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EXECUTIVE SUMMARY 

Delta-H Water Systems Modelling PTY (Ltd) has been appointed by EcoPartners (Berario) to provide groundwater 

specialist input to the Environmental Impact Assessment (EIA) for the proposed Yzermyn underground coal mine. 

The specialist input consisted of the development of a site-specific numerical groundwater flow and contaminant 

transport model based on hydrogeological information available from earlier investigations by WSP and additional 

geochemical as well as hydraulic test data. The typical Karoo aquifer systems in the area of interest were 

conceptualised as a shallow weathered water table aquifer underlain by a deeper fractured semi-confined aquifer 

system. Recent pumping tests indicate a limited extent respectively yield of the weathered aquifer. Vertical 

seepage of water from the more permeable weathered aquifer into the fractured aquifer is typically limited by 

low permeable layers of sediments below the weathered zone and especially by the presence of dolerite sills. 

Localised perched aquifers occur within colluvium or on weathered siltstone and feed seasonal hillside seeps and 

springs. Perennial springs in the area of interest occur predominantly as free draining contact springs associated 

with dolerite sills and the contact to the Volksrust Formation at higher elevations of the catchment. The 

conceptual hydrogeological model was converted into a three-dimensional numerical finite-element groundwater 

model. Using available groundwater monitoring data for the area of interest, a very satisfactory steady-state 

calibration of the numerical model was achieved and the model subsequently used to quantify the steady-state 

groundwater inflows into the fully developed underground mine workings and the spreading of potential 

pollutants in groundwater emanating from the discard dump. The geochemical assessment of six coal and two 

discard samples classified the majority of tested coal samples as potentially acid generating with the remainder 

inconclusive, while the discard samples were classified as potentially acid generating or inconclusive. Following 

the precautionary principle, all stockpiled coal and discard material should therefore be treated as potentially acid 

generating. While the discard dump on site is conceptualised as a potential source of pollution, the coal stockpile 

area will be prepared as a hard surface with appropriate surface water management and is therefore not 

considered a significant groundwater pollution source. 

The model estimates the average groundwater inflows into the final mine voids to around 179 197 m3/a or 

around 5.7 L/s. The simulated inflows are highly sensitive to larger than expected conductivity values of the 

dolerite sill overlying the mine workings, but less sensitive to lower values. The ensuing cone of dewatering due to 

mine inflows will capture groundwater, which would have otherwise contributed to spring discharges, leakages 

along hill slopes, wetlands, river baseflow or to deeper regional groundwater flow. Post-closure the mine voids 

are likely to be flooded within 45 years with potential decant thereafter. The associated uncertainties in the post-

closure predictions are very high and the predictions should be re-assessed once actual mine inflow data become 

available. 

The simulated sulphate plume development due to seepage from the discard dump considered several design 

scenarios, comprising of a compacted base only, a compacted clay liner and a HDPE Geomembrane liner. The 

simulated plumes follow generally the shallow groundwater gradient towards the NE and the simulated extent 

depends on mitigation based on the chosen liner design and associated seepage rates. While substantial plume 

extents are simulated for the first two design scenarios, the preferred HDPE Geomembrane liner option is likely to 

limit the plume extent considerably and prevent off-site migration; especially in conjunction with a hydraulic 

containment system should unacceptable plume migration be detected by the monitoring system. 
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1. INTRODUCTION 

1.1. BACKGROUND AND MODELLING OBJECTIVES 

Delta-H Water Systems Modelling PTY (Ltd) has been appointed by EcoPartners (Berario) to provide groundwater 

specialist input to the Environmental Impact Assessment (EIA) for the proposed Yzermyn underground coal mine. 

The specialist input consisted of the development of a site-specific numerical groundwater flow and contaminant 

transport model based on hydrogeological information and a site-specific conceptual model available from earlier 

investigations by WSP Environment and Energy (Pty) Ltd (WSP 2013), site-specific hydraulic tests by CMT Pumps 

CC on behalf of the client and various design parameters relevant to ESIA/ESMP made available by the technical 

consultant for the project (MINDSET). The numerical model is to be used to quantify potential groundwater 

inflows into underground mine workings and to estimate the spreading of potential pollutants in groundwater 

emanating from the discard dump. The numerical model has to take cognisance of the shallow and deep aquifer 

systems in the area as well as their potential interaction with groundwater dependent ecosystems. Following the 

precautionary principle, the prediction of the emanating plumes supposed to be conservative and suitable for a 

defendable environmental (groundwater) impact assessment.  

1.2. SCOPE OF WORK 

The Yzermyn Groundwater Model study has the following scope of work: 

 Review available site specific hydrogeological and hydrological information to conceptualise the different 

aquifer systems and their interaction with surface water features in the area.  

 Interpret geochemical analyses of coal and discard samples conducted by Water Lab in July 2014. 

 Development and calibration of a site-specific 3D numerical groundwater flow model based on available 

aquifer parameter which is able to simulate deep and shallow aquifer systems including surface seepages 

and spring discharges (potentially feeding wetlands).  

 Use the model to predict potential mining impacts on the shallow and deep groundwater flow systems, 

groundwater seepages and spring discharges.  

 Document the conceptual and numerical model development, simplifying assumptions and outcomes of 

predictive simulations in accordance with the Standard Guide for Documenting a Ground-Water Flow 

Model Application (ASTM 2006) and assess groundwater impacts associated with the proposed Yzermyn 

project.  
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1.3. DATA SOURCES AND DEFICIENCIES 

The development of the conceptual site and numerical groundwater flow and transport model was based on the 

following information and data made available to the project team: 

 

 Regional and local geological maps. 

 Spring locations from a single hydrocensus in March 2013, groundwater elevation (measurements in 14 

boreholes, May to June 2013.) and groundwater quality (samples from 13 boreholes, May to June 2013) 

data, results of hydraulic tests (3 constant discharge pumping tests and 6 slug tests) and a initial 

conceptual hydrogeological model as contained in the report by WSP (2013). 

 Digital elevation model based on local LIDAR survey. 

 Digital surface layout (New_surface laout_Yzermyn-27th –jan.dwg) as provided by EcoPartners (San 

Oosthuizen) on the 28th of January 2014. 

 Digital underground mine layout (Alfred Seam Mining Layout.dxf, Alfred Seam Roof_Floor.dxf, Dundas 

Seam Mining Layout.dxf and Dundas Seam Roof_Floor.dxf) as provided by EcoPartners (San Oosthuizen) 

on the 6th of December 2013. 

 Site visit by EcoPartners project team members including KT Witthüser on the 7th of January 2014. 

 Groundwater level data from the National Groundwater Archive maintained by the Department of Water 

Affairs. 

 Various design parameters relevant to ESIA/ESMP made available by the technical consultant for the 

project (MINDSET, as provided by Atha Africa Venture (Pty) Ltd on the 17th of February 2014. 

 New site-specific water level measurements, water samples analysed by Aquatico and hydraulic tests 

(pumping tests) made available by the client (via Piet Smit, August 2014). 

 Geochemical reports by Solution H+ (2013a and b).  

 Geochemical analyses of coal and discard samples conducted by Water Lab in July 2014. 

 Results from the ongoing water quality monitoring by Atha Africa Venture (Pty) Ltd. 

 

While new groundwater information (e.g. hydraulic tests and water level measurements) beyond that gathered by 

WSP (2013) were made available by the client for the model development, the absence of seasonal groundwater 

elevation (measurements cover 2013 and 2014 dry seasons only) and spring (discharge) data preclude the 

development of a transient groundwater flow model, which could capture the seasonal variability of water levels 

and associated mine inflows. Considering the large area of interest and the limited monitoring (single season) 

data, deficiencies in hydrogeological information for the Yzermyn aquifer limit the confidence of the model 

predictions. Once more monitoring data become available; the confidence level of the model can be increased by 

recalibration and transient modelling of the existing conditions and future impacts. 

