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Abstract

South Africa has a growing population, a relatively dry climate, and abundant mining activity, all of which increase the impor-
tance of water management. The Mooiplaas Dolomite Quarry, south east of Pretoria, has been mining metallurgical grade
dolomite since 1969, within the productive karst aquifers of the Malmani Subgroup, Transvaal Supergroup. This study was
conducted to elucidate the flow of water around the site, including the mine water and groundwater. The site was investigated
by sampling precipitation, surface water, groundwater, and mine water for hydrochemical and stable isotope analysis from
2011 to 2017, totalling over 400 samples. Levels of nitrate in groundwater and mine water were marginally above drinking
water limits, from explosives residues, and ammonia in the nearby Hennops River was unacceptably high due to municipal
sewage outfalls, but otherwise, water quality was very good. Alkalinity from rock weathering, aided by crushing of dolomite,
was the main control on water chemistry. Combined analysis of dissolved matter (TDS, nitrate, Mg, etc.) suggested that the
dewatering of the mine and resultant recharge from the slimes dams caused an aerated zone of groundwater, which mixed
with regional groundwater flowing beneath the site. Stable isotopes, with an evaporated signature from the mine open water
bodies, also showed how mine operations cause recharge to groundwater and subsequent seepage back into the pit lakes. The
mine appears not to contaminate the regional groundwater; however, mine designs should avoid situations where process
water flows via groundwater back into pits, causing excessive dewatering costs.
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Introduction to easily exploit and often too salty for most uses (Gleeson

et al. 2015). Despite this, groundwater supplies many bil-

Water resources globally are under threat from the grow-
ing human population (Karesdotter et al. 2022; Kummu
et al. 2010). The global population of approximately 8 bil-
lion people not only consume fresh water, but also produce
pollution that taints many freshwater resources (Simonovic
2002). In addition to these direct effects, indirect effects of
ecological destruction and climate change are threatening
water resources and the ability of humans to provide for their
needs (Nhemachena et al. 2020).

Groundwater occurs in much larger quantities than sur-
face water (Poeter et al. 2020), but a lot of this is too deep
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lions of people and much of the agricultural and industrial
activity of humans (Jasechko and Perrone 2021). Impor-
tantly, surface water resources are often absent, polluted, or
not easily stored or distributed, so groundwater often pro-
vides a better, or the only water supply. It is estimated that
50% of the global urban population rely on groundwater for
their personal use (UNESCO 2022).

Karst aquifers are some of the strongest groundwater
resources, providing major water supplies to human activi-
ties and the environment in many parts of the world (Doveri
et al. 2021; Gao et al. 2011; Schrader and Winde 2015).
South Africa has relatively minimal carbonate rock, but
where it does occur, aquifers of regional significance are
found, in particular the dolomites of the Malmani Subgroup
that occur from Pretoria westwards to the border with Bot-
swana (Meyer 2014).

South Africa is a relatively dry land, with a mean annual
precipitation of around 450 mm/a (Dent et al. 1989), which
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is not much over half the global figure of 750 mm/a (Oki
and Kanae 2006). Groundwater use is not well measured or
managed in South Africa (Pietersen 2006), but estimates are
that about 15% of the total amount of water used by humans
is groundwater, two-thirds of which is for irrigated agricul-
ture, with nearly 300 towns fully dependent on groundwater
(Kniippe 2011).

Water quality is as important as the amount of water
available. Most human activities have the ability to impact
water quality negatively, including domestic activities
(Baloyi and Diamond 2019), urban areas (Germishuys and
Diamond 2022), and mining (Winde 2013). Both under-
ground and open pit mines affect water quality, with the
nature of the pollution dependent on the mineralogy, water
chemistry, rock structure, climate, and other environmen-
tal factors (Nordstrom 2011). The effects on groundwater
quality from mining have been studied widely (Eary 1999),
including in karst environments (Gao et al. 2011). Stable
isotopes of water (hydrogen and oxygen) or dissolved con-
stituents (such as NO;~ or SO,*7) can be used as tracers of
water flow, or to identify the sources of the water or dis-
solved matter (Cook 2020).

This study made use of hydrochemistry and the stable
isotopes of water to help understand the flow of water in
and around the Mooiplaas Dolomite Quarry. We evaluated
the effect of the quarry on the groundwater of the area and
suggest ways to improve site water management, as well as
ideas for further study.

Site Description
Location

The Mooiplaas Dolomite Quarry has been mining metal-
lurgical and aggregate grade dolomite since 1969. It is cur-
rently operated by Pretoria Portland Cement and is located
on the south-western edge of Pretoria in Gauteng Province,
South Africa (Fig. 1). Gauteng is the smallest of nine prov-
inces in South Africa, but the most populous at about 16 mil-
lion (Wikipedia 2022), and is mostly covered by the urban
areas associated with Johannesburg in the south and Pretoria
in the north.

