and
in the centre of the WFS. Besides alteration and dissolu-
tion of halite minerals, agricultural and industrial activities
might be the reason for high sodium contents in the region.
The values of sulphate in water samples varied from 0.38 to
381.7 mg/l with an average of 96 mg/1 (Fig. 7g). The high-
est concentrations of SO, were observed upstream of the
study area close to Westonaria and in canal, cave and pipe-
line samples. The elevated SO, contents (200-381.7 mg/1)
may be attributed to dissolution of gypsum and anhydrite
minerals. Higher sulphates also suggest a human influence

N
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due to industrial discharge (anthropogenic contamination).
Acid mine drainage in the study area is associated with gold
mining activities. It originates from sulphides such as pyrite
found in many deposited ore bodies, which are oxidized after
being exposed to atmospheric oxygen in the mining process
(Barnard 2000). The water pollution by nitrate is a matter
of high concern as it can negatively impact ecosystems and
water supply. NO;™ ion is a familiar pollutant in water (Dar-
wish et al. 2011; Hamed and Dhahri 2013; Mokadem et al.
2015, 2016; Das et al. 2017). In the study area (Fig. 7h), the
concentration of nitrate ranges from 0.1 to 63.4 mg/l with a
mean of 25.66 mg/l. The highest contents were observed in
the majority of groundwater samples (35-63.4 mg/l) which
coincides with agricultural areas. The found concentrations
exceed the acceptable limit of WHO 2006. The main factors
that determine the high concentration of NO; are anthropo-
genic activities such as agricultural practices, growing water
demand, industrial waste deposits and return flow irrigation
(Wang 2006; Mokadem et al. 2016).

Hydrochemical processes

Several hydrochemical analysis techniques, such as bivariate
plots, were used to illustrate the hydrochemical processes
controlling water chemistry in WES valley. The passage of
ions from rock to water takes place by leaching and dissolu-
tion. Figure 8a illustrates the relationship between C1™ ver-
sus Na* ions, showing a correlation coefficient (R*=0.7)
that indicates halite dissolution, especially in groundwater
samples. Most of the water samples in the area fall below
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Fig. 8 Relationships between the major ions concentration ratios of water in the area
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the 1:1 line revealing that water types are characterized by
an excess concentration of Na* over C1™. This excess of
sodium is sourced from the mechanism of rock weather-
ing (silicate weathering: plagioclase or orthoclase) and ion
exchange reactions (Meybeck 1987) which operate via the
clay residual material of faults filling and metamorphic rocks
in the study area, that fixes the sodium ions and releases
the calcium ions. According to Chea et al. (2007) the high
HCO;™ alkaline conditions in the water allow the precipi-
tation of Mg and Ca in the form of dolomite and calcite
easier. The plot of (Ca* + Mg2+) versus (HCO;™ + SO42_)
diagram (Fig. 8b) gives an insight regarding the contribu-
tion of principal minerals and the influence of dissolution
of carbonates (calcite, dolomite) and evaporates (gypsum)
in the water of study area (Kumar et al. 2006; Mokadem
et al. 2015, 2016). The majority of water points, especially
for groundwater samples, plot along the equiline (1:1) sug-
gesting the dissolution of dolomite and calcite and some
samples that plot far from equiline (1:1) maybe due to other
sources such as the activities of mining. The Ca’*/SO,>*
ratio (Fig. 8c) illustrates approximately 60% of water in the
samples around the 1:1 line, and reveals that these samples
were influenced by gypsum dissolution. However, the rest
of the water samples plot below the 1:1 line may possibly
be caused by reserve ion exchange and industrial activities.
These point samples have an excess of sulphate ions due

to sulphuric acid mine drainage (AMD) reacting with the
alkaline dolomite and limestone of Malmani aquifer in the
region. The plot of Ca®* vs. HCO;~ (Fig. 8d), shows two
lines (1:1 and 1:2) the line 1:1 indicates the influence of
calcite dissolution and the line 1:2 suggests the influence of
dolomite dissolution. The water samples with the Ca>* to
HCOj;™ ratio which are controlled by calcite—dolomite dis-
solution and that most of the groundwater samples (Malmani
aquifer) indicate the dolomite dissolution, according to the
following reactions:

CaCO; + CO; + H,0 & Ca** + 2HCO;, (1)