1.4. IMPACT ASSESSMENT 

The numerical groundwater flow and transport model will be used to predict and assess potential impacts of the 

proposed development on the groundwater environment. Such impacts might be related to (Saayman 2005): 

 

 a change in the groundwater quality, 
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 a change in the volume of groundwater in storage or entering groundwater storage (recharge), or 

 a change in the groundwater flow regime. 

The impact ratings in chapter 8.2 and chapter 8.3 assess the significance of such changes following the 

recommendations by the Department of Environmental Affairs and Tourism (DEAT 2002). The applied ranking 

criteria and associated definitions are summarised in tabular form below.  

 

Table 1.1: Ranking criteria for potential environmental impacts. 

LOW MEDIUM HIGH 

Extent (spatial scale) 

Impact is localized within site boundary Widespread impact beyond site boundary; 

Local 

Impact widespread far beyond site 

boundary; Regional/national 

Duration 

Quickly reversible, less than project life, 

short term (0-5 years) 

Reversible over time; medium term to life 

of project (5-15 years) 

Long term; beyond closure; permanent; 

irreplaceable or irretrievable commitment 

of resources 

Probability of occurrence 

Unlikely; low likelihood; seldom.  

No known risk or vulnerability to natural 

or induced hazards. 

Possible, distinct possibility, frequent  

Low to medium risk or vulnerability to 

natural or induced hazards. 

Definite (regardless of prevention 

measures), highly likely, continuous.  

High risk or vulnerability to natural or 

induced hazards. 

 

Table 1.2: Ranking criteria for the intensity (severity) of potential environmental impacts. 

Type of Criteria 
Negative Positive 

HIGH- MEDIUM- LOW- LOW+ MEDIUM+ HIGH+ 

Qualitative Substantial 

deterioration, 

death, illness or 

injury, loss of 

habitat/ 

diversity or 

resource, 

severe 

alteration or 

disturbance of 

important 

processes. 

Moderate 

deterioration, 

discomfort, 

Partial loss of 

habitat/biodiver

sity/resource or 

slight or 

alteration 

Minor 

deterioration, 

nuisance or 

irritation, minor 

change in 

species/habitat/

diversity or 

resource, no or 

very little 

quality 

deterioration. 

Minor 

improvement, 

restoration, 

improved 

management 

Moderate 

improvement, 

restoration, 

improved 

management, 

substitution  

Substantial 

improvement, 

substitution 

Quantitative Measurable 

deterioration. 

Recommended 

level will often 

be violated (e.g. 

pollution) 

Measurable 

deterioration. 

Recommended 

level will 

occasionally be 

violated 

No measurable 

change; 

Recommended 

level will never 

be violated 

No measurable 

change; Within 

or better than 

recommended 

level. 

Measurable 

improvement 

Measurable 

improvement 

Community 

response 

Vigorous Widespread 

complaints 

Sporadic 

complaints 

No observed 

reaction 

Some support Favourable 

publicity 
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2. GENERAL SETTING 

2.1. LOCALITY 

The proposed Yzermyn Underground Coal Mine is located on the farms Kromhoek 93 portion 1 and remainder, 

Goedgevonden 95, Yzermyn 96 Portion 1 and a portion of Zoetfontein 94 in the Pixley ka Seme Local Municipality. 

The proposed mine is 21 km northeast of the town of Wakkerstroom, Mpumalanga. The proposed Yzermyn 

Underground Coal Mine falls within the W51A Quaternary Catchment within the Assegaai River catchment (Figure 

2.1) and is dominated by hilly grassland (Wakkerstroom Montane Grassland). According to the Groundwater 

Resource Assessment Project Phase II, the catchment receives a mean annual precipitation (MAP) of 922mm, with 

approximately 7% of MAP or around 64 mm contributing to shallow recharge, of which 17 mm (or 1.8% of MAP) 

contribute to recharge of the deeper aquifer. 

2.2. GEOLOGY 

The Alfred and Dundas coal seams targeted by the proposed Yzermyn Underground Coal Mine occur within the 

Permian-aged Vryheid Formation (Figure 2.2) of the Ecca Group (Karoo Supergroup). The Vryheid Formation is a 

fluvial depositional sequence with interbedded sandstone, silt and mudstones. Just south of the proposed mining 

area the Vryheid Formation is overlain by similar rocks of the Volksrust Formation (Ecca Group) and Normandien 

Formation (Beaufort Group).  

 

The Vryheid Formation (as well as the Volksrust and Normandien Formations) has been intruded by numerous 

Jurassic-aged dolerite dykes and sills (Figure 2.2), which have significant impacts on groundwater flow.  

 

Several faults with throws up to 10 m (typically around 5 to 6 m) transect the proposed underground mining area, 

but their influence on groundwater flow as a potential preferential flow path or flow barrier is not yet known. 

2.3. PROPOSED MINING METHOD 

Atha Africa Ventures (Pty) Ltd (Atha) intends to access the economical mineable Alfred and Dundas coal seams 

within the Vryheid Formation with a portal/adit in the northern section of the resource area and to extract the 

coal underground using conventional Board and Pillar mining method with Drill and Blast technique and 

Continuous Miner. It is estimated that 40% of the coal will remain as pillars at the end of life of mine (15 years). 

No allowance is made for stooping or pillar extraction to prevent any potential surface subsidence. 
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Figure 2.1: Locality map of Yzermyn Site. 
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Figure 2.2: Regional geological setting of the Yzermyn Underground Coal Mine (mapped springs indicated as blue circles). 
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3. SITE INVESTIGATION 

3.1. SPRINGS 

As part of their hydrogeological impact assessment, WSP (2013) conducted a hydrocensus to identify local 

groundwater users. WSP did not identify any registered borehole within a 30km radius of the target area based on 

the National Groundwater Database maintained by the Department of Water Affairs, though registered 

groundwater use is generally documented in the WARMS database. WSP did not identify any existing 

groundwater abstraction from boreholes, but capturing of spring discharges. Since springs mark the termination 

of the underground flow path, capturing spring discharges for domestic or livestock watering purposes can for all 

practical purposes be seen as groundwater use. WSP (2013) unfortunately only documented the spring location 

and not the associated (estimated) discharge and percentage usage thereof. 

 

The location of the springs (blue dots in Figure 2.2) is closely related to the geology, with the vast majority of 

springs occurring as free draining contact springs associated with contact to low permeability dolerite sills at 

higher altitudes in the project area. The contact with dolerite sills act as barrier to vertical groundwater flow, with 

subsequent ponding and lateral outflow of groundwater. A few contact springs in the south of the project area 

appear to be related to the contact between the Volksrust (Ecca Group) and Normandien Formation (Beaufort 

Group) (Figure 2.2), suggesting a lower permeability of the Volksrust Formation. The rocks of the Normandien 

Formation appear also more resistant to weathering (or competent) as they form steeper hill slopes and ridges, 

whereas a marked decrease in hill slope is evident for the Volksrust Formation.  

3.2. BOREHOLES 

WSP (2013) drilled, as part for their site investigation, 5 boreholes during the scoping phase (ATHA-BHs) and an 

additional 14 boreholes during the EIA phase (Table 3.1), of which only 9 could be hydraulically tested due to 

silting up of the remainder. Twelve (12) of the 14 EIA boreholes were drilled as clusters of shallow (34 to 70 mbgl) 

and deep (130 to 214 mbgl) boreholes, targeting the different aquifer systems on the site. 

 

Based on analysis of the slug and constant discharge pumping tests, WSP (2013) determined an geometric 

average hydraulic conductivity of 0.72 m/d (~8 E-06 m/s) for the shallow boreholes and of 0.05 m/d (~6 E-07 m/s) 

for the deeper fractured rock aquifer. The recent 2014 pumping test results are discussed in chapter 4.3.  