Geology

The city of Pretoria, located 15 km north-east of the quarry,
is underlain by the Pretoria Group, a lightly metamorphosed
volcano-sedimentary sequence. This is underlain by the
Chuniespoort Group, which includes the dolomites and
cherty-dolomites of the Malmani Subgroup, all part of the
Transvaal Supergroup, a relatively undeformed Archean to

Proterozoic platform sequence forming part of the Kaapvaal
Craton (Eriksson et al. 2006).

Mooiplaas mines mainly the Lyttleton Formation, a
100-150 m thick, chert-poor formation, which lies above
the Monte Christo Formation and below the Eccles Forma-
tion, both of which are chert-rich, and all of which are part
of the Malmani Subgroup. The final product, after milling,
of metallurgical grade dolomite contains less than 3.5% SiO,
and 0.5% Al,O; (Page and Du Plessis 1986). The geology of
the region dips gently northwards at 10-15°, a tilt caused by
crustal subsidence after the intrusion of the Bushveld Igne-
ous Complex around 2 Ga ago. Faults and mafic intrusions
complicate the geology somewhat (Figs. 1 and 2).

Climate

The climate of the region is subtropical, with moderate tem-
perature seasonality, but strong rainfall seasonality. Winters
(May to July) have cold nights with minimums around 5 °C
and warm days with maximums around 20 °C and negligible
rainfall, whereas summer lasts from October to March, when
temperatures are similarly 16 °C and 28 °C and monthly
mean rainfall is around 100 mm (Fig. 3) (CSAG 2022).
Total mean annual rainfall is about 700 mm. Winds are light,
except for brief downdraughts associated with summer thun-
derstorms (SAWS 2021).

Geomorphology

Gauteng Province is a relatively flat area with gentle topog-
raphy of rolling hills or low rocky ridges, typically up to
200 m above the surrounding plains. The whole region, how-
ever, is at high elevation, ranging from 1200 to 1800 masl.

Hydrology

The continental watershed runs east-west through central
Johannesburg, with southward-flowing streams entering
the Vaal River before joining the Gariep (Orange) River
and flowing west to the Atlantic Ocean. Northward-flowing
streams enter the Crocodile River before joining the Lim-
popo and flowing north and then east to the Indian Ocean.
The Hennops River that flows past Mooiplaas Quarry is part
of the latter catchment (Fig. 1).

Hydrogeology

The Malmani Subgroup dolomites are mildly karstified,
with minimal surface water features, common sinkholes and
dolines especially in the chert-rich formations, pinnacles,
and grykes developed to several metres depth, and highly
porous gryke infill called WAD (weathered altered dolo-
mite) (Dippenaar et al. 2019). They form a high yielding

@ Springer



280 Mine Water and the Environment (2024) 43:278-293

R ! quarry
\\\ : }AOO offices
Zay ) T2
=N S
‘ PN
Aalwgnko = \; ~ <>>M
¥ i P/ T
1489 . L 7N
O  sinkhole GEOLOGICAL LEGEND
fault
alluvium

syenite, diorite and gabbro

concordant mafic intrusions

A
shale with minor quartzite, tillite, carbonate Daspoort Fm
quartzite, partly ferruginous, minor shale Timeball Preéorla
shale with minor conglomerate, breccia Hill Fm p TRANSVAAL
chert-rich dolomite : _ SUPERGROUP
. Malmani Subgroup |Chuniespoort
chert-poor dolomite Gp

LOCATION

Geology from
1:50 000 2528CC Lyttleton,
Geological Survey, 1973.

Contours, roads and other data from

Chief Directorate National Geospatial Information,
Department of Rural Development and Land Reform,
2011.

Fig. 1 Location and geology of the study area
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Fig.2 View northeastwards over the Mooiplaas Dolomite Quarry, showing most of the sample locations used in this study. Note the vertical
mafic intrusion (about 10m wide) in the far wall of the quarry, which separates the east and west pits
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Fig.3 Climate of the region (CSAG 2022)

aquifer that is utilized for agriculture, domestic, and public
water supply (Meyer 2014). Borehole yields are typically
over 5 L/s (DWAF 1999). Many springs emerge from the
dolomites where they abut less permeable formations, some
of which are today used for Pretoria’s water supply (Dip-
penaar et al. 2019), and in the past were part of the reason
our ancestors inhabited the Cradle of Humankind World
Heritage Site, north-west of Johannesburg (Hobbs and De
Meillon 2017).

