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Abstract Acid mine drainage issues have been a cause for worldwide concern. This study assessed the 
potential of the Whitehill Formation as an analogue to the acid mine drainage issues in the Witwatersrand, 
South Africa. Evaluation of the Whitehill Formation suggests that the outcrop of gypsum in the formation 
is derived from reaction of pyrite-bearing shale with calcite. In order to determine this, the geochemical, 
geological and palaeoclimatic setting and strata similar to the formation were investigated. In addition, 
chemical-thermodynamic modelling (PHREEQC) was used for simulations. The results of this study 
show that metals precipitated out of the rock-water solution to form various mineral phases.
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Introduction 

Environmental effects associated with mining often affect the natural water environment, 
thus resulting in acid mine drainage generation (AMD) (Younger & Wolkersdorfer 2004). 
Acid mine drainage is formed by the oxidation of pyrite in the presence of oxygen and water 
(Stumm & Morgan 1996). In South Africa, the rocks of the Witwatersrand Basin consist 
primarily of 70–90% quartz and 3–5% pyrite and the main reefs are situated underneath a 
dolomitic karst aquifer (Durand 2012). Mining activities in the Witwatersrand Basin have 
been in place for over 100 years, with some of the pyrite deposited on tailing dumps, thus 
resulting in the generation of acidic mine waters which discharge approximately 14.17 m3/h 
of mine water (Masindi et al. 2016; McCarthy 2011).

In order to reconstruct the occurrence of natural processes of over millions (Ma) to bil-
lions (Ga) of years ago, this study uses a natural analogue, which has also been used else-
where (Bruno et al. 2002). Throughout the entire Karoo Basin, the Whitehill Formation 
occurs and is overlain by the Collingham Formation and underlain by the Prince Albert 
Formation (Cole & Basson 1991). Deposition of the Whitehill Formation was about 275 Ma 
ago under deep marine anoxic conditions which prevailed until the deposition of the Coll-
ingham Formation. In addition, the Whitehill Formation is predominantly comprised of 
pyrite-bearing shale, black carbonaceous mudstone, organic rich matter, dolomite, quartz 
and gypsum outcrops (Smithard et al. 2015; Branch 2007). According to Geel et al. (2015), 
the pyrite-bearing shale close to contact with the Whitehill Formation is framboidal pyrite 
which is its most reactive form as described by Nordstrom (1982).

In a natural environment, sulfate deposits are exposed to water through joints and fissures in 
order to generate sulfate solutions. When in contact with carbonates, sulfate solutions react with 
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calcium to promote the precipitation of gypsum (CaSO4.2H2O) as associated with the distribution 
of Ca2+ and SO4

2−. This chemical process is given by the following equation (Lottermoser 2010):

CaCO3 + H2SO4 + H2O → CaSO4.2H2O + CO2	 (1)

Strata similar to the Whitehill Formation are the Marcellus Formation (United States of 
America), Irati Black Shale Formation (Uruguay), Mangrullo Formation (Argentina, Par-
aguay and Uruguay), Tacuary Formation (Paraguay), Barnett Shale Formation (United 
States of America), Kupferschiefer Shale Formation (Germany) and the Moenkopi Forma-
tion (United States of America) (Geel et al. 2015, Stewart et al. 1972). All strata similar to the 
Whitehill Formation describe the precipitation of gypsum which formed as a result of acid 
rock drainage (ARD). In this study, we determine whether gypsum of the Whitehill Forma-
tion is associated with ARD using geochemical modelling which comprises of the combina-
tion of field and laboratory experiments in order to understand current AMD issues.

Methods 

A total of seven rock samples were collected from the outcrops of the Whitehill Formation 
in Loeriesfontein, Calvinia and Laingsburg, South Africa (table 1). In order to determine 
the major and trace metals of the samples, X-ray fluorescence was used (PANalytical Axios 
X-ray fluorescence spectrometer: Council of Geoscience). In TUT’s mine water laboratory, 
batch tests with 400 mL of distilled water added to rock samples for analysis of the aqueous 
solution development were conducted. Furthermore, the parameters pH and electrical con-
ductivity were determined over twelve weeks using Hach pHC201 and Hach CDC401 probes, 
connected to a Hach HQ40d. Also, at the end of the analysis, filtered samples were taken 
(0.45 µm nylon membrane syringe filters) and the residual water metal ion concentration 
were measured using inductively couple plasma-emission spectroscopy (9000 model ICP-
OES at the Department of Chemical Engineering, in Tshwane University of Technology). In 
addition, ion chromatography (883 model: TUT Environmental and Analytical Chemistry 
Research laboratory) was used for anion analyses. Samples were measured in triplicate and 
results are reported as the mean. Results of the water quality parameters were verified by 
WaterLab. Moreover, results of aqueous solution were used in PHREEQC (WATEQ4F data-
base) in order to calculate ion activities and saturation indices (SI) of mineral phases.