The rest water levels for the boreholes vary from 1.63 to 57.77 mbgl, with the deepest water levels (24.99 to 

57.77 mbgl) observed in boreholes targeting the fractured Karoo aquifer. Since most rest water levels in the deep 

boreholes are shallower than the water strikes (water bearing fractures encountered during drilling with water 

levels subsequently rising to the rest level), semi-confined aquifer conditions can be assumed. Exception are 

borehole CBH 7 D and CBH 8 D, with a rest water level far below encountered water strikes or absent (or not 

recognised) water strikes.  

 

The data as well as the latest hydraulic test results (chapter 4.3) confirm the prevalence of two distinct water 

levels in two aquifer systems with different hydraulic properties on site, a shallow weathered and a deeper 

fractured aquifer.   
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Table 3.1: Details of hydrogeological site investigation and exploration (BH series) boreholes (data from 
WSP 2013 unless indicated as 2014). 

Borehole 
ID 

Longitude
1
 Latitude

1
 

Steel 
Casing 
Solid 
(m) 

Steel 
Casing 
Slotted 

(m) 

Total 
Depth 
(mbgl) 

Water 
strikes 
(mbgl) 

Water 
Level 

(mbgl) 

Estimated 
Yield (L/s) 

Test 
Type 

Hydraulic 
Conductivity 

(m/d) 

ATHA-BH1 30.301979 
-

27.216343 
na na 62 None 23.64 <0.1 - - 

ATHA-BH3 30.314948 
-

27.223212 
na na 61 12 4.03 <0.1 - - 

ATHA-BH4 30.315511 
-

27.222509 
na na 67 11, 62 4.54 0.13 - - 

ATHA-BH5 30.282341 
-

27.221349 
na na 70 None 9.87 <0.1 - - 

ATHA-BH6 30.316052 
-

27.221882 
na na 67 

16, 33, 
39 

3.02 0.25 - - 

CBH 1  30.31597 -27.23156 0-18 0 94 20 2.64 <0.5 Slug 0.01* 

CBH 2S 30.28051 -27.22868 0 0-24 34 24 15.16 <0.5 Slug 1.3 

CBH 2D 

30.28053 -27.22878 0-24 0 

130 

25, 85 

15.49 3.5 CDT
2
 0.02 

CBH 2D 
(2014) 

na 16.42 - 
Step 

&CDT
2
 

0.18 

CBH 3S 

30.30128 -27.2336 0-12 12-18' 70 10, 18 

1.63 2.6 CDT
2
 0.4 

CBH 3S 
(2014) 

2.10 - 
Step & 
CDT

2
 

0.13 

CBH 3 D 30.30128 -27.2336 0-24 0 208 
10, 44, 

75 
44.75 <0.5 None

3
 - 

CBH 4 S 30.30956 -27.22252 0 0-6 36 None 11.75 Seepage None
3
 - 

CBH 4 D 30.30956 -27.22253 0-24 0 214 29, 191 37.95 <0.5 Slug 0.5 

CBH 5 S 30.29597 -27.22661 0-24 0 49 38 12.7 <0.5 Slug 1.3 

CBH 5 D 30.2953 -27.22608 0-15 0 214 40 24.99 Seepage None
3
 - 

CBH 6 30.3059 -27.2199 0-18 0 82 19 30.95 <0.5 Slug 0.01* 

CBH 7 S 30.30639 -27.22672 0-6 6-18' 40 10 8.97 3.8 CDT
2
 0.4 

CBH 7 D 30.3063 -27.22668 0-18 0 202 10, 16 57.77 Seepage Slug 0.3 

CBH8 S 30.29018 -27.22597 
0-6, 

12-18 
6-12 49 None 14.6 <0.5 None

3
 - 

CBH8 D 30.29016 -27.22597 0-26 0 214 None 38.75 <0.5 None
3
 - 

BH056 30.30796 -27.2267 - - 241 - 100 - - - 

BH057 30.30117 -27.2342 - - 258 - 36 - - - 

BH073 30.30353 -27.2257 - - 255 - 60 - - - 

BH084 30.31141 -27.2376 - - 176 - 27 - - - 

BH092 30.28826 -27.2299 - - 282 - 12 - - - 

BH095 30.29935 -27.2252 - - 201 - 50 - - - 

BH098 30.29302 -27.2244 - - 204 - 60 - - - 

BH102 30.29419 -27.2324 - - 308 - 110 - - - 

BH106 30.27896 -27.2231 - - 54 - 20 - - - 

BH116 30.3029 -27.2186 - - 69 - 23 - - - 
1
 All coordinates in WGS 84 

CDT
2
 - Constant Discharge (Pumping) Test 

None
3
 - Unable to test borehole filled with silt  
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3.3. WATER QUALITY 

WSP (2013) collected as part of their site investigation bailer samples from the newly drilled groundwater 

monitoring boreholes (Table 3.2). Additionally, Atha initiated in 2014 a continuous groundwater and surface 

water monitoring programme, with the latest results given in Table 3.3. No purging of boreholes prior to sampling 

and/or the sampling depth is recorded for either data set. The quality results for both data sets are compared in 

Table 3.2 and Table 3.3to the following standards: 

 

 South African National Standards (SANS) (2011). Drinking Water Quality Standard. Part 1: Microbiological, 

physical, aesthetic and chemical determinants, SANS241-1: 2011. 

 International Finance Corporation (IFC) Guidelines for Mining Effluents (IFC, 2007), 

 World Health Organisation (WHO) Guidelines for drinking-water quality (WHO, 2011), and 

 

Note that the comparison to drinking water standards and guidelines does not suggest that drainage from the 

mine site will be used for drinking purposes. While the drinking water standards are for obvious reasons very 

stringent, the less stringent IFC effluent guidelines are applicable for any site run-off and treated effluents to 

surface waters and should be achieved, without dilution, at least 95 % of the time that the plant or unit is 

operating as well as post closure. Site-specific discharge levels may be established based on the availability and 

conditions of publicly operated treatment systems or on the receiving water use classification. 

 

Most of the groundwater samples are within drinking water limits and exceedances highlighted in the tables 

appear to be of geogenic or natural nature. This relates mostly to increased sodium-chloride concentrations and 

subsequent overall mineralisation (EC and TDS) in borehole CBH 1 due to evaporative effects associated with a 

shallow water level in the low permeability borehole (see Table 3.1), both indicating perched aquifer conditions. 

The elevated 2013 manganese concentrations in borehole CBH3S (Table 3.2) are most likely related to weathering 

processes or an inappropriate sample preparation and not confirmed in the 2014 results (Table 3.3). Similarly, the 

elevated iron and manganese concentrations reported for borehole CBH 5S in 2014 (Table 3.3) were not observed 

in 2013 (Table 3.2) and indicate episodic influences of weathering reactions via seepage from the soil zone.  

 

The highly elevated 2013 nitrate concentrations (Table 3.2) in the deep and therefore less likely impacted by the 

prevailing land use borehole CBH 7D are not confirmed in any of the 2014 sampling runs (only most recent 

presented in Table 3.3) or in any other of the sampled boreholes. The value reported by WSP (2013) is therefore 

most likely an analytical or typing error and not further considered. 

 

WSP (2013) did not report any sulphate concentrations for their water samples, as all determined concentrations 

were all below the limit of detection (2 mg/L). The recent monitoring results (Table 3.3) confirm the generally low 

prevalence of sulphate, with most sulphate concentrations below the limit of detection (0.04 mg/l). A maximum 

sulphate concentration of 38 mg/l reported for borehole CBH8D indicates limited natural influences by the 

sulphide bearing coal seams on the deep water quality. It is therefore reasonable to assume no sulphate 

background concentrations for the shallow weathered aquifer and occasionally, geogenic elevated background 

concentrations of sulphate for the deeper fractured aquifer in the area of interest. 