The large gold mining operations in the Witwatersrand
Supergroup near Johannesburg had to dewater tremendous
volumes from the dolomites to allow mining, and now that
much of the gold mining is over, water levels are recover-
ing, and springs are starting to flow again, although often

with poor water quality due to acid mine drainage (Schrader
et al. 2014). Water quality in the dolomite aquifers is gener-
ally excellent, but effects from mining, agriculture and urban
areas, often via polluted rivers, are likely to be increasing
(Meyer 2014).

Methods
Field Work
Water samples were taken of rain, surface water, and ground-

water at 20 locations in and around Mooiplaas Quarry from
2011 to 2017, totalling 407 samples.
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Precipitation

Rain (and hail) was collected from December 2016 until
May 2017 in Monument Park, 15 km to the east of Mooi-
plaas, totalling seven samples (two were taken in Febru-
ary—see Table 1). A standard plastic rain gauge was used
to collect all precipitation, the amount of which was noted
daily, after which all the water was placed into a larger bottle
to create a composite sample for each month. Each month’s
sample was analysed for hydrogen and oxygen stable iso-
topes and select samples were analysed for dissolved matter.

Surface Water

The only natural surface water locations sampled were two
sites on the Hennops River, upstream and downstream of the
quarry (HRU and HRD), totalling 49 samples.

Groundwater

The distinction between surface water and groundwater is
not simple at a quarry. For example, the pit lakes are open
to the air and so qualify as surface water but are at the level
of the water table and represent groundwater. Nonetheless,
17 locations were sampled for surface water/groundwater,
of which six are boreholes, three are seeps and eight are

Table 1 Sample abbreviations, names and locations

Id Sample location Latitude Longitude Elevation

°S °E mamsl

RWR Rain water 25.80282 28.22426 1440

HRU Hennops River upstream 25.82131 28.07969 1375

HRD Hennops River down- 25.81579 28.02603 1350
stream

SMP  Sump 25.80796 28.07617 1410

PLI  Plant inlet

SYD  Slurry dam
MSD MDYV slurry dam
SSD  Slimes dam

25.79770 28.07933 1520
25.79753 28.07961 1520
25.79497 28.07974 1530
25.80195 28.07548 1440

WPT  West pit 28.80630 28.07168 1350
EPT  East pit 25.80659 28.07285 1350
FDM Fish dam 25.80821 28.07515 1400

GOl  Groundwater (borehole) 1  25.80170 28.07590 1445
G02  Groundwater (borehole) 2 25.81780 28.07297 1380
G12  Groundwater (borehole) 12 25.80757 58.07333 1390
G13  Groundwater (borehole) 13 25.80697 28.07266 1380
WPS  West pit seep 25.80749 28.06747 1365
WWS  West pit wall seep 25.80469 28.07291 1360
EWS East pit wall seep 25.80516 28.07470 1360
EBN Exploration borehole north 25.80596 28.06521 1410
EBS  Exploration borehole south 25.80766 28.06531 1395
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various points in the water cycle of the quarry, including the
pit lakes, various slurry or slimes dams, and sumps or inlets,
totalling 352 samples.

Laboratory Work
Hydrochemistry

Analysis was performed at Aquatico Laboratories in Pre-
toria. Electrical conductivity (EC) and pH were measured
potentiometrically with an autosampler, where a Mode
d’Emploi 2-pole conductivity cell was used for EC and a
Red Rod pH probe was used for pH. TDS was measured
gravimetrically after filtering out >2 pm suspended solids
and then evaporation in a pre-weighed dish, according to
APHA (2005) procedures. Alkalinity, Cl, SO,, PO,, NO;,
and NH, were analysed using a KoneLab automated spectro-
photometer, and Br using a desktop Hach spectrophotometer
(APHA 2005). Na, Mg, K, and Ca were analysed with a
Perkin Elmer Optima 7300DV or Optima 8300 ICP-OES
(inductively coupled plasma optical emission spectrometer).

Stable Isotopes

Analysis was performed at iThemba Labs in Johannesburg
using a Los Gatos Research DLT-100, according to the pro-
cedures outlined by the IAEA (2009). This instrument fills
a cavity with a vapourised sample and then fires a laser into
the cavity with high reflectivity mirrors, generating a path
length of kilometres, such that water molecules of different
isotopic composition cause different degrees of absorption.

Data Correction and Validation
Hydrochemistry

In addition to laboratory calibration procedures, blanks (dis-
tilled water) and duplicates of field samples were submitted
blind (unknown to the laboratory) with every batch of sam-
ples. The relative percent difference (RPD) for analytes was
calculated for duplicate samples. Over 80% of the duplicate
analyses had RPD < 10%. In addition, the charge balance
was calculated, comparing the sum of cations to the sum
of anions as milliequivalents, and it was found the RPD for
charge balance was < 10% for all samples.

