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ABSTRACT— The study reported on here was conducted to assess the impacts of historic coal mining activities
at Elitheni Colliery in South Africa. Five boreholes and five water ponds were sampled during the summer of
2010 and winter of 2011. Physical characteristics (pH, EC, TDS) and hydrochemical characteristics (Na+, K+,
Ca2+, Mg2+, HCO3-, Cl-, SO42-, F-, Pb and Fe) of the water were determined. To assess the suitability of the
water for irrigation purposes, parameters such as total hardness, sodium absorption ratio (SAR), percentage
sodium (% Na), residual sodium carbonate (RSC), permeability index (PI) and Mg ratio were calculated. The
pH of the water ranged from 6.87 to 8.91, and electrical conductivity (EC) was between 4.5 and 94 mS/m. Total
dissolved solids (TDS) ranged from 178 to 470 mg/L; spatial variations in TDS attest to variations in
lithological composition, activities and prevailing hydrological regimes. HCO3- and SO42- were the dominant
anions, while Na+ was the dominant cation. Na-K-SO4 and Na-HCO3 were the dominant
hydrochemical facies. Fe content was high in borehole water due to the oxidation of pyrite. On the basis
of the calculated SAR, % Na, RSC, Mg ratio and salt content, it was concluded that the water can be used for
irrigation purposes. The water quality analysis provided no conclusive evidence that historical mining
activities have had any significant impact on the acidification of water resources in Elitheni Colliery.
However, further studies are required to ascertain the ability of the aquatic environment and surrounding rocks
to buffer any acid generated.
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______________________________________________________________________________
1. INTRODUCTION
Coal mining is one of the major causes of acid mine drainage (AMD), which affects fresh water systems and
resources both in South Africa1 and worldwide2. AMD arises from the oxidation of sulphide minerals, especially
pyrite and marcasite (FeS2), which are found mainly in coal deposits3,4. Reactions responsible for AMD
genesis are best illustrated by exploring the oxidation of pyrite:
FeS2 + 3.5O2 + H2O → Fe2+ + 2SO42- + 2H+
(eq.1)
Fe2+ + 0.25O2 + H+ → Fe3+ + 0.5H2O
Fe + 3H2O → Fe(OH)3 (S) + 3H
3+

(eq.2)

+

(eq.3)

FeS2+ + 14Fe + 8H2O → 15Fe + 2SO4 + 16H
3+

2+

2-

+

(eq.4)