Principal component analysis (variance-covariance) was used to classify the seven samples 
(Past 3.15 from Øyvind Hammer).

Table 1 Geographical coordinates, WGS84

Sample Geodetic Datum

LF1 30°56′52″ S, 19°25′51″ E

LF2 30°56′35″ S, 19°25′59″ E

CV 31°29′20″ S, 19°28′48″ E

LB1 33°12′13″ S, 20°37′41″ E

LB2 33°10′58″ S, 20°49′03″ E
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Field Observations

In Loeriesfontein (LF1), an outcrop of a total length of approximately 100–150 m was in-
vestigated (figure 1). It is comprised predominantly of fresh brown shale interlayered with 
weathered shale which appears as a thin white band of gypsum (0–40 cm). In addition, it is 
overlain by fresh grey shale (40–63 cm), white gypsum interlayered with light yellow iron 
oxyhydroxides (60–63 cm), fresh grey brownish shale (63–88 cm), white gypsum interlay-
ered with light yellow iron oxyhydroxides (88–94 cm) and fresh dark grey shale (94–140 
cm). At Loeriesfontein LF2, approximately 400m south-west of LF1, the black shale (60%) 
was weathered to a distinctive white colour (40%) with very minor light yellow staining of 
Fe oxyhydroxides (figure 2).

Initially, batch test experiments were conducted for 54 days and later continued from day 
127 until day 191, with a total of 12 weeks of analysis (figure 3). Changes in pH values oc-
cur either when sulfate solutions or carbonates are depleted. For instance, when the sul-
fate secondary minerals are depleted, the pH values will rise from acidic to circum-neutral 
values and alternatively, when carbonates are depleted, pH values will remain constant in 
circum-neutral pH values. In low pH waters the concentrations of Fe and SO4

2- are high and 
indicate that pyrite oxidation occurs.
 

Figure 1 Fresh outcrop of the Whitehill Formation near Loeriesfontein (LF1).
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Figure 2 Black shale weathered to a white colour near Loeriesfontein (LF2)
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Figure 3 Batch test Laboratory pH results of the seven samples.

Results and Discussion

Major elemental analysis

A detailed database of major elements was used to identify the processes that occur in ARD 
environment. Results show the presence of CaO and MgO which correspond with the oc-
currence of carbonate rock. Moreover, high CaO and MgO contents in samples with acidic 
pH values and low content in samples with circum-neutral pH values were observed. An 
opposite trend to the CaO concentrations is observed for SiO2, with high concentrations of 
SiO2 in circum-neutral pH values and low concentrations in acidic pH values (table 2). SiO2 
corresponds with the occurrence of quartz/clay content which can also be used in the ratio 
to the Al2O3, to indicate changes in sedimentary conditions during deposition. In addition, 
the presence of pyrite and siderite can be indicated by elevated Fe2O3/K2O ratios.
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Figure 4 Scatter plot of principal component analysis results.

Table 2 Major elemental rock composition (%) of the seven samples.

X-ray Fluorescence Spectrometry (XRF); t: iron oxidized in the +3 state; LOI: loss of ignition; H2O
-: moisture water.

Parameter LF1a LF1b LF2a LF2b CV LB1 LB2

SiO2 63.89 3.79 4.04 50.30 1.31 88.93 79.64

TiO2 0.51 0.04 0.05 0.81 0.02 <0.01 0.12

Al2O3 13.77 1.02 1.43 14.47 0.59 0.44 10.40

Fe2O3 (t) 4.76 4.28 5.32 10.96 0.27 3.40 1.21

MnO 0.004 0.164 0.173 0.178 0.048 0.014 0.069

MgO 0.59 18.06 16.60 9.00 21.34 0.22 <0.01

CaO 0.25 28.74 29.27 10.21 29.87 3.62 1.46

Na2O 1.67 <0.01 <0.01 2.12 <0.01 <0.01 5.80

K2O 3.77 0.09 0.12 0.25 0.04 0.02 0.16

P2O5 0.085 0.28 0.14 0.14 0.207 0.04 0.08

Cr2O3 0.009 0.008 0.007 0.080 0.004 0.044 0.021

LOI 10.74 43.40 42.91 1.14 46.42 3.43 1.13

Total 100.05 99.88 100.06 99.66 100.12 100.16 100.09

H2O
- 1.73 0.44 0.41 0.63 0.24 0.22 0.17

Performed by Council for Geosciences
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Water quality parameters and pH analysis

Lab pH of the seven batch experiments ranged between 3.49 and 8.37 and the electrical con-
ductivity (EC) between 73 and 7888 µS/cm. The results show that samples from LF1b, LF2a 
and CV developed low pH values and samples from LF1a, LF2b, LB1 and LB2 developed 
circum-neutral pH values, which can also be seen by the results of the principal component 
analysis (fig. 4). Initially, cations and anions were analysed to determine the concentration 
of elements in solution, which promote the results of batch experiments (table 3). In addi-
tion, results of aqueous solutions were used to predict potential precipitation of minerals in 
AMD environments. As a result, minerals which precipitate are carbonates, oxyhydroxide 
carbonates, metal oxides and oxyhydrosulfates as suggested by the presence of Al, Ca, Fe, 
Mg and Mn.