Stable Isotopes

Laboratory standards were inserted with every batch of
samples, to allow correction to the international standard,
SMOW (Standard Mean Ocean Water). In addition, blind
duplicates were inserted with the samples to provide a check
on the laboratory’s precision. According to iThemba Labs,
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their analytical precision is approximately 1.5%o for 8°H
and 0.5%o for 8'%0. Analysis of duplicates showed that RPD
was < 10% for all duplicates.

Results
Hydrochemistry
Water Quality Assessment

Table 2 shows the mean values for each analyte at each
sample location, and overall for the study. Shading indi-
cates where values exceed ideal, acceptable, and maximum
allowable drinking water quality guidelines for South Africa
(SABS 2001). As can be seen from the table, the water qual-
ity around Mooiplaas is generally very good. The major
exceptions are ammonia, which is moderately elevated in
the Hennops River, the sump, and the two exploration bore-
holes, and nitrate which is slightly elevated in a few of the
sample locations.

The ammonia in the Hennops River is likely to be from
wastewater from sewage treatment works that discharge into
the River (Rimayi et al. 2019). The presence of ammonia in
the exploration boreholes is discussed later. The elevated
nitrate, which is found in most of the mine water samples,

is probably from explosives used for mining (Nilsson and
Widerlund 2017).

Hydrochemical Trends

Several scatter plots have been drawn (Figs. 4, 5, 6, 7) show-
ing the most interesting hydrochemical patterns. In Fig. 4, a
very clear positive correlation exists between alkalinity and
total dissolved solids (TDS). Alkalinity at the circumneutral
pH’s of this site is largely bicarbonate ions (HCO;™), which
form during the process of rock weathering. In this process,
atmospheric or soil CO, dissolves into rain or soil water,
forming a solution of weak carbonic acid (H,CO;), which
dissociates into hydrogen and bicarbonate ions, the H* then
being exchanged for a metal cation (e.g. K) in a mineral. In
addition to this process, which operates everywhere at the
earth’s surface where there is rain, the study area is under-
lain by dolomite. The dissolution of dolomite (CaMgCO;)
releases CO32_ ions into the water, most of which will be
converted to bicarbonate from hydrogen ions available in
the mildly acidic rain/soil water. By this mechanism, natural
waters increase in metal cations and bicarbonate ions over
time. The strong correlation of alkalinity with TDS proves
the control that rock weathering has on water quality, and
the gradient of 0.57 seems to show that nearly 60% of the
dissolved matter can be accounted for by the alkalinity. In

Table 2 Mean values for hydrochemical parameters per sample location, and overall means, minimums and maximums

site n pH EC TDS Na K Mg Ca
mS/m mg/L mg/L mg/L mg/L mg/L
RWR 6 6.18 3.2 14 0.7 0.7 0.4 1.9
HRU 26 7.82 69.1 382 64.7 10.2 15.7 38.7
HRD 23 7.87 66.1 364 58.7 9.8 16.3 39.2
SMP 16 7.81 56.6 318 30.1 10.1 34.8 38.8
PLI 7 8.52 50.5 322 13.1 0.7 39.3 45.2
SYD 9 8.43 61.0 401 16.8 25 57.8 32.2
MSD 6 8.77 57.1 359 17.7 3.2 62.8 19.6
SSD 6 8.59 44.8 289 12.0 2.0 44.4 20.9
WPT 28 8.47 523 306 12.2 0.6 375 48.2
EPT 29 8.52 53.4 307 12.2 0.7 40.9 44.6
FDM 27 8.39 53.0 308 12.4 0.7 40.9 44.2
GO1 59 7.94 89.9 547 19.3 11 64.3 91.6
G02 60 8.18 56.2 326 10.6 0.6 39.0 55.4
G12 63 7.91 65.7 383 9.9 0.9 45.0 70.4
G13 24 7.90 67.2 376 9.9 14 45.5 69.9
WPS 4 8.22 54.5 341 13.7 0.6 373 53.7
WWS 5 8.57 65.5 434 17.6 1.2 59.6 45.8
EWS 3 8.49 80.5 553 14.9 0.2 64.4 71.0
EBN 2 7.52 235 154 1.1 3.1 13.1 28.7
EBS 4 7.70 50.2 307 2.8 2.7 37.2 57.3
min 5.90 1.8 5 0.2 BD BD 0.8
max 9.02 140.0 807 166.0 285 77.7 139.0
mean 407 8.09 62.8 368 19.0 24 41.7 56.4
S
(