Iron sulphide is oxidised into dissolved iron (eq. 1), sulphate and hydrogen, therefore increasing the total
dissolved solids (TDS) content and acidity of water which, unless neutralised, causes a decrease in pH. When the
surrounding environment is sufficiently oxidising, the resultant ferrous iron is oxidised to ferric iron (eq.2). Ferric iron
is hydrolysed, and at a pH between 2.3 and 3.5, ferric iron precipitates as Fe(OH) 3 and jarosite, leaving little Fe3+ in
solution while simultaneously lowering pH (eq.3). The remaining Fe3+ from eq.2 that does not precipitate from
solution through eq.3 may be used to oxidise additional pyrite (eq.4)5,6. Except for eqs. (2) and (3), the equations
presented above assume that the oxidised mineral is pyrite and the oxidant is oxygen.
The rate at which AMD is generated depends on pH, temperature, amount of oxygen of both the gaseous and
water phase, degree of saturation with water, activities of Fe 3+, surface area of the exposed sulphide mineral, the
chemical activation energy necessary to induce generation of acid and bacterial activity 5,7. However, the
biogeochemical processes involved in the formation of AMD are complex and involve several reactants and products
under various conditions8,9,10. Oxidation of sulphide minerals proceeds spontaneously and the reactions are catalysed
by the action of Fe-oxidising chemolithoautotrophs such as the bacteria Acidithiobacillus ferrooxidans and
Leptospirillum ferrooxidans4,10. In general, the aerial extent and composition of AMD are a function of depositional
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environments, rock composition, mineralogy, geochemistry, and climatic and hydrological characteristics of the site
of deposit11,12.
Oxidation of sulphide minerals and the subsequent dissolution of carbonate, oxide and aluminosilicate
minerals by acidic water along the pathway generally accounts for elevated concentrations of SO 4, Fe, Al, Mn,
associated metals and metalloids8,13-17. The above-mentioned parameters influence the pH, composition and
mineralogy of downstream precipitates and water18. Precipitated phases include poorly ordered iron III oxyhydroxide
hydrates and iron III hydroxyl-sulphates complexes, which are effective sorbents of trace metals and oxyanions 10,19.
However, the stability of these iron precipitates and their likely associated contaminants are cause for concern
due to poorly ordered minerals like ferrihydrite (HFe 5O8.4H2O) and schwertmannite [Fe8O8(OH)6SO4]. These
transform rapidly to stable minerals such as goethite [FeO(OH)], which is a weaker sorbent of contaminants 20.
Moreover, development of a pH or redox gradient can accelerate the transformation processes, hence facilitating the
dissolution of iron precipitates or desorption of metals with a resultant latent source of pollution21. Desorption of
metals presents a potential danger, especially when they accumulate in water systems 22. Therefore, AMD pollutes
receiving streams and aquifers, thereby having a negative effect on the quality, quantity and potential uses of water
resources23,24.
AMD is not restricted to the source area, but may cover a large area if the acid water is allowed to discharge
into the main streams25. In addition, AMD is a long-term environmental problem, as oxidation processes may continue
for decades or even centuries26. In South Africa, the threat of AMD to the water systems has reached acute levels in
recent years27-29. Both operational and abandoned coal mines generate AMD in South Africa 30.
In the Eastern Cape Province of South Africa, commercial coal mining at the Molteno-Indwe Coalfield
ceased in 1948, after the operations were considered not to be economically viable, as the coal was of low grade.
Informal mining nevertheless continued over the 100 years or so 31, and following the introduction of circulating
fluidised bed (CFB) technology, Elitheni Colliery was established in 2008 32. The study reported on here was conducted
to ascertain the impact of historical coal mining activities on surface and ground water as well as the buffering capacity
of the water resources.