 

The ambient background water quality for the site is overall characterised as good (mostly potable quality). 
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Table 3.2: Water quality results for Yzermyn samples (all data from WSP 2013). 

Parameter 
SANS 241 

(2011) 
WHO 
(2011) 

IFC 
(2006) 

CBH1 CBH2D CBH 2S CBH3D CBH3S CBH4D CBH4S CBH5D CBH5S CBH 6 CBH7D CBH7S CBH8S 

pH 5 - 9.7 - 6 - 9 8.79 NA NA NA 8.34 NA 8.31 8.06 7.98 NA 7.9 7.94 7.06 

EC (mS/m) < 170 - - 2.84 NA NA NA 0.326 NA 0.259 0.172 0.186 NA 0.447 0.245 0.17 

TDS (mg/L) 1200 - - 2220 NA NA NA 257 NA 201 133 132 NA 351 196 140 

Alk as CaCO3  

(mg/L) 
- - - 185 NA NA NA BDL NA BDL BDL BDL NA BDL BDL BDL 

Al (µg/L) 300 90 - 7.75 3.66 BDL 12.8 13.4 BDL 11.2 4.75 9.98 16.1 30.2 3.21 17.1 

As (µg/L) 10 10 100 1.8 0.149 0.279 3.56 0.355 0.939 9.08 0.401 0.132 1.73 1.84 1.2 BDL 

Ca (mg/L) - - - 10.3 23.7 48.4 2.42 34.9 59.2 33.4 19 18.6 3.19 11.4 39.3 17.7 

Cl (mg/L) 300 - - 367 BDL BDL 103 4.3 BDL 6.3 BDL 2 22.2 BDL BDL BDL 

Cr (µg/L) 50 50 
100  

(VI only) 
3.46 1.37 1.5 4.64 1.87 1.64 1.52 2.67 1.43 1.83 2.3 2.02 2 

K (mg/L - -  6.73 2.14 1.61 2.96 BDL 2.19 2.68 BDL 1.05 2.24 BDL 1.13 BDL 

Mg (mg/L) - - - 4.37 7.3 14.2 1.09 20.9 10.4 8.92 10.2 11.6 0.721 4.12 10.4 12.3 

Mn (µg/L) 500 400  13.6 45.6 66.4 13.3 776 55.1 37.9 6.18 55.6 11.9 12.7 121 259 

Na (mg/L) 200 - - 828 41 18.9 477 15 22 19.3 7.66 14.7 118 105 7.32 6.36 

Ni (µg/L) 70 70 500 1.28 0.898 1.23 0.566 1.63 2.22 2.7 1.05 0.959 0.375 3.47 1.34 3.37 

NO3 as N  
(mg/L) 

11 11.29 - BDL NA NA NA BDL NA 1 2.03 BDL NA 28.1 3.31 BDL 

NO2 as N  
(mg/L) 

0.9 3 - BDL BDL 0.05 BDL BDL BDL BDL BDL BDL BDL 0.356 0.119 BDL 

Pb (µg/L) 10 10 200 0.186 BDL BDL 0.189 0.509 0.905 0.471 0.313 0.362 0.2 0.606 0.8 0.224 

PO4 (mg/L) - - - BDL BDL BDL 0.096 BDL 0.128 BDL 0.109 BDL 0.131 0.05 0.095 BDL 

Se (µg/L) 10 40 - 3.08 BDL BDL 1.84 BDL BDL 0.522 BDL BDL BDL BDL 0.467 BDL 

V (µg/L) 200 - - 0.625 0.265 0.314 0.887 BDL 0.361 1.36 13.1 BDL 0.386 0.342 0.375 0.413 

Zn (µg/L) 5000 - 500 2.54 0.717 0.555 BDL 6.47 8.04 13.5 12.4 2.5 BDL 12.9 5 7.36 

BDL – Below Detection Limit 
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Table 3.3: 2014 Water quality results for Yzermyn samples (all in mg/l unless specified). 

Locality Date pH EC (mS/m) TDS Alk as CaCO3 Cl SO4 NO3 PO4 Ca Mg Na K Al Fe Mn SS 

SANS 241 2011 5-9.7 <170 1 200 - 300 250/500 11 - - - 200 - 0.3 0.3/2 0.5  

WHO 2011 - - - - -  11.29 - - - 50 - 0.9 - 0.4  

IFC 2006 6-9 - - - -  - - - - - - - 2 -  

CBH 1 16-04-14 8.66 199 1204 1007 148 <0.04 0.317 <0.008 5.1 1.84 510 6.21 <0.003 <0.003 <0.001 21 

CBH 2 D 17-04-14 7.47 6.59 52 25.4 <0.423 3.8 0.355 <0.008 5.33 1.53 1.63 3.66 <0.003 <0.003 <0.001 57 

CBH 2 S 17-04-14 7.6 40.8 232 249 <0.423 <0.04 0.367 <0.008 61.5 15.3 3.58 2.56 <0.003 <0.003 <0.001 576 

CBH 3 D 16-04-14 7.87 67.5 386 405 16.1 <0.04 0.341 <0.008 18.9 0.862 164 2.7 <0.003 <0.003 <0.001 5 

CBH 3 S 16-04-14 8.14 13.7 68 67.7 0.868 <0.04 0.314 <0.008 9.21 5.34 8.88 2.37 <0.003 <0.003 <0.001 36 

CBH 4 D 16-04-14 7.66 41.6 254 223 <0.423 <0.04 0.312 <0.008 61.5 9.27 12.9 2.8 <0.003 <0.003 <0.001 1 

CBH 4 S 16-04-14 7.03 17.5 118 55.5 8.63 15.5 0.336 <0.008 13.6 5.7 9.33 2.3 <0.003 <0.003 <0.001 5 

CBH 5 D 16-04-14 7.44 12.8 94 65.3 <0.423 <0.04 0.372 0.014 12.9 6.08 2.28 1.78 <0.003 <0.003 <0.001 8 

CBH 5 S 18-03-14 7.79 37.3 248 178 18 <0.04 0.375 0.096 26.1 9.81 10.3 37.8 <0.003 9.24 0.982 614 

CBH 6 16-04-14 8.41 19.6 114 112 <0.423 <0.04 0.312 <0.008 7.01 5.34 29.2 3.73 <0.003 <0.003 <0.001 22 

CBH 7 D 16-04-14 8.04 32.1 182 204 <0.423 <0.04 0.517 <0.008 22.1 5.52 52 2.15 <0.003 <0.003 <0.001 32 

CBH 7 S 16-04-14 7.74 25.4 160 153 <0.423 <0.04 0.309 <0.008 41.5 8.26 2.51 2.04 <0.003 <0.003 <0.001 131 

CBH 8 D 16-04-14 9.59 58.5 320 278 5.55 38 0.318 <0.008 1.88 1.58 124 13.6 <0.003 <0.003 <0.001 87 

CBH 8 S 16-04-14 6.94 21.2 126 123 <0.423 <0.04 0.311 <0.008 28.1 8.9 2.1 1.81 <0.003 <0.003 0.035 317 
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4. CONCEPTUAL MODEL 

4.1. REGIONAL AQUIFER SYSTEMS 

Hodgson and Krantz (1998) differentiate three superimposed aquifer systems in the Mpumalanga coal fields, 

namely the upper weathered Karoo, the fractured Karoo and the fractured pre-Karoo aquifer below the Ecca 

sediments: 

 

The upper weathered Karoo aquifer is associated with this weathered zone and varies in depth between 5 and 20 

metres below ground level (mbgl). Water levels are often shallow (few mbgl) and the water quality good due to 

direct rainfall recharge and dynamic groundwater flow through the unconfined aquifer in weathered sediments, 

which makes it also vulnerable to pollution. Localised perched aquifers may occur on clay layers or lenses. Vertical 

infiltration of water in the weathered aquifer is typically limited by impermeable layers of sediments below the 

weathered zone, with subsequent lateral movement following topographical gradients. Groundwater daylights at 

springs where the flow path is obstructed by dolerite dykes (contact spring) or paleo-topographic highs in the 

bedrock or where the surface topography cuts into the groundwater level at e.g. drainage lines (free draining 

springs). Due to its limited thickness the weathered aquifer is generally considered low-yielding (< 0.5 L/sec) 

 

The fractured Karoo aquifer consists of the various lithologies of siltstone, shale, sandstone and the coal seams. 