cl SO,  alkalinity NOs-N NH;-N PO, F Br ]
as CaCOs dol
mg/L mg/L mg/L mg/L mg/L mg/L mg/L  mg/L
1.5 4.2 2 0.8 0.74 0.07 015 0.01 -9.9
66.2 48.1 199 15 1.21 0.25 -0.1
57.9 47.6 193 21 0.97 0.26 0.1
26.5 21.1 248 0.9 3.28 0.46 0.45
23.6 31.8 212 8.6 0.09 0.05 0.18 0.33 1.79
354 32.7 205 219 1.10 0.04 0.19 0.07 1.57
37.8 32.0 225 10.8 0.13 0.05 0.21 0.19 2.18
26.1 29.2 163 123 0.37 0.03 0.23 0.09 15
21.4 27.4 203 9.8 0.11 0.03 0.21 0.20 1.77
22.7 32.5 198 9.7 0.06 0.03 0.20 0.23 1.74
22.8 32.5 207 7.5 0.10 0.09 0.21 0.25 1.59
66.2 84.6 320 5.7 0.09 0.05 0.24 0.60 1.39
22.0 32.4 219 8.5 0.08 0.03 0.20 0.40 1.33
23.7 40.5 263 8.7 0.10 0.03 0.21 0.50 1.04
22.7 39.9 263 8.5 0.15 0.03 0.23 1.04
21.9 24.1 211 13.9 0.08 0.02 0.16 0.26 1.27
38.9 36.7 229 21.2 0.04 0.03 013 048 2.16
67.3 76.7 226 27.1 0.04 0.04 0.13 0.58 2.12
2.7 2.0 153 0.8 0.56 0.24 0.01 -0.96
4.2 26.4 277 0.5 - 003 027 001 057
0.9 0.1 1 BD BD BD 0.09 0.01
2050 1220 so0 203 [BBHGN 1370 167 0386
34.1 42.1 233 7.6 1.40 0.30 0.20 0.30

) limits according to South African drinking water standards (SABS 2001). In the minimum values row, BD indicates the low-

hadini indicates ideal (no shading), acceptable (|ight orange) allowable (medium orange) and above maximum allowable

est value was below detection. The dolomite saturation index is given in the last column, as calculated using the preceding hydrochemical aver-

ages for each location and PHREEQC software
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Fig.4 Plot of alkalinity (reported as CaCO;) against TDS (total dissolved solids). The strong correlation shows alkalinity is a major control on
the water quality. Alkalinity is, in turn, largely influenced by rock weathering

actual fact, because the alkalinity is reported as CaCOj, only
60% of this mass is actually carbonate or bicarbonate. As
60% of the 0.57 correlation is approximately 0.4, this means
the alkalinity actually accounts for approximately 40% of the
TDS (Table 2 and Fig. 4).

In contrast, the other major anion, chloride, which also
correlates well with TDS, is at a much lower slope of 0.24
(Fig. 5). This slope would be even lower, if not for five out-
lier samples from the Hennops River, probably represent-
ing sewage spills of highly evaporated wastewater with high
salt contents. The lower chloride content is typical of inland
locations, such as Pretoria, where marine aerosol input is
minimal (Van Wyk et al. 2011). What is also noticeable from
Fig. 5 is the distinctly higher chloride contents of the Hen-
nops River, compared to the mine water. This is because the

@ Springer

mine area water chemistry is more strongly influenced by
rock dissolution, encouraged by the blasting and crushing
of dolomite.

For the cations, Ca and Mg are the dominant ions (see
Table 2), which is typical of inland settings where disso-
lution of dolomite dominates over marine aerosol. Further
evidence for dolomite dissolution being a strong control on
the hydrochemistry is the dolomite saturation indices, as
calculated using PHREEQC (Table 2). These mostly reveal
the water to be supersaturated (SI dol>0) in dolomite. The
lowest groundwater or mine water S/ dol values are found
in the exploration boreholes, suggesting that the natural
groundwater is less saturated in dolomite.