2. GEOLOGY, SURFACE, GROUNDWATER HYDROLOGY, AND CLIMATIC
CONDITIONS
OF THE STUDY AREA
Molteno-Indwe Coalfield (Figure 1B) is located in the Eastern Cape province in South Africa and extends in an arc
from Aliwal North in the west through Molteno, Dordrecht, Indwe and Elliot to Maclear in the east 33. The coalfield
covers an area of ca. 13 000 km2 33, and is found within the Main Karoo Basin of South Africa (Figure 1A).
The Main Karoo Basin is interpreted as a retroarc foreland basin underlain by stable bedrocks of the Kaapvaal
Craton in the northwest and the Namaqua-Natal Metamorphic Belt in the south. It is bounded along its southern margin
by the Cape Fold Belt34. Basin development was related to the Late Palaeozoic to Early Mesozoic subduction episode
of the Paleo-Pacific Plate under the Gondwana Plate35. The Karoo Basin contains an extensive stratigraphy succession
of the Karoo Supergroup that is well exposed with a continuous sedimentological record of Permian–Triassic times35.
Lithostratigraphically, the Karoo Supergroup has been subdivided into five recognised groups (in ascending order),
namely the Dwyka, Ecca, Beaufort, Stormberg and Drakensberg Groups 35-37. These rocks are reflective of changing
depositional environments which included glacial, deep marine, deltaic, fluvial and Aeolian37.
Most of the coal deposits in the Molteno-Indwe Coalfield are hosted within the Molteno Formation (Carnian–
Norian: 36, 38 Figure 1C) of the Stormberg Group, which unconformably overlies the Beaufort Group36. A major
stratigraphical gap corresponding to the Late Anisian–Ladinian interval separates the Stormberg Group from the
underlying Tarkastad Formation and older sequences36. Stratigraphically, the Stormberg Group consists of (in
ascending order) the Molteno, Elliot and Clarens Formations. The Molteno Formation is of Late Triassic age 33,39, and
unconformably rests on top of the Burgersdorp Formation 39. The Molteno Formation, the focus of our study, attains
a maximum of ca. 600 m in thickness and forms a northerly thinning intracratonic clastic wedge 33,40,41.
The Bomboesberg and Indwe Sandstone Member form the sequence of the Molteno Formation, with
Transitional Member finning the upper sequence40. Yellowish grey or brown, bluish and light grey sandstone with
ordinate dark or olive grey, dark reddish brown, dusky red siltstone, mudstones and coal characterise the formation 37.
Most sandstones are medium- to coarse-grained tabular sheets. Laterally continuous sheet sandstones were deposited
by braided streams on a flood brandplain. Provenance studies of the Molteno sandstones conducted so far point to the
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Dwyka, Ecca and Beaufort rocks as sources of sediments33,42,43. Siltsone, mudstone, and coal are less abundant and
are interpreted as fills of abandoned channel tracts and within ponded bodies of water on the brandplain 40.
“The Bomboesberg Member predominantly consists of olive grey fine to medium grained sandstone,
internally structured equally by horizontal and trough cross stratification”35. The overlying Indwe Sandstone Member
is characterised by sandstone internally structured by trough cross classification 33, 35, 40. The Transitional Member
coarsens upwards, and is overlaid by the Elliot Formation. In general, the Molteno Formation represents deposition in
a terrestrial environment37.
The study area falls within a catchment area whose uplands are due to the gently undulating Msenge plateau.
Most of the streams and river valleys are unnamed and ephemeral. Gully erosion is a common feature associated with
the alluvial fans at the bottom of the stepper slopes. Gully erosion is mainly due to mining of mud from river banks
for brick making by the local communities. The unnamed tributary of the Nomaguwana River, later becomes the Little
Guba River and then the Guba River, with a seep zone (wetland) on the northern bank of the river. The Guba River
conflux the Indwe River 5km downstream of the dam wall of the Doringrivier Dam, and the Lubisi Dam to the south
with a full storage capacity of 158 million cubic meters. Downstream of the Lubisi Dam, the Indwe River has its
confluence with the White Kei River, which is one of the larger river systems of the Eastern Cape 32.
With regards to groundwater, the groundwater is main associated with the fractured intrusive dolerite contacts
and, to a lesser extent, with fractured Karoo Sequence lithology. The aquifers are unconfined to semi-confined
secondary hardrock aquifers (44). The groundwater is mainly hosted in voids, fractures, bedding planes and joints.
The study area is characterized by a subtropical highlands climate, with warm summers and chilly, dry winters.
The mean annual precipitation received ranges between 500 - 650mm, with rainfall occurring mainly during summer.
The average annual temperature is 13.3 °C and the average annual minimum temperature is 6.0 °C 32.