CaMg(CO3™) +2CO0, + 2H,0 « Ca** + Mg** + 4HCO;.
@

The relationship between (Na+ K — Cl) and
(Ca+Mg—HCO;—S0,) is used to explain this ion exchange
(McLean et al. 2000; Mokadem et al. 2014, 2016). This
plot shows that the majority of water points are close to the
straight line of slope — 1 (Fig. 8e), indicating the presence of
an exchange between Na*, Mg®* and Ca”" in the water of the
area. Figure 9a, b presents the Na-normalized bivariate plots
of Mg**/Na* vs. Ca**/Na* and HCO;/Na* vs. Ca**/Na*
(Gaillardet et al. 1999a, b; Hagedorn and Whittier 2015).
Most of the water points in the study area are influenced
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by carbonate dissolution and few samples indicate a sili-
cate weathering process. However, comparing the obtained
results, it must be noted that there is a predominance of
carbonate dissolution (dolomite and calcite) over silicate
weathering that is mainly associated with cations (Ca and
Mg) dissolution. These cations (Ca and Mg) mainly origi-
nate from dolomite of Malmani formation in the region. The
deficit in calcium and magnesium over sulphate and bicarbo-
nate and the excess of sodium than chloride can be explained
by ion exchange. 50% of water points (Fig. 9¢) illustrate Ca/
Mg ratio between 0 and 1 indicating dolomite dissolution,
37% of water samples fall between 1 and 2 suggesting calcite
dissolution and 13% of water samples (5 samples) indicate
a silicate origin.

The plot of nitrate versus chloride (Fig. 10) was estab-
lished to evaluate the nitrate sources qualitatively (anthro-
pogenic activities like agricultural and industrial) in the
study area. The water samples on the NO;/C1™ diagram fall
mostly within case 1, characterized by having low NO;™ and
low CI™ concentrations, indicating the absence of the influ-
ence of human activities. Half the groundwater samples
belong in case 2, with high NO;™ and low Cl~ concentra-
tions, suggesting there are agricultural activities, unlike the
situation with no water points observed in cases 3 and 4.

Saturation index (SI)

In the WFS valley, the saturation indexes are important to
the equilibrium (or saturation state) and reactivity between
minerals and groundwater from the water points data (San-
dow et al. 2011). According to Garrels and Mackenzie
(1967), the saturation indices of the minerals phase are
obtained using the following equation:

SI = log IAP/K),

where SI Saturation Index, IAP Ion Activity Product, K
Equilibrium constant.

When SI value is 0, the mineral then is a saturation state
(equilibrium state) with water, a calculated SI value >0
suggests oversaturation compared to the particular min-
eral phase and can precipitate to reach equilibrium. A SI
value < 0 indicates under saturation and that dissolution of
the mineral will occur (Truesdell and Jones 1973; Zhang
et al. 20164, b).

Figure 11a and Table 1 present the saturation indices for
minerals phases (Halite (NaCl), Calcite (CaCOs;), Dolomite
(CaMg (COs;),), Gypsum (NaCl)) from water types in the
WES valley. Figure 10a shows that all water points are under
saturated with respect to gypsum and halite and half of the
samples are saturated to oversaturated with respect to calcite
and dolomite. These oversaturated samples include springs,
dams and surface waters of the area. Calcite and dolomite in
Fig. 10a illustrated the same curve. The relationship between
saturation indices (SI) of calcite, dolomite, gypsum and hal-
ite and their ions are shown in Fig. 11b-e. Figure 11b, c
illustrates a good correlation of gypsum and halite, indicat-
ing the possible dissolution of these minerals and that the
water for the study area has not attained equilibrium with
the mineral phases. The positive value of springs, dams,
surface waters and canal of saturation indices for dolomite
and calcite mineral phases (Fig. 11d, e) indicates that they
are oversaturated. An oversaturation can influence the water
chemistry and lead to precipitation of Ca? and Ca’~Mg?,
which explains the presence of dolomite (Malmani group)
and limestone in the lithology of the study area. On the other
hand, the groundwaters were under saturation with respect