Figure 6 shows the nitrate and ammonia concentra-
tions. There is a strong contrast between the Hennops River
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Fig.5 Chloride concentrations plotted against TDS (total dis-
solved solids). The low gradient shows that CI has a lesser role in
the dissolved water quality components than alkalinity. This is to be

samples where ammonia dominates, and virtually all of
the other samples, where nitrate dominates. The likely rea-
sons for the pattern in this study are twofold. First, the aer-
ated state of groundwater in and around the mine is to be
expected from the quarrying operations, where groundwater
is being pumped out and recharged and generally circulated
strongly through the pit lakes, the plant, various slurry dams,
and so on. Second, the Hennops River receives treated and
untreated sewage with a high organic matter content, which
translates into a high COD (chemical oxygen demand;
Rimayi et al. 2019). This decaying organic matter consumes
the available oxygen in the water, causing the reduced form
of nitrogen (ammonia) to dominate over the oxidised form
(nitrate).

expected for inland locations, far from the sea. Relatively high Cl
samples from the Hennops River are likely from sewage spills from
municipal waste water treatment works

The final hydrochemistry scatter plot, Fig. 7, shows mag-
nesium plotted against TDS. Here there is substantial sepa-
ration of samples and clear grouping of certain locations,
as well as distinctly different trends between the Hennops
River, mine water, and groundwater. The mine water circu-
lates in the slurry and slimes dams, the plant inlet, and the
pit lakes, while the groundwater was sampled from bore-
holes and seeps. Overall, both the mine water and ground-
water show much higher Mg values than the Hennops River.
This is likely due to the blasting and crushing of dolomite
at the mine, which accelerates dolomite dissolution and the
release of Mg into this water. However, even within the mine
area, the groundwater has a lower Mg vs TDS trend than the
mine water, which is more directly exposed to the broken-up
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Fig.6 Ammonium plotted against nitrate, revealing two distinct water
types. Surface water in the Hennops River contains high ammonium,
evidence for sewage spills, whereas most other water (surface and

dolomite. The slurry dams have the highest Mg contents,
reflecting their position downstream of the plant and thus
the highest exposure to fine dolomite particles.

However, the Mg and TDS levels are fairly low, still being
within acceptable drinking water limits. This is partly due
to the way in which dolomite dissolution is controlled by
acidity. Once the acidity of the water has been used up (the
mean pH for this study was 8), dolomite dissolution is neg-
ligible. This is confirmed by the high dolomite saturation
indices, showing the water to be supersaturated in Ca-Mg-
CO;. The low TDS may also be partly due to the way in
which the mine water interacts with the local groundwater
and is diluted by the local to regional groundwater flowing
through the site.

@ Springer

groundwater) near the quarry has elevated nitrate, most likely from
explosives residues

Stable Isotopes

The hydrogen and oxygen isotope results are given in
Table 3 and plotted in Fig. 8. The rain isotope compo-
sition ranges from about — 70%¢ 8°H and — 10%. §'%0
to almost + 10%0 &°H and 0%. 8'%0. The LMWL (local
meteoric water line) was calculated using these points and
the reduced major axis form of regression, where both
x and y are treated as independent variables, giving the
result of 8H =8.35'80 + 12.2. This line is slightly steeper
than the GMWL (global meteoric water line; Craig 1961).
Many LMWLs are at a gentler gradient than the GMWL
(Diamond 2022), but some areas do have LMWLs with
gradients around 8; the line calculated for this study is
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Fig.7 Magnesium plotted against TDS. The three distinct trends reveal the effect of crushed dolomite and actively circulating groundwater in
the mine area, to a high degree for the mine water, a moderate degree for the groundwater, and with no effect in the Hennops River

very close to that from Meyer (2014), who calculated a
Pretoria LMWL of 8’H =850+ 11.8.

Two precipitation samples are outliers. The upper out-
lier is for February 2017, during which there was pre-
cipitation in 25 of the 28 days, with a total of only 67 mm
(Weather and Climate 2023a). These low rainfall events
tend to suffer from raindrop evaporation as the rain falls to
the ground, thereby generating more positive delta values.
The lower outlier is from May 2017, during which there
was a single rainfall event over 3 days, producing only
5 mm of rain, but in which temperatures plummeted 10 °C
below the norm to 8 °C as a cold front moved across the
country (Weather and Climate 2023b). This resulted in an
unusually isotopically negative sample. Despite these out-
liers, the MWL for this study runs through the remaining

five samples (one is somewhat obscured by the other data)
convincingly.

All the samples except for the rainwater also plot along
an excellent regression line (r=0.98) with the equation
8°H=4.55'80-3.5. This line is at a lower gradient than the
meteoric water lines and is typical of a local evaporation
line (LEL). The groundwater samples tend to plot at the
lower end of the line, and the lowest samples are in fact the
two exploration boreholes. These are located to the west of
the mining area and are the furthest removed from the pits,
crushing plant, and various slurry dams, and so are least
involved with the disturbed mine area. As such, they repre-
sent relatively undisturbed “natural” groundwater in terms
of isotopic composition. It therefore makes sense that they
plot close to the LMWL. The groundwater samples with the
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Fig.8 Stable isotope composition of water samples from the study.
The low gradient trend for all except the rain samples, reveals that
evaporation is acting on much of the water around the mine site, with

highest & values are the two pit wall seeps, where evapora-
tion has acted on the water prior to sampling, possibly as
the water drips down the exposed rock faces of the open
pits. The GO1 and G12 borehole samples plot close to the
LWML, but with some tendency towards the right, suggest-
ing mild evaporative effects.