3. MATERIALS AND METHODOLOGIES
Water samples were collected twice, during the summer of 2010 and winter of 2011, from 5 boreholes, 2 rivers and 5
ponds of water respectively. The depths of the boreholes (BH), numbered 1, 2, 3, 4 and 5, were 24.25 m, 13.85 m,
14.90 m, 8.77 m and 13 m respectively. The boreholes are open to the Molteno Formation. The rock chips generated
from the drill indicated the presence of shale and sandstone. Water from the boreholes was collected by lowering a
one-litre polypropylene bottle tied to a bailer inside each borehole. Prior to each field trip, the polyethylene bottles
were washed in the laboratory with dilute hydrochloric acid and then rinsed twice with double-distilled water. The
initial water samples collected were used to rinse two polypropylene bottles, after which the two bottles were filled to
capacity and capped immediately afterwards to prevent oxidation and other chemical changes before laboratory tests.
The exercise was repeated for each borehole.
The streams sampled are small and the water was well mixed. Therefore, a single grab sample was taken
from each, using a polypropylene bottle rinsed with the water from that particular stream. Water samples were
collected by dipping the polypropylene bottle in the stream at a single location, with the bottle being moved up and
down to sample the entire vertical column of water. The sampler stood downstream from the sampling point so as to
avoid stirring up any sediment that could alter the chemical analysis of the water sample.
pH and EC were measured in situ, with pH measured using a WTW pH 526 meter, while EC was read on a WTW
330i conductivity meter. Once in the laboratory, the samples were filtered through 0.45 µm membranes to remove
most of the suspended solids, microorganisms, and large colloidal particles. The samples were analysed for water
quality parameters such as major cations (Ca2+, Mg2+, Na+ and K+), major anions (SO42-, HCO3-, Cl-, NO3- and F-) and
trace metals (Fe and Pb) following standard methods. The bicarbonate content was determined by titration with 0.1 N
HCl using the colour turning method with methyl orange indicator. Na and K were analysed using a flame photometer,
while Mg, Ca and TH as CaCO3- were determined by volumetric method. Anions were determined in the laboratory
using a calibrated ion-specific electrode combined with a Metrohm 654 voltage meter. SO 42- was determined
photometrically. During sample collection, (handling and preservation) standard procedures recommended by the
Department of Water and Forestry45 were followed to ensure data quality and consistency. The analysis of the water
chemistry was conducted at Amatole Water Laboratory in East London, Eastern Cape, South Africa.
Water types were identified by plotting the water chemical data obtained on a Piper diagram using
Geochemistry software AqQA version AQC1066446. Further, suitability of water for irrigation purposes was evaluated
using parameters such as sodium adsorption ratio (SAR), sodium percentage (Na %), permeability index (PI), residual
sodium carbonate (RSC) and magnesium ratio.
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Figure 1: A- Geological map of the Main Karoo Basin showing the study area and indicating the main lithostratigraphic units of the Karoo Supergroup47 B- The MoltenoIndwe Coalfield48 C -Stratigraphy of the Molteno-Indwe Coalfield48
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4. RESULT AND DISCUSSION
4.1 pH, EC, and TDS
The water samples studied had a pH in the range of 6.87 to 8.91, with an average of 7.62. These differences in pH
are related to a variation in the soil CO2 and bicarbonate concentration. The pH was within the WHO 49 admissible limit
(6.5–9.2) for drinking water quality. The electrical conductivity (EC) of the water ranged between 4.5 and 94 mS/m, with
an average of 37.33 mS/m. TDS is a measure of the amount of material dissolved in water 50. This material can include
carbonate, bicarbonate, chloride, sulphate, phosphate, nitrate, calcium, magnesium and sodium ions, in addition to organic
ions51. The concentration of TDS in mine and groundwater is a function of lithology, the nature of geochemical reactions
and the solubility of interactive rocks. The TDS readings were between 178 and 470 mg/L, with an average of 300.85 mg/L
(Table 1).

4.2 Major anion chemistry
HCO3- was the dominant anion, with a concentration in the range of 39 to 276 mg/L. HCO 3- contributed 55% to
the total anionic balance. HCO3- is derived mainly from the CO2 in the soil zone and dissolution of carbonates or from the
reaction of silicates with carbonic acid. The soil zone in the sub-surface environment contains elevated CO2 pressure, which
in turn combines with rain water to form bicarbonate by the following reaction:
CO2 + H2O = H2CO3

(eq.5)

HCO3- = H+ + HCO3-

(eq.6)

Bicarbonate may also be derived from the dissolution of carbonates and/or silicate minerals by the carbonic acid from the
reactions:
CaCO3 + H2CO3 = Ca2+ + 2HCO3-

(eq.7)

(limestone)
(CaMg)(CO3)3 + 2H2CO3 = Ca2+ + Mg2+ + 4HCO3-

(eq.8)

(dolomite)

2NaAlS3O8 + 2H2CO3 + 9H2O = Al2Si2O5(OH)4 + 2Na+ + 4H4SiO4 + 2HO3(albite)

(eq.9)