Groundwater flow is governed by secondary porosities like faults, fractures, joints, bedding planes or other 

geological contacts, while the rock matrix itself is considered impermeable. Geological structures are generally 

better developed in competent rocks like sandstone, which subsequently show better water yields than the less 

competent silt- or mudstones. Not all secondary structures are water bearing due to e.g. compressional forces by 

the neo-tectonic stress field overburden closing the apertures. While fractured Karoo aquifers have typically a low 

hydraulic conductivity (<0.001 m/d), they are highly heterogeneous with yields ranging from 0.1 to 2 L/sec. Higher 

yields are typically associated with higher hydraulic conductivities along shallow coal seams (±0.1 m/d) and at 

dyke/sill contacts. The contact zones of dolerite dykes and sills with the host rock provide preferential flow paths, 

while the dolerite itself is rather impermeable or semi-permeable. This setting promotes groundwater flow along, 

but not across the dykes or sill. Depending on the residence time of the water in the aquifer, groundwater quality 

can be poor.  

 

Anthropogenic aquifers system might occur within the fractured Karoo aquifer due to mined coal seams and 

associated voids, which obviously changes the natural hydraulic properties of the Karoo aquifer system 

substantially and dominates the groundwater flow on a local to regional scale. 

 

The fractured pre-Karoo aquifer is separated from the overlying fractured Karoo aquifer by the low permeability 

Dwyka tillites, which act as an aquiclude (or flow barrier) where present. The water quality is often poor due to 

high fluoride levels and salt concentrations due to limited recharge and long residence times. The pre-Karoo 

aquifer is of no concern for the purpose of the current study and not further discussed. 
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4.2. SITE SPECIFIC AQUIFER SYSTEMS 

The results from the site investigation by WSP (2013, see also chapter 3) confirm the regional Karoo aquifer 

systems described above, i.e. the differentiation of an upper weathered and deeper fractured Karoo aquifer on 

site. The even deeper fractured pre-Karoo aquifer was due to the borehole depths expectedly not encountered 

during the site investigations, but is for all practical purposes of no concern or interest of the study. The following 

aquifers are therefore conceptualised: 

 

1. A shallow weathered Karoo aquifer system comprising of an intergranular, water table (unconfined) 

aquifer that is likely to be hydraulically connected to surface drainages. The depth of weathering reaches 

typically 22 mbgl on site and the average water level is around 14 mbgl. WSP (2013) determined an 

geometric average hydraulic conductivity of 0.72 m/d or approximately 8 E-06 m/s for the tested shallow 

boreholes respectively aquifer system. The aquifer is directly recharged by rainfall. 

 

2. A deeper, fractured Karoo aquifer system characterised as a secondary, semi-confined aquifer. The 

average water level in the fractured Karoo aquifer is approximately around 40 mbgl and WSP (2013) 

determined a low geometric average hydraulic conductivity of 0.05 m/d  or 6 E-07 m/s for the tested 

deep boreholes respectively aquifer system. Elevated conductivities can be expected along (but not 

across) coal seams and dyke/sill contacts. The aquifer is indirectly recharged by limited seepage through 

structural discontinuities (e.g. fault planes or fracture zones) from the shallow weathered aquifer, 

suggesting in turn limited impacts of a potential water table drawdown on the shallow weathered 

aquifer. 

 

3. Localised perched aquifer systems within the colluvium or on weathered siltstone. Associated water 

levels due to infiltrating rainwater perched on (shallow) low permeability layers are generally shallow, 

with lateral flow on the layer potentially feeding seasonal hillside seeps and springs to the south of the 

adit and plant site. The localised and perched nature of this aquifer system disconnects it from hydraulic 

impacts related to the proposed underground mine and the perched aquifer system therefore neglected 

in the assessment. 

 

Springs in the area of interest occur predominantly as free draining contact springs associated with dolerite sills 

and the Volksrust Formation at higher elevations of the catchment.  

 

4.3. ADDITIONAL HYDRAULIC TESTS 

Two long-term pumping tests were conducted by CMT Pumps CC on behalf of the client in 2014. The tests 

included step-tests (three to four steps of 60 minutes each) in addition to a constant discharge test of 72 hours, 

followed by a 48 hours recovery monitoring period in the two abstraction boreholes.  
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The test results as supplied by the client were analysed with the software package AQTESOLV Pro version 4.5. The 

aquifer and well parameters were obtained from the inverse curve-fitting procedure using automatic curve fitting 

or manual fitting of late time data with the appropriate analytical solution/conceptual model (i.e. confined or 

unconfined).  

The aquifer parameter estimates were accordingly based on the step-test results as well as the drawdown and 

recovery data of the constant discharge tests (CDT). The following process was followed for estimating aquifer 

parameters based on the available data. 

1) Create the diagnostic plots from pumping test data and define the flow regime. 

2) Develop a conceptual understanding of the geological setting of the test. 

3) Choose the appropriate analytical solution(s) (e.g. Theis, 1935; Cooper and Jacob, 1946; Hantush and 

Jacob 1955; Neuman, 1974; Moench, 1997) and determine the aquifer and well parameters from the 

curve fitting of the drawdown (including derivative) and/or the recovery data (Agarwal (1980) devised as 

a procedure that uses solutions developed for drawdown analysis (i.e. the Theis type-curve) to analyze 

recovery data. 

 

The pumping test diagnostic plots with fitted data are provided in Appendix A, while a summary of the 

determined hydraulic conductivity (K) and transmissivity (T, product of hydraulic conductivity K and aquifer 

thickness) values are provided in Table 4.1. In the absence of drawdown data observed in a monitoring borehole 

(other than the abstraction borehole itself), no storativity (S, product of specific storativity and aquifer thickness) 

values could be determined with any degree of confidence from the tests. 

 

Table 4.1: Estimated aquifer parameter of the Yzermyn boreholes. 