In contrast to the groundwater, the mine water in the vari-
ous pits and slurry dams has a moderate to highly evapo-
rated isotope signature, plotting furthest from the LWML.
This shows that much water is lost to evaporation during the
quarrying process. It is also possible that the cause of the
evaporated signature for the pit wall seeps (WWS and EWS)
is not the final stages of dripping down the exposed pit walls,
but rather the local groundwater mixing with some of the

5'80 (%oo)

the least affected being the exploration boreholes (possibly reflecting
natural groundwater of the area), through to the most evaporated sam-
ples in the slimes dam

mine water. This would happen when water from the highly
evaporated slurry dams infiltrates the ground and recharges
the water table, and then mixes with the groundwater.

Discussion

The Mooiplaas dolomite quarry affects the local ground-
water in several ways. The nitrate levels show that explo-
sives residues dissolve into the groundwater. This nitrogen
is almost all in the oxidized state (nitrate), with virtually
no ammonia detected, indicating that the groundwater is
well oxygenated by the mining activities. This happens
through the dewatering of the east and west pits and seepage,
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re-infiltration, and recharge from the slurry and slimes dams
and other ponds (see Fig. 9).

In contrast, the Hennops River shows high ammonia lev-
els and negligible nitrate. This is due to the discharge of
treated and untreated sewage, containing high organic matter
contents, into the river, causing high COD and rendering the
river water anoxic (Rimayi et al. 2019).

The only two sample sites with significant ammonia,
other than the Hennops River, are the exploration boreholes,
which, as stated earlier, lie to the west of the active mining
area (Fig. 9). The presence of ammonia in these boreholes
could result from several factors. First, the informal settle-
ments that occur north of the mining area and at a higher
elevation (Fig. 1) have inadequate sanitation, so human
waste, rich in ammonia, could be leaching into the ground.
In addition, cows and goats are kept and their waste may
contribute to the ammonia load. Also, since the exploration
boreholes are removed from the most active mining area,
they are less likely to receive recently pumped and oxygen-
ated water, keeping the ammonia stable. The low nitrate lev-
els in the groundwater in these two boreholes show that they
are uninfluenced by the mining operations.

The highest nitrate levels were found in the slurry dams
(mainly SYD & SSD), and in the two wall seeps in the east

Atteridgeville

Fig.9 Conceptual diagram of water flows around the Mooiplaas
Dolomite Quarry. Groundwater is indicated with dashed lines and
evaporation with dots. The exploration boreholes appear to be unim-
pacted by the mine activity, but may have urban pollution, accounting

@ Springer

and west pits (EWS & WWS). As nitrates are extremely sol-
uble, residual explosives from years ago would likely have
been leached from the old benches and blast holes above
the wall seeps, so the presence of high nitrate in these wall
seeps suggests the groundwater being discharged at the wall
seeps is being recharged by seepage from the slurry dams
upslope to the north.

Crushing of dolomite, creating high surface area,
enhances the release of Mg by weathering. This is revealed
by comparing the two exploration boreholes, averaging 13
and 37 mg/L Mg”", against the mine water, with an average
of ~ 60 mg/L. When the Mg-enriched mine water mixes with
regional groundwater, the resultant groundwater beneath the
mine has intermediate Mg values, averaging 50 mg/L.

The stable isotope results show some remarkable pat-
terns. All the groundwater and mine water samples sit along
a LEL; each sample site tends to cluster quite well, and the
clusters are fairly well ordered. The order of sample sites,
from least to most evaporated, is shown in Fig. 10. As with
the Mg data, the two exploration boreholes seem to be the
closest to natural groundwater, with isotope compositions
very similar to rain water and close to the local and global
meteoric water lines. These are followed by the west pit
seep, which is on the south-western side of the west pit and

plant

possible
outflow to
Hennops R.

for their high ammonium levels. The slurry and slimes dams recharge
groundwater, which then discharges via the pit wall seeps. This is
detected with evaporated stable isotope signatures and high nitrate
levels in the pit wall seeps
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EBN GO1 EPT WWS
EBS — WPS — G12 — — MSD — EWS — SSD
WPT FDM SYD