(kaolinite)

The concentration of SO42- was between 5.3 and 144 mg/L, and accounted for 33% of the total anionic balance.
NO3- ranged from 0.02 to 32 mg/L, while Cl- content was between 4 and 46, and F- content was between 0.09 and 36 mg/L
(Table 1). All the water samples exhibited a higher SO 42-concentration than Cl-. The concentration of SO42- is associated
with the oxidative weathering of sulphide-bearing minerals like pyrite or the dissolution of gypsum or anhydrite exposed
to water through mining. In the Gondwana coals and associated sediments, pyrite occurs as a secondary mineral50. NO3-,
Cl- and F- contributed 7, 4 and 1% respectively to the total anionic balance (Figure 2).

4.3 Major cation chemistry
Na+ was the dominant cation in the water samples studied. The Na+ content was between 2.3 and 181 mg/L, while
that of K was between 0.9 and 3.1 mg/L. In aquatic systems, Na+ is derived mainly from atmospheric deposition, evaporite
dissolution, and silicate weathering52. In this case Na+ in water samples probably indicated weathering of Na silicate
minerals such as albite53,54. The concentration of Ca2+ varied from 4.2 to 41 mg/L, while Mg2+ ranged from 0.64 to 20 mg/L.
The Na+ content of the water was greater than the K+ content, while the Ca2+ content was greater than the Mg2+ content.
Na+, K+, Ca2+ and Mg2+ accounted for 73%, 2%, 17% and 8% respectively of the total cations (TZ +) (Figure 2).
+
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Figure 2: Contribution of individual ions towards the total (a) anionic and (b) cationic mass balance in the IndweMolteno Coalfield water

4.4 Trace element chemistry
The analysed trace metal values of the water were compared with relevant water quality criteria, such as those set
by the WHO49. Trace elements analysed in this case were Fe and Pb, which are associated with sulphide minerals in coal
environments. Fe concentrations in water from the boreholes sampled during the summer season of 2010 exceeded the
maximum desirable limit for drinking water stipulated by the WHO49. The Fe content ranged from 0.4 to 2835 µg/L,
whereas the Pb content was between 0.1 and 1.8 µg/L (Table 1). Known primary sources of Fe are silicates and
aluminosilicates, which characterise igneous rocks55. Pyrite is another common source of Fe. Fe is mobilised and
redistributed largely during the chemical weathering of rocks.

4.5 Geochemical classification and hydrogeochemical facies
To further classify the chemical composition of the water, the data was plotted on a Piper trilinear diagram (Figure
3)56. The plotted data of borehole water sampled in the summer season of 2010 falls in regions 2 and 4, signifying the
dominance of alkalis (Na + K) over alkaline earth metals (Ca + Mg) and of strong acids (SO 42- + Cl-) over weak acids
(HCO3-). The water is sulphate type. However, the data of borehole water sampled during the winter season of 2011 falls
in regions 2 and 3, signifying the dominance of alkalis (Na + K) over earth alkaline (Ca + Mg) and of weak acids (HCO 3-)
over strong acids (SO42- + Cl-). Water data from the ponds also falls in regions 2 and 3, indicating the dominance of alkalis
(Na + K) over earth alkaline (Ca + Mg) and of weak acids (HCO 3-) over strong acids (SO42- + Cl-) (Figure 3). The
hydrochemical facies observed in this study were Na-K-SO4 and Na-HCO3, and reflect the weathering of K-feldspars and
albite, and oxidation of sulphide minerals 52.