Table 3 Elements in mg/L, electrical conductivity (EC) in µS/cm, pH without unit.

Parameter LF1a LF1b LF2a LF2b CV LB1 LB2

pH 7.17 4.35 4.05 5.99 3.87 6.22 7.78

EC 477 2840 1338 1873 5570 139 132

Al <0.10 7.40 4.84 <0.10 24.0 <0.01 0.23

B <0.02 <0.15 0.06 <0.20 0.28 <0.02 <0.02

Ca 108 614 209 606 608 23 39.0

Fe <0.03 0.03 <0.03 <0.03 0.04 <0.03 <0.03

K 38.0 29.0 23.0 18.0 41.0 2.4 5.60

Li <0.01 0.09 <0.03 0.04 0.24 <0.01 <0.01

Mg 12 77.0 41.0 88.0 249 10.0 7.00

Mn <0.03 2.29 3.18 <0.03 15.0 <0.03 0.14

Na 6 314.0 180 28.0 1066 3.0 13.0

P <0.01 0.02 0.13 <0.01 0.03 0.03 0.08

Si 3.7 15.0 28.0 3.7 43.0 1.40 12.0

Sr 0.07 0.07 0.05 0.44 0.07 0.04 0.03

Zn 0.01 0.32 0.15 <0.01 0.62 0.03 0.04

Cl- 45.0 458 231 91.0 1556 10.0 4.00

Alkalinity 66.44 – – – – 77.94 152.8

F- 0.50 0.30 0.60 0.40 <0.20 <0.20 <0.20

NO3
- 1.40 1.60 2.00 4.30 1.20 2.60 2.10

SO4
2- 230 2191 877 1912 2803 13 4.00
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Modelling of the AMD environment was done using PHREEQC with the WATEQ4F data-
base (Parkhurst & Appelo 2013) in order to determine the mineral equilibria (table 4). Be-
cause gypsum precipitates were found in the field, it was relevant to predict possible Fe, Ca, 
Mg and SO4

2--precipitates. Results show that iron, calcium and sulfate existed bound to the 
CaCO3, CaSO4, CaSO4.2H2O and FeCO3 phases. Gypsum and anhydrite saturation indices 
are not too far away from saturation, which explains the gypsum crusts observed in the field. 

Table 4 Saturation indices (SI) from water analysis of the Whitehill formation. The SIs close to 
saturation were selected.

Mineral Phase LF1a LF1b LF2a LF2b CV LB1 LB2

Adularia (KAlSi3O8) -0.62 – – – – -4.82 0.48

Aragonite (CaCO3) -0.58 – – – – -1.97 0.07

Anhydrite (CaSO4) -1.36 -0.19 -0.78 -0.20 -0.78 -3.00 –

Calcite (CaCO3) -0.44 – – – – -1.83 0.22

Chalcedony (SiO2) -0.66 -0.04 0.22 -0.65 0.22 -1.08 -0.15

Cristobalite (SiO2) -0.62 -0.01 0.26 -0.62 0.26 -1.05 -0.12

Gypsum (CaSO4.2H2O) -1.14 0.02 -0.56 0.02 -0.56 -2.80 -3.13

Jurbanite (AlOHSO4) – 0.25 -0.26 -1.53 -0.26 -4.05 -7.11

Quartz (SiO2) -0.23 0.39 0.62 -0.22 0.65 -0.65 0.28

Silicagel (SiO2) -1.19 -0.58 -0.31 -1.19 -0.31 -1.61 -0.69

Conclusions

The Whitehill Formation and its similar strata are results of natural processes occurring in 
South Africa and worldwide. Evaluation of the Whitehill Formation was conducted in order 
to predict the mineral equilibria when pyrite bearing shale reacts with calcite. Using PHRE-
EQC modelling (WATE4QF database), it was shown that Fe, Ca and SO4 formed secondary 
carbonates and sulfate minerals. In the Witwatersrand Basin, if the discharge of acidic mine 
water would be prevented, contact of the dolomitic karst aquifer with acidic mine waters 
would be promoted. As a result, AMD migration can be prevented as suggested by the pre-
cipitation of secondary minerals. Thus, it can be concluded that the study of a natural ana-
logue is relevant to understand whether gypsum of the Whitehill Formation is connected to 
ARD. Furthermore, the Whitehill Formation can be used in future for prevention of AMD 
issues in the Witwatersrand Basin.
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