Fig. 10 Increasingly evaporated stable isotope values for sample sites (see Fig. 2). The two exploration boreholes, west of the active mining area,
are most similar to meteoric water, followed by mostly groundwater samples and then mine water samples

furthest from the plant and various dams, and so is likely to
be discharging relatively natural groundwater. Then come
two boreholes, GO1 and G12 and the west pit lake. Note
that at this point, most of the samples are groundwater. The
next group has more mine water samples, being the east pit
lake, the plant inlet, and the fish dam. The last main group
contains the west pit wall seep, the MSD slurry dam, and
the slurry dam. The groundwater sample here, WWS, could
be experiencing dramatic evaporation immediately prior to
sampling, as the water trickles over rock slabs, but is also
likely influenced by the evaporated water from the slurry
dams upgradient (to the north), which recharge the ground-
water. In a similar way, the east pit wall seep also shows
a very evaporated isotope signature, and finally the slimes
dam, which is the last point in the mine water cycle before
that water recharges the groundwater.

Conclusion

The main control on water chemistry at Mooiplaas is alka-
linity. In this karstic setting, most of the alkalinity is from
dissolution of carbonate minerals, mostly dolomite, in the
Malmani Subgroup, though weathering of silicates and other
minerals also contributes. Ca and Mg are the main cations,
also due to the dolomite-dominated geology and the distance
from the coast, where Na tends to dominate.

Ammonia is elevated in the Hennops River (HRU &
HRD) and the exploration boreholes (EBN & EBS), most
likely due to sewage discharged into the former and poor
sanitation in Atteridgeville in the latter. Nitrate is elevated
in most of the mine water and groundwater samples, from
explosive residues. Aside from these moderate ammonia
and nitrate levels, the groundwater quality is generally
good; however, trace element and bacterial analyses were
not performed.

The presence of nitrate and absence of ammonia in the
mine water and boreholes within the mining area is evi-
dence of well-aerated groundwater, caused by dewater-
ing, recharge, and active circulation of surface water and
groundwater in the mine area. Higher TDS levels in all but
the exploration boreholes suggests evaporative concentra-
tion, further supporting this model. In contrast, the two
exploration boreholes have higher ammonia, indicating less
aeration, and lower TDS, indicating less evaporation. This

groundwater possibly reflects the regional groundwater con-
dition, although the high ammonia is probably only a local
effect from the nearby township and informal settlement.

There appears to be a mixing relationship between the
mine water and groundwater based on dissolved Mg trends,
as the actively circulated mine water (pits, dams, etc.) mixes
with the regional groundwater flowing towards and beneath
the mine area. The limited increase in TDS is also evidence
for only minor evaporative enrichment due to a sustained
regional flow of groundwater, preventing excessive salinisa-
tion of the site.

Stable isotopes reveal a strong evaporation trend acting
on all of the mine water. The least evaporated samples are
the two exploration boreholes, again suggesting these reflect
regional groundwater conditions. From there, the various
samples progressively show more evaporation, ending with
the slurry and slimes dams. The moderately evaporated iso-
tope composition of the east and west pit wall seeps (EWS &
WWS) suggest recharge or leakage from the slimes or slurry
dams (SSD & SYD), mixed with groundwater, is discharging
into the east and west pits. High nitrate levels in the EWS
and WWS corroborate this.

The quarry does not appear to contaminate the regional
groundwater, although analysis of microorganisms and trace
elements, such as Zn and Cd, would be desirable to confirm
this. Pollution from sewage works and poor sanitation in
nearby settlements probably present a greater risk to water
quality.

The quarry does actively circulate water from the dewa-
tering of pits, via the plant and various dams, recharging
groundwater and then discharging back into the pits. The
layout of the site contributes to this problem, with the plant
and dams above the pits. Recirculation is, however, limited,
as evaporation and salinity are only moderate, tempered by
regional groundwater flow that keeps the groundwater and
mine water fresh.

Recommendations

Recommendations for management of this and other mine
sites include better planning of the site layout to prevent
recirculation of mine water. In the event this is not possible,
then lining of slurry dams to prevent infiltration could be
a practical solution. Optimising explosives use, including
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storage and handling areas, may help reduce nitrate levels
somewhat.

Recommendations for further study include analysing the
groundwater for trace elements and microbiology, to bet-
ter quantify the water quality. Stable isotope studies ben-
efit from long-term precipitation data. Setting up long term
monitoring sites that include such parameters could benefit
many researchers working in the natural sciences, but espe-
cially the water sciences. Other tracers and parameters could
also be used to help understand the surface water-ground-
water interaction, such as tritium, useful to date young
groundwater, or radon, useful to differentiate groundwater
from surface water.

Mining companies are generally reluctant to allow
research on their sites or use of their data. We are very grate-
ful to PPC Mooiplaas and hope that this research encourages
other mines to open up to research, as this would benefit the
broader research community, being able to share experiences
and data, and in turn benefit society and the environment.
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