Figure 3: Piper’s trilinear diagram of borehole and pond water
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Table 1: Major ion chemistry of water from the Molteno-Indwe Coalfield

Site
BH1
BH2
BH3
BH4
BH5
BH1
BH3
BH4
Pond 1
Pond 2
Pond 3
Pond 4
Pond 5
WHO (1997)
(max.
desirable)
WHO (1997)
(highest
permissible)

EC
TDS
pH (mS/m) (mg/L)
6.9
52
260
6.9
47
236
7.5
53
266
7.2
94
470
8.5
67
336
7.3
8.5
8.9
7.1
7
7.5
8
7.8
7.0
–
8.5
6.59.2

Water samples collected during the summer season of 2010
SO42NO3Ca2+
Mg2+
Na+
K+
TH
Fe
Pb
F
Cl
HCO3- (mg/L) mg/L
(mg/L) (mg/L) (mg/L) (mg/L) (mg/L) ( µg/L) ( µg/L)
0.5
7.3
168
5.3
15
41
20
22
1.8
184.5
298
0.1
0.3
4.8
158
6.4
22
33
14
32
2.3
139.9
2835
0.1
0.3
4.3
197
8.9
28
7.2
64
110
1.1
280
1786
1.4
0.7
25
239
88
0.02
4.2
12
181
2.7
59.7
303
0.6
0.6
46
276
10
15
25
18
97
2.6
136.3
310
0.1
Water samples collected during the winter season of 2011
0.5
10
185
100
11
24
8.5
60
0.9
253
500
0.1
0.2
4
157
90
16
6.9
4.8
173
2
236
100
0.1
0.5
18
228
110
32
4.5
1.9
2.3
1
446
57
1.8
36
4
43
135
6.6
6.9
3.1
46.3
3.1
30
0.51
0.2
0.2
4
44
130
15
13
6.9
80
1.6
257
0.53
1.3
0.3
4
39
140
25
7.7
3.9
100
1.4
222
0.6
0. 7
0.1
4
42
144
23
34
20
90
1.8
370
0.4
0.1
0.1
7.4
40
129
24
33
13
60
1.6
381
0.51
0.1

35.5
50.9
4.6
11.4
6.7
8.1
4.3
50.9

253
236
446
178
257
222
370
381

750

500

-

250

200

200

50

200

150

200

200

500

300

10

1500

1500

1.5

600

600

600

50

200

150

200

200

500

1000

-
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5. WATER QUALITY ASSESSMENT
5.1 Drinking purposes and general uses
The limits suggested by the WHO49 were used to assess the suitability of the water for drinking and public health
use (Table 1). The suitability of the water for drinking purposes was assessed based on TDS. TDS refers to the sum of the
major ion constituents of water, which includes major cations (dissolved Ca 2+, Mg2+, K+ and Na+), major anions (dissolved
carbonate species, Cl-, Fl- and SO42-) and non-ionic silica57. Four classes of water based on the TDS, namely: fresh (< 1000
mg L-1), brackish (1000–10 000 mg L-1), saline (10 000–100 000 mg L-1) and brine (> 100 000 mg L-1) had been proposed58.
Based on these criteria, all the water samples studied were fresh water, and their TDS reading was below the desirable limit
of 500 mg L-1 recommended by the WHO49.
The water samples were further classified based on total hardness (TH). Water can be classified as soft (< 75 mg
L-1), moderately hard (75–150 mg L-1), hard (150–300 mg L-1) and very hard (> 300 mg L-1)59. The total hardness of the
water was between 30 and 446 mg L-1, soft to very hard. The hardness of water is a property attributed to the presence of
alkaline earths metals Ca2+ and Mg2+, 50. Hard water is not a health hazard, but it is unsuitable for domestic use, especially
laundry and drinking60.
Na+ and SO42- contents were also used to evaluate the quality of water. The recommended limits for Na + and SO42in drinking water are 200 and 600 mg L-1 respectively. Both Na+ and SO42- were below the WHO (49) recommended limit.
The Fe content of the water from the boreholes sampled during the summer season of 2010 was above the
maximum desirable limit for drinking water stipulated by the WHO49.