Fig. 10 Plot of NO; versus Cl in 10000
study area oGW SP SW Pl
®Dam @ Canal ®Cave
1000 Case 3: Water sources
—_ affected by multiple
= Case 2: Water sources contamination sources
S affected by agricultural
E 100
S ]
o L4 PY
4 PR °
([ J
10 ) < o Case 4: Water sources
Y Case 1:Water sources affected by industrial
® o largely unaffected by.. affluent salinization
contamination
1 o®
1 10 100 1000 10000
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Fig. 11 Plot of the saturation indexes in study
Table 2 Isotope of precipitation
Months Nov Jan Feb March April June
Stations ~ §'*0 8H 8'%0 &H 5'%0 8H 8'%0 8H 5'%0 H 5'%0 H
1 —1.17 —-3.34 —-4.49 —-27.33 0.12 10.54 -1.29 -9.16 —1.88 -8.72 -3.72 —11.00
2 —-0.53 1.39 —2.58 -21.13 0.16 12.57 -2.96 -12.16 -3.82 —19.78 -3.71 -10.35
3 —-2.99 -10.51 —4.06 —23.41 0.38 13.31 —-1.53 -5.02 —-2.95 -15.96 -0.91 1.96
4 —1.10 —-0.06 —3.87 —24.00 —0.08 14.96 —-3.51 —15.81 —1.57 —9.89
to calcite and dolomite, suggesting the dissolution of these 30 o
minerals, shorter flow path and residence time in the aquifer. 20 s
W
Pl
Stable isotope results 10 T o
0 ®  Cave {
Linear (GMWL)
Precipitation Z-10 Linear (LMWL)
o . -20
Precipitation samples in the WFS valley (n=46) were col-
lected during six periods (November 2018, January 2019, -30 G2 YT 73905 +1.9211
February 2019, March 2019, April 2019, June 2019) -40
from four locations S1, S2, S3 and S4 with different alti- -0.06 -0.04 -0.02 0.01

tudes 1540, 1508, 1600 and 1353 m, respectively (Fig. lc,
Table 2). The isotopic composition of precipitation in this
region ranged between —4.49 to 0.38%o with mean —1.48%o
for 8'*0 and —27.33 to 14.96%0 with mean —6.20%o for
8?H. The regression equation of the Local Meteoric Water
Line (LMWL) is: 8°H=7.39 * §'®0+7.9%0 (R*=0.85)
(Fig. 12). The slope and intercept of the LMWL are lower
than those of the global meteoric water line (GMWL):
5°H=2858'80+ 10) (Craig 1961), indicating the modification
due to evaporation.

@ Springer
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Fig. 12 Plot of 5'%0 vs 8°H in the study area

Water samples

The surface waters (n=4) show an isotopic composition
varying from —2.85 to —0.83%o and —15.66 to —2.97%o for
8'80 and 8%H, respectively. Dam waters (n=5) have §'%0,
ranging between —1.59 and 1.2%. and 8°H ranging between
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—10.98 and 7.3%o. Spring samples (n=15) of the region, iso-
topic composition varied from (§'0=—-4.61 to —10.1%o
and §’H=—26.9 to —4.39%o). Groundwater points (n=19)
show 8%H composition varying from —27.18 to —3.44%. of
the mean —19.81%o and for 8'*0 from —4.98 to —0.11%o of
the mean —3.62%o. Canal, pipeline and cave samples have
580 (—2.81%0, —2.9%0 and —2.45%0) and 8°H (—15.01%o,
—15.58%¢ and —12.75%o) respectively. The isotopic com-
position of waters measured in the study area is shown in
the conventional 8°H %o vs 8'%0 %o plot (Fig. 12). All the
water samples in this region were below and near the LMWL
which indicates they were from local precipitation and recent
water from the dolomitic system. Based on distribution of
the positions of the data points on °H and §'0 diagram
(Fig. 12) are two groups may be clearly distinguished.

— The first group (1) is situated under the GMWL. This
group comprises two subgroups: group (a) and group (b).
The group (a) encloses the samples (all of the Dams,
Gemsbokfontein Spring, 2 surface waters and 3 ground-
waters (22,27,28) which are mostly located upstream,
except for the two dams (Potchefstroom and Boskop
dams) which are located downstream of the study area
(Fig. 1c).

— The group (b) named also mixing water includes (Ger-
hard Minnebron spring, 2 groundwaters (10,36), 2 sur-
face waters, 1 canal, 1 Pipeline and 1 cave. Therefore,
the group (a) is richer in isotopes than group (b). The
slope and the regression line interception of first group
samples are below the GMWL and LMWL (Evaporation
line 8D =5.48 5'%0 +0.0005%0). This means that water
samples undergo evaporation (Tsujimura et al. 2007).

— Group b mixes water between the water of the area and
rainwater. This mixture of water is associated to the per-
colation via the fault such as the cave and spring samples,
irrigation processes (groundwater samples) and a mixing
mechanism from the surface water and also from pipeline
canals after dewatering.
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Fig. 13 a Plot of 8'%0 vs D-excess, b plot of §'30 vs Cl in the study area

— The second group (2) is represented mainly by the
remaining wells. This group contains the majority of
groundwaters samples, Bovenste and RODO1 springs.
These values of 8*H and '%0 are relatively low com-
pared to those of the first group. The values of this group
indicate that groundwater recharge is influenced by the
rainfall with rapid infiltration and by river flow such as
WES, Middelvleispruit and Renfonteinspruit.