Borehole 

ID 

Water 

level 

(mbgl) 

Step-Test  CDT 

Average 
Theis (1935) 

Theis 

(1935) 

Cooper-Jacob 

(1946) 

Neuman 

(1974) 

Agarwal 

(1980)  

T (m
2
/d) T (m

2
/d) K (m/d) K (m/s) 

CBH 2D 16.42 21.2 22.3 16.6 16.6 22 20 0.18 2E-06 

CBH 3S 2.1 24 13.0 8 10.3 3 9 0.13 1.5E-06 

 

The recent 72 hours pumping tests yielded slightly different values in comparison to earlier, short term pumping 

tests of the boreholes (see Table 3.1). While an order of magnitude higher hydraulic conductivity (k) value was 

derived for borehole CBH 2D (0.18 versus 0.02 m/d), a lower value was determined for borehole CBH 3S (0.13 

versus 0.4 m/d). The differences are most likely related to different pumping rates and subsequent fitting 

artefacts, especially for borehole CBH 2D with an insufficient drawdown achieved during the test (around 14 out 

of an available 115 m saturated borehole depth). Interestingly, borehole CBH 2D showed signs of failure (i.e. a 

rapid increase in drawdown is observed) during the step test. Once the major water strike intersection at around 

25 mbgl (equal to around 10 m drawdown during the test) is dewatered, the water level drops rapidly by 14 

meters towards the end of step 2 with no sign of stabilisation despite a minor increase in the abstraction rate 

(from 3.9 to 4.2 l/s). It appears that the borehole draws from an aquifer of limited extent linked to the strike 

depth, potentially a dolerite intersection, bedding plane or simply the depth of weathering with water ponding at 

the interface to the more solid rock. Once the yield of the shallow aquifer is exhausted, the water level drops 

rapidly towards the next water strike depth (Table 3.1, at 85 mbgl or 70 m drawdown), which was unfortunately 

not reached during test. 
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The drawdown curve in borehole CBH 3S shows a similar behaviour, with an initial stabilisation at around 10 m 

drawdown (equal to 12 mbgl) before the water level drops rapidly towards the end of the test. The pumping test 

results indicate for both boreholes an aquifer of limited extent or longer term yield at the depth of their 

respective first water strike depth. This shallow weathered aquifer is underlain by a deeper fractured aquifer of 

larger areal extent and long term yield.  

The new hydraulic test results confirm therefore the earlier developed site specific conceptual model outlined in 

chapter 4.2.  

4.4. GROUNDWATER ELEVATION AND FLOW DIRECTION 

WSP (2013) collated as part of their site investigation groundwater elevation data from the 19 groundwater 

monitoring boreholes (CBH series, 2013 measurements, updated with the latest, mostly similar 2014 monitoring 

results as per Table 6.5) and 10 exploration boreholes drilled on site (BH-series, 2013 measurements, Table 3.1).  

A plot of the groundwater table versus surface elevation data for all boreholes (Figure 6.1) shows a rather poor 

correlation coefficient of only 77 % (R2 = 0.77). Correlation coefficients above 95% are usually observed for 

unconfined aquifers and indicate in such instances that the groundwater table is a subdued replica of the surface 

topography. The poor correlation between the two for the Yzermyn area is related to the occurrence of two 

distinct aquifer systems (plus local perched aquifers) with different water levels, as is apparent in the alignment of 

the data in Figure 6.1 above and below the linear correlation line. 

 

Figure 4.1: Correlation between surface topography and groundwater elevation. 

 

A separation of water levels measured in shallow and deep boreholes (Figure 4.2) shows marked improvement of 

the correlation coefficient for the shallow weathered aquifer to 95 % and a minor increase for the deeper 

boreholes respectively aquifer to 79 %. It is obvious from Figure 4.2, that numerous “deep boreholes” measure in 
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fact water levels expected for the shallow weathered aquifer (which subsequently plot on or near the blue line in 

Figure 4.2). This might be due to borehole construction with an incomplete zonal isolation of the weathered 

aquifer by sold casing only (additional bentonite plugs are commonly installed in the annulus to better seal off 

aquifer horizons) or a hydraulic interconnection between the two aquifer systems (e.g. boreholes CBH8S and 

CBH8D, see chapter 6.5) in the specific area via e.g. an open fracture. 

 

The general poorer correlation between water levels in deeper boreholes and surface topography can also be 

attributed to the semi-confined nature of the fractured aquifer, the occurrence of dolerite sills dissecting and 

perching the aquifer above them, as well as heads not yet in equilibrium with the surrounding aquifer due to low 

borehole yields. A co-kriging of water levels using a correlation to surface elevations is therefore not warranted 

for the fractured Karoo aquifer. 

 

Figure 4.2: Correlation between surface topography, shallow and deep groundwater elevation. 

 

Water levels in the shallow aquifer mimic on the other hand the surface topography (Figure 4.2) and the 

correlation between them can be used to improve the spatial interpolation of groundwater levels. The Bayesian 

(co-kriging) interpolation method uses the established correlation between surface topography and groundwater 

elevation to improve the estimates of unknown water levels based on known surface elevations.  

 

The interpolated regional shallow groundwater levels (Figure 4.3) show a regional shallow groundwater flow is in 

a NE direction and were subsequently used as initial heads for the model calibration. It must be noted that initial 

heads only accelerate the mathematical convergence of steady-state models, but do not change the outcome of 

the model i.e. the calculated steady-state heads. 
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Figure 4.3: Interpolated shallow water table elevations (in mamsl) for the Yzermyn area (target area 
indicated by red line, lease area by red dashed line and mine infrastructure in black). 
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4.5. SOURCES AND SINKS 

The main sources of groundwater recharge were identified as  

 

 direct rainfall recharge of the weathered Karoo aquifer,  

 limited leakage from the weathered to the fractured Karoo aquifer via fault planes, 

 seepage from mine residue deposits into the shallow, weathered Karoo aquifer. 

 

The Groundwater Resource Assessment (GRAII) of the Department of Water Affairs and Sanitation lists for the 

quaternary catchment W51A a Mean Annual Precipitation (MAP) of 992mm/a, a GIS calibrated Mean Annual 

Recharge (MAR) of 64 mm/a or around 7 % of MAP. Vegter (1995) estimated the minimum recharge rate of 45 

mm/a and a mean rate of 62 mm/a, while the earlier assessment by WSP (2013) assumed a lower recharge rate of 

2% of MAP based on similar experience, which translates to around 20 mm/a. Delta H adopted an average 

regional recharge rate of 62 mm/a for the current study. 

 

The main groundwater sinks in the wider area of interest are  

 spring discharges from the perched weathered aquifer, often utilised for domestic purposes, 

 groundwater baseflow towards surface water courses, 

 regional groundwater outflow,  

 and for the predictive simulations inflows into the proposed underground mine voids. 

 

No estimates of spring discharges or baseflow fluxes are available. While the estimation of groundwater inflows 

into the mine voids is one objective of this study, the other sinks were either considered negligible based on 

estimated small volumes (regional groundwater outflow) or estimated with the model (groundwater baseflow to 

surface drainages). The general gaining nature of rivers in the W51A catchment is confirmed by groundwater 

levels exceeding the surface water level in the vicinity of river courses as well as groundwater contribution to 

baseflow estimates from the GRAII dataset (28.6 mm/a for the entire catchment, based on Pitman Model). The 

interaction between groundwater and surface water courses was therefore simulated under the assumption of 

continuous gaining river systems. 
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5. GEOCHEMICAL ASSESSMENT OF MRDS 

5.1. BACKGROUND 

The Department of Water Affairs and Sanitation (i.e. Best Practice Guideline G4: Impact Prediction, Department of 

Water Affairs and Forestry 2008) as well as best international practice as outlined in the GARD Guide developed 

by the International Network for Acid Prevention (INAP) or in the International Finance Corporation Guideline for 

Mining (IFC 2007) requires a geochemical characterization including the evaluation of potential Acid Rock 

Drainage (ARD) and Metal Leaching (ML) of all formations foreseen to be disturbed or otherwise exposed by a 

mining project. The current geochemical study adopts these guidelines for the sample collection, laboratory 

analyses and data interpretation and augments earlier studies, which were based on data from neighbouring 

mines (Solution H+ 2013).)  

The geochemical test work was carried out by Waterlab (Pty) Ltd, a SANAS (South African National Accreditation 

System) accredited laboratory in July 2014, and included the following:  

 

 Acid-Base Accounting (ABA), Net Acid Generation (NAG), Sulphur (S)-speciation and total inorganic 

carbon content, 

 Distilled water and acid rain leach tests. 