5.2 Irrigation purposes
The water was further evaluated to determine its suitability for irrigation purposes. Based on the total
concentration of salts, the EC of water for irrigation purposes can be classified as low (EC = 250 µS/cm), medium (EC =
250–750 µS/cm), high (EC = 750–2250 µS/cm) or very high (EC = 2250–5000 µS/cm)61. Based on the EC, the water
studied had a low to medium concentration of salts, with the exception of water from BH4 sampled during the summer
season of 2010, which had a high concentration of salts. Elevated concentrations of salts in water result in poor plant growth
and low soil microbial activity due to osmotic stress and toxic ions. Salts affect soil structure, permeability and aeration,
and plant growth. Salinity over time leads to sodicity62,63. Excessive salt in the root zone prevents plant roots from
withdrawing water from surrounding soil.

5.3 Sodium adsorption ratio
The relative Na, Ca and Mg contents determine the quality of water for irrigation purposes. Both Ca and Mg are
crucial for maintaining the structure of clay soils. When water with a high Na content and low Ca and Mg content is
frequently used to irrigate soil, Na tends to displace Ca and Mg on clay particles, resulting in the breakdown of structure,
precipitation of organic matter and reduction of soil permeability64. The sodium absorption ratio (SAR) is used to access
the relative Na, Ca and Mg content in irrigation water and provide a useful indicator of the potential damaging effects of
water on soil structure and permeability65,66. In this study, SAR was calculated based on laboratory results for discrete
constituents and was calculated with the analytical results of Ca 2+, Mg2+ and Na+ using the following equation67,68:
SAR = Na+ / √ [(Ca2++Mg2+)/2]

(eq.10)

Where Ca2+, Mg2+ and Na+ represent concentrations expressed in milliequivalents per litre for each constituent.
Irrigation water is divided into the following four classes based on alkali content; low (0–10), medium (10–18),
high (18–26) and very high (> 26)61. The calculated SAR of the water was between 0.75 and 34.42, with an average of
10.18, thus low to very high. High SAR values were observed in water from pond 3 and BH4 sampled during the summer
season of 2010. The water was further plotted on a US salinity diagram, with SAR representing the alkalinity hazard and
EC representing the salinity hazard. Most of the water studied fell within the C2SI class, indicating medium salinity and
low Na (Figure 4). Only one water sample (BH4) fell within the C3S4 class, indicating high salinity hazard and high Na.
Water characterised by low salinity and low Na can be used for irrigation in all soil types without soil developing harmful
levels of exchangeable Na. Water characterised by high salinity is not recommended for soils with restricted drainage.
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Figure 4: US salinity diagram for classification of irrigation water 61

5.4 Percentage sodium (% Na)
Percentage sodium (% Na) is another parameter that was used to assess the suitability of the water for irrigation
purposes69. A high concentration of Na in irrigation water reduces soil permeability and leads to poor soil drainage. Soils
with poor drainage have restricted water and air circulation during wet periods and are unusually hard during the dry
period70,71. The % Na was calculated using the following equation72:
Na % = [(Na+ + K+)/(Ca2+ + Mg2+ + Na+ + K+)] *100

(eq.11)

Where Ca2+, Mg2+, Na+ and K+ represent concentrations expressed in milliequivalents per litre for each
constituent. The WHO49 recommended a maximum % Na of 60% for irrigation water. The % Na of the water studied
ranged from 21.36 to 91.11%, with an average of 58.88%. The data was further plotted on the Wilcox diagram (Figure 5) 69.
Most of the water samples fell in the excellent to good zones, and two fell in the permissible to doubtful zones, indicating
that the water can be used for irrigation purposes.

Figure 5: Plot of sodium percentage versus electrical conductivity69

Asian Online Journals (www.ajouronline.com)

886

Asian Journal of Applied Sciences (ISSN: 2321 – 0893)
Volume 05 – Issue 05, October 2017

5.5 Residual sodium carbonate (RSC)
Residual sodium carbonate (RSC) is another parameter that was used for assessing the sodium permeability
hazard. RSC takes into account the bicarbonate, carbonate and Ca and Mg content of irrigation water. High concentrations
of CO32- and HCO3- compared with the contents of alkaline earths Ca 2+ and Mg2+ may cause Ca2+ and Mg2+ to precipitate
as a carbonate73. Residual sodium carbonate (RSC) is calculated as:
RSC = (CO3 + HCO3) – (Ca + Mg), (eq.12)
Where Ca2+, Mg2+, CO3 and HCO3 represent concentrations expressed in milliequivalents per litre for each
constituent. Water with RSC values of less than 1.25 meq/L is safe for irrigation; water with RSC values of 1.25 to 2.5 is
marginal, and water with RSC values above 2.5 meq/L is considered unsuitable for irrigation. Based on the calculated RSC
most of the water samples, except for those from BH 1, 2 and 3, were not suitable for irrigation purposes.