According to Dansgaard (1964), the intercept of the
GMWL is named the deuterium excess, and was defined as
d-excess (%o) =8?H-8*8'30. This last one is acquired during
evaporation and does not vary significantly during the later
history of the atmospheric moisture. It is a useful indicator
for identifying secondary processes influencing the atmos-
pheric vapor content in the evaporation—condensation cycle
(Craig 1961; Machavaram and Krishnamurthy 1995; Celle-
Jeanton et al.2001). These d-excess values in the study area
ranging between —2.22 to 12.68%o suggest that the isotopic
composition in water points are characteristic of a semi-arid
climate. The d-excess value is also an index indicating the
evaporation effect on the physicochemical characteristics of
water: if the d-excess decreases, the water evaporates, (Craig
1961; Merlivat and Jouzel 1979; Gat and Matsui 1991;
Machavaram and Krishnamurthy 1995; Tsujimura et al.
2007; Mokadem et al. 2016; Dassi et al. 2018). The rela-
tionship between d-excess and 8'0 shown in Fig. 13a. This
diagram illustrated two groups (G1, G2), Groupl showing
d-excess —2.51 t0 8.17%o and §'%0 < —2.73%o to — 0.11%o.
So between lower d-excess and enriched 8'%0 indicated there
are significant modifications due to kinetic evaporation of
the precipitated water before groundwater recharge, and this
also signifies that groundwater samples are fed principally
by the return flow of irrigation water. Group 2 shows an
isotopic signature d-excess 8.75 to 14.13%. and 5'%0 —4.26
to — 3.63%o, this group indicates rapid infiltration of mete-
oric water into the Malmani aquifer. Cl vs §'%0 scatter plot
(Fig. 13b) is another way to identify the water processes as
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Fig. 14 8'30 plotted versus altitude in study area

rock-water interactions. Many recharge sources with various
130 values might be suggested. These sources are influenced
by the hydraulic continuity between the different Compart-
ments, leaching during runoff and/or leakage from Malmani
aquifer through the Karst system which facilitates the water
movement and flow. Figure 13b presents two groups. Group
one points out an evaporation signature and high concentra-
tions of chloride. This high concentration indicates that the
chloride obtained by anthropogenic contamination such as
industrial discharge (high concentration of sulphate). Group
two samples included the groundwater points from Malmani
aquifer show a good correlation and indicate the dissolution
of evaporative (halite, anhydrite and gypsum) with a low
concentration of chloride.

Figure 14 illustrates the results 8'30 versus altitude. This
result shows two groups (a, b). Group (a) suggests the diffuse
recharge at low altitude (< 1500 m) within downstream of
the study area. Group (b) encloses (the majority of ground-
water samples, Gemsbokfontein and Bovenste Springs and
Donaldson and Luipaardsvlei Dams) at high altitude which
is mostly located upstream of the region suggest high alti-
tude recharging water. The altitude effect is calculated by
the relation between mean precipitation isotope values for
the four stations and elevation in meters () highlighting
a depletion of heavy stable isotopes of about —0.16%o per
100 m elevation for 8'%0, indicating the rapid groundwater
recharge through the karstic system for all the water points
regardless of their source. Therefore, the WFS catchment is
principally fed by rainwater.

Conclusion

This research was conducted to understand the hydrochemi-
cal and isotopic relations in the WFS. According to the piper
diagram, two main hydrochemical facies are in the study
area: (1) Ca-Mg—-Cl-SO,; (2) Ca-Mg-HCO;). Water points
generally have lower EC and pH and high concentrations

@ Springer

of ions HCO;, SO, and Ca in surface water, springs, dams,
canals and pipelines. The results of major ions (HCO;, SO,,
Ca, Cl, Mg, Na, NO,) after using various bivariate plots such
as (CI™ vs Na*, (Ca?* +Mg?") vs (HCO;™+S0,%), Ca’* vs
S0,%~, NO,~ vs Cl) showing in this area that mineral dis-
solution, ion exchange, weathering, evaporation, agriculture
nitrification and mining activities are the principal control-
ling processes. The results of the saturation index present
an appropriate hydrogeochemical environment for evaporate
(halite and gypsum) dissolution (less than zero) and car-
bonate (calcite and dolomite) dissolution/precipitation. The
LMWL carried out with measurement during six periods
was 8°H=7.39 * 8'%0 + 7.9%0 (R*=0.85) which is close
to the GMWL. The 8°H and 8'30 values of water samples
confirm that the water of the karst system (Malmani aquifer)
is of meteoric origin and recent water and the majority of
groundwater are derived from the rapid infiltration of local
precipitation.
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