 

Delta H assessed the ARD potential and potential leachate quality based on the results of these tests. It must be 

noted that the likely quality of leachate from the discard dump was evaluated based on samples from the 

Kiepersol mine, as Yzermyn is not yet operative. Since Kiepersol mines the same coal seams and utilises a similar 

washing process, the samples are considered an appropriate and representative proxy for the future Yzermyn 

discard quality. 

 

The geochemical study is intended to form the basis of a continuous ARD assessment programme throughout life 

of mine to properly manage potentially acid generating materials and to inform closure strategies for potential 

long-term liabilities. 

 

5.2. SAMPLE COLLECTION 

Two sets of samples for the geochemical test work were collected: 

 Core samples targeting the mined coal seams to represent the coal stockpiles on the site. 

 Discard samples from a neighbouring mining operation (Kiepersol mine) targeting the same Alfred and 

Dundas coal seams as a proxy for the future discard dump on site (Yzermyn is a proposed mine and does 

therefore not operate a beneficiation plant or produce discard yet). 

5.2.1. Core samples 

Each core sample from the exploration drilling campaign at the site contained samples from the intersected 

Dundas and Alfred coal seams in separate plastic bags. Since the seams will be mined synchronously, the coal 

stockpile on site is likely to represent a mixture of coal from these seams with approximate equal volume ratio. 

The samples of the different coal seams were therefore composited (equal weight ration) for each borehole 

before analysis. A description of the sampled depths per seam is given in Table 5.1.  
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Table 5.1: Description of the geochemical samples - Yzermyn project. 

Type Sample No Lab ID 
Alfred Seam Dundas Seam 

From (mbgl) To (mbgl) From (mbgl) To (mbgl) 

C
o

al
 

BH-059/06 4686 183.03 184.56 218.77 220.30 

BH-100/47 4687 159.41 161.07 192.79 194.54 

BH-080/27 4688 184.0 185.38 219.03 220.0 

BH-103/50 4689 258.10 259.76 295.86 297.48 

BH-110/57 4690 46.44 48.08 82.20 84.20 

BH089/36 4691 30.82 32.43 63.28 65.10 

D
is

ca
rd

 

Discard 1 10663 Mix of Alfred and Dundas seam 

Discard 3 10664 Mix of Alfred and Dundas seam 

 

The locations of the samples (Figure 5.1) were carefully chosen, so as to achieve an adequate coverage of the 

proposed mining area and depth (Table 5.1) with the available sample number. 

 

 

Figure 5.1: Location of the geochemical samples in relation to target area (red area) - Yzermyn project. 

 

BH 089 

BH 100 

BH 110 

BH 059 

BH 103 

BH 80 



 

Yzermyn Groundwater Model 21 

5.2.2. Discard samples 

The tested discard samples were taken by the client from the Kiepersol underground mine, located approximately 

26 km to the north east of the proposed Yzermyn Underground Coal Mine. While there are 4 main coal seams 

with an average thickness of 1.8 m in the Kiepersol mine area, currently only two coal seams, namely the Alfred 

and Dundas seam, are being mined with the Bord and Pillar mining method. The mine operates a wash plant with 

the washed product of both Alfred and Dundas coal seams (thermal coal) being exported to India, the U.S. and 

other countries.  

Since the proposed Yzermyn mine targets the same coal seams (Alfred and Dundas seam) of similar quality as the 

Kiepersol mine; intends to apply the same mining method (Bord and Pillar) and plans to operate a similar wash 

plant, the discard material produced after wash at Yzermyn is likely to have a similar quality as the Kiepersol mine 

discard samples and were therefore used as a proxy. 

 

5.3. GEOCHEMICAL CHARACTERISATION METHODS 

5.3.1. Acid Rock Drainage Potential 

Acid rock drainage is a process whereby contaminants (especially metals and sulphate) are released from solid to 

liquid phase under acidic pH conditions due to the oxidation of sulphide minerals in the presence of oxygen (or 

other oxidants like ferric iron or manganese) and water, potentially accelerated by bacteria. Heat may be 

generated in the process. The laboratory tests to determine the potential of rock samples to produce ARD are 

generally grouped into two categories; static and kinetic tests. The static tests are relatively simple, inexpensive 

and rapid, whereas kinetic tests may take several months. Kinetic tests are typically carried out if the results of the 

static tests are not conclusive or the samples are flagged as potentially acid generating and kinetic reaction rates 

are required for geochemical models. 

The geochemical laboratory analyses conducted for the Yzermyn study constitute the static testing of ore (sic. coal 

stockpile) and discard material. 

 

5.3.1.1. Acid-Base Accounting (ABA) 

Acid-base accounting (ABA) by Sobek et al. (1978) is a screening procedure whereby the acid-neutralising 

potential (assets) and acid-generating potential (liabilities) of rock samples are determined and the difference (net 

neutralising potential, equity) is calculated. It is a static procedure and provides no information on the rate with 

which acid generation or neutralisation will proceed, which is usually determined by kinetic weathering or 

leaching tests. It must be noted that acid-neutralising (or buffer) reaction rates of most minerals (apart from the 

carbonates) are typically slower than the sulphide oxidation rates in the rocks. 

 

ABA tests calculate the acid potential (AP) of a sample due to the theoretical oxidation of the total sulphur 

content of the sample to sulphuric acid. As the AP is usually expressed in kg CaCO3 per tonne of rock, the 

conversion factor is 31.25 kg CaCO3/tonne: 
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The total sulphur content of a sample is hereby commonly determined using a LECO (Laboratory Equipment 

Corporation of St. Joseph, Michigan, standard equipment) sulphur analyser. The AP can be converted into the 

Maximum Potential Acidity (MPA, expressed as kg H2SO4/tonne), which is commonly used in Australia by simply 

multiplying the AP with 0.98. 

 

The neutralisation potential (NP) of a sample, mostly provided by carbonates, hydroxides and silicates, is 

determined according to Sobek et al. (1978) by digestion of hydrochloric acid. Occasionally occurring negative NP 

values indicate and are used as an estimate of the initial net acidity of a sample. The NP is expressed in kg CaCO3 

per tonne of rock, but can be converted into the Acid Neutralising Capacity (ANC, expressed as kg H2SO4/tonne) 

commonly used in Australia by simply multiplying the NP with 0.98. It must be noted that this theoretical and 

widely used neutralisation potential does not necessarily represent the real neutralisation potential under the 

site-specific environmental conditions, mineralogy and kinetic reaction respectively dissolution rates, which can 

only be determined in the field (Morin and Hutt 2001). 

Two key indicators are used to assess the risk of acid drainage: 

 

1. The Net Neutralisation Potential (NNP) is calculated by subtracting the Acid Potential (AP) from the 

Neutralising Potential (NP):  

NNP = NP – AP, 

with negative NNP values indicating the potential to generate acidity and therefore a predicted net acid 

drainage water quality from the rock. Positive values indicate acid-neutralising potential or a predicted net 

alkaline drainage water quality from a rock sample, though some authorities (Canada) request NNP values 

larger than 20 before non-acid generation can be assumed.  

 

2. The Neutralisation Potential Ratio (NPR) is calculated by dividing NP by the AP: 

NPR = NP / AP, 

with the following assessment criteria for a sample: 

 NPR larger than 2 generally indicates non-acid generation (NAG), i.e. neutral or alkaline leachate, but in 

case of preferential exposure or reactivity of sulphides NPR larger than 4 is needed for complete acid 

neutralisation (Price et al., 1997), 

 NPR between 1 and 2 (4 was precautionary used in the current assessment to allow for potential 

preferential exposure) is considered inconclusive or uncertain with regard to acid generation. 

 NPR below 1 indicates potentially acid generating (PAG) material. 