5.6 Permeability index (PI)
The permeability of soil is affected by the Na+, Ca2+, Mg2+ and HCO3- content. The suitability of water for
irrigation was further assessed based on the permeability index (PI) 74:
PI =

Na±√𝐻𝐶𝑂3
Ca+Mg+Na

x 100

(eq.13)

Where Ca2+, Mg2+, Na+ and HCO3- represent concentrations expressed in milliequivalents per litre for each constituent.
Based on the PI, water is classified into three classes: classes I and II are suitable for irrigation purposes, while class III is
unsuitable for irrigation. The PI values of the water samples when plotted on Doneen’s chart revealed that most of the
water samples fell within class I and class II, meaning that the water was suitable for irrigation purposes. The exception
was the water from BH4 (Figure 5).

5.7 Magnesium ratio
The magnesium ratio is expressed as:
Mg ratio =

Mg x 100
Ca+Mg

L.

(eq.14)

Where Ca2+ and Mg2+ represent concentrations expressed in milliequivalents per litre for each constituent.
Excessive Mg in water affects soil quality, and results in poor crop yield 75. Water with a Mg ratio greater than
50% is not suitable for irrigation purposes. The calculated Mg ratio of the water studied ranged from 6.39 to 63.13, with
an average of 48.39. Based on the Mg ratio water from the ponds, the water from BH1 and 2 was not suitable for irrigation
purposes.

Figure 6: Classification of irrigation water based on the permeability index74
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6. CONCLUSIONS
The quality of water from selected boreholes and ponds was evaluated so as to determine the impacts of historical coal
mining activities on water quality. Further, the suitability of the water for irrigation purposes was ascertained. The water
was neutral to alkaline, with Na+ being the dominant cation and HCO 3 the dominant anion. The Na-K-SO4 and Na-HCO3
were the dominant hydrochemical facies observed. Distribution of anions and cations, and the occurrence of different
hydrochemical facies suggest that the composition of water is influenced by water–rock interaction. The water quality
assessment showed that the water was fresh, and ranged from soft to hard with low to medium salt contents. However,
borehole water had high concentrations of Fe, and this was ascribed to the oxidation of pyrite. Domestic use would require
treatment and disinfection, as the water is unsafe for drinking.
High SAR values were observed in water from pond 3 and BH4 sampled during the summer season of 2010.
According to the US salinity diagram, most of the water studied fell within the C2SI class, indicating medium salinity and
low Na. However, one water sample (BH4) fell within the C3S4 class, indicating a high salinity hazard and high Na. With
regard to % Na, most samples fell within the excellent to good zones, with two water samples within the permissible to
doubtful zones on the Wilcox diagram. The results of physio-chemical analyses (TDS, pH, EC and major ions) and the
calculated water quality parameters (SAR, RSC, Mg ratio, total hardness and permeability index) indicated that most of
the water samples were good and suitable for irrigation purposes. However, based on the Mg ratio water from the ponds,
BH1 and 2 were not suitable for irrigation purposes.
In this study, there was no conclusive evidence from the water quality analysis that historical mining activities
have had any significant impact on the acidification of water resources in the Molteno-Indwe Coalfield. However, water
from BH4 should be used with caution, and not used on poorly draining soils. In general, the naturally alkaline conditions
prevalent in the water resources represent a buffering capacity. The extent to which the aquatic environment and
surrounding rocks would be able to buffer any acid produced is a subject for further study in order to identify possible acid
buffering measures.
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