5.3.1.2. Paste pH 

As part of the ABA procedure according to Sobek et al. (1978), the paste pH of a mixture of the pulverized rock 

sample and distilled water (pH typically 5.3) is determined. The measured pH value indicates whether a sample 

was at the time of analysis acidic (paste pH<5), near neutral (5<paste pH<10) or alkaline (paste pH>10). Acidic 

paste pH values indicate a non-reactive or absent neutralisation potential. 

5.3.1.3. Sulphur speciation 

ABA assumes conservatively that all sulphur in the sample will react to form sulphuric acid, while in fact some of 

the sulphur may be present in non-acid producing sulphates (e.g. gypsum, barite), organic or elemental sulphur. If 
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a significant part of the total sulphur occurs as sulphate sulphur instead of sulphide sulphur, the overall risk of 

acid generation is obviously reduced. Furthermore, acid generation of samples with sulphide sulphur content 

below 0.3 % is considered short term (Price and Errington 1995, Soregaroli and Lawrence 1998) due to limited 

sulphur supply. The sulphide acid potential (SAP) of a sample is then calculated according to 

 

                                                          

 

In general, the use of total sulphur for the determination of the maximum potential acidity is considered more 

reliable (Brady 1990). 

5.3.1.4. Carbonate neutralisation potential 

ABA assumes that the rate of mineral dissolution providing the Neutralisation Potential NP (carbonates 

hydroxides and silicates) is higher or equal to the rate of acid generation, which can realistically only be assumed 

for carbonate minerals like calcite or dolomite. Furthermore, the equilibrium pH ranges at which hydroxides and 

silicates buffer (once the carbonate minerals are depleted) are typically lower than 6 (e.g. gibbsite < pH 4.3, 

ferrihydrite < pH 3.5) and therefore insufficient to maintain a neutral mine drainage. The Carbonate Neutralisation 

Potential (CO3-NP), based on the inorganic carbon content (IC) of a sample as an indicator of the presence of 

carbonate minerals (including iron and manganese carbonates) alone is given by: 

CO3-NP (kg CaCO3/tonne) = IC (%) *83.3 

The following interpretations can be derived from a comparison of the two neutralisation potential methods 

(Morin and Hutt 2001): 

 

 CO3-NP = NP: Neutralisation potential provided by reactive carbonate minerals. 

 CO3-NP > NP: Not all carbonate minerals are rapidly reactive (e.g. significant concentration of iron and 

manganese carbonates) or not all carbon is carbonate. 

 CO3-NP < NP: Non-carbonate minerals are major contributors to the neutralisation potential. 

5.3.1.5. Net Acid Generation (NAG) test 

Net acid generation tests directly determine the acid generating potential of sulphide minerals in a rock sample by 

oxidation with hydrogen peroxide (H2O2). Acid generation and acid neutralization reactions occur simultaneously 

and the test provides therefore a net result of the amount of acid generated. The final NAG pH after complete 

oxidation of the sample is used as a screening criterion for the acid generation potential: 

 

 NAG pH below 3.5 indicates a high risk of acid generation, 

 NAG pH value larger than 5.5 indicates no risk of acid generation, and 

 NAG pH value between 3.5 and 5.5 indicates a low risk of acid generation.  

 

The supernatant of the test is titrated to a pH of 4.5 and 7.0 and the net acid potential in the form of kilograms of 

sulphuric acid produced per tonne of waste rock sample (kg H2SO4/t) calculated. 

 

5.3.2. Leach Testing 

Synthetic Precipitation Leaching Procedure (SPLP, EPA Method 1312) is a laboratory extraction method to assess 

the leachability of both organic and inorganic determinants present in liquids, soils, and wastes under certain 

conditions. The solid phase is extracted over 18 hours with an extraction fluid, and liquid-to-solid ratio of 20:1. 
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Following extraction, the liquid extract is separated from the solid phase by filtration (combined with any 

potential initial liquid portion) and analysed. Leach tests can be conducted at selected pH values to assess 

leachability under selected conditions. As part of this assessment, leach tests were undertaken using the following 

extraction fluids: 

 

 SPLP Leach Test at pH7 using distilled water to represent neutral drainage scenario (similar to EPA 1312), 

and 

 Acid rain leach test to represent a slightly acidic leachate scenario. 

 

Although the SPLP can determine the leachability of determinants, the liquid-to-solid ratio of 20:1 does not 

represent actual field conditions. Therefore, leachate concentrations do not necessarily represent the quality of 

seepage or run-off from a material stockpile or waste rock facility. Furthermore, the tests assess only the 

concentrations of determinands, where neutral or acid rainwater is the only external factor influencing leachate 

generation.  

 

The tests are commonly used as a preliminary screening process to identify potential constituents of concern 

based on a comparison against relevant water quality and effluent standards. For the purposes of this assessment 

the following standards were considered and the exceedances of the highest threshold for each element 

highlighted in the result tables: 

 

 International Finance Corporation (IFC) Guidelines for Mining Effluents (IFC, 2007), 

 World Health Organisation (WHO) Guidelines for drinking-water quality (WHO, 2011), 

 SANS 241-1 Standards for drinking water quality (SANS, 2011), and 

 Leachable Concentration Thresholds (LCT) according to the waste classification regulations in the 

Government Notice R. 634 (Government Gazette No. 36784, 23/08/2013) pertaining to the National 

Environmental Management: Waste Act (Act No. 59 of 2008) by the Department of Environmental Affairs. 

 

The Leachable Concentration Thresholds are used by the authorities to classify waste into several categories, 

which determine the waste types for landfill disposal (Table 5.2). 

 

Table 5.2: Waste type classification by total and leachable concentration thresholds (TCT and LCT) for 
landfill disposal. 

Total 
concentration 

threshold 

Link between 
TCT and LCT 

Leachable 
concentration 

threshold 
Waste Type Landfill design 

< TCT0 and < LCT0 Type 4 Class D 

< TCT1 and < LCT1 Type 3 Class C 

< TCT1 and < LCT2 Type 2 Class B 

< TCT2 or < LCT3 Type 1 Class A 

> TCT2 or > LCT3 Type 0 Not allowed 

 

The current assessment did not include the determination of total concentrations, as the determined leachable 

concentrations are intended to characterise the source terms utilised in the site specific numerical flow and 

transport model, which is considered the most appropriate method to estimate expected environmental 
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concentrations downstream of mine residue deposits. However, a comparison of leach test results to the LCTs are 

included for the sake of completeness. 

Note that the application of the drinking water guidelines or standards does not suggest that leachates and 

drainage from mine activities will be used for drinking purposes. While the drinking water standards are for 

obvious reasons very stringent, the less stringent IFC effluent guidelines are applicable for any site run-off and 

treated effluents to surface waters and should be achieved, without dilution, at least 95 % of the time that the 

plant or unit is operating as well as post closure. Site-specific discharge levels may be established based on the 

availability and conditions of publicly operated treatment systems or on the receiving water use classification. 

 

5.4. RESULTS AND DISCUSSION 

5.4.1. Quality Control 

A number of sample analyses (sulphur speciation, NAG pH, paste pH, AP and NP) were run as duplicates for 

internal (laboratory) quality control purposes and are highlighted in blue in Table 5.3. To assess the data quality, 

the Relative Percentage Difference (RPD) was calculated as follows: 

 

    
     

            
      

 

The following criterions were used to assess the RPD values: 

 RPD < 1% Excellent 

 RPD < 2.5% Good 

 RPD < 5% Average 

 RPD > 10% Poor 

 

The internal quality control showed an excellent (RPD < 1%) reproducibility of 

 Total sulphur (%) and 

 Paste pH, 

a good (RPD < 2.5%) reproducibility of 

 Sulphate and sulphide sulphur (%), 

 Acid potential, 

an average (RPD < 5%) reproducibility of  

 Neutralisation potential, 

 NAG pH values and subsequently calculated net acid generating potential in kg H2SO4/t. 

 

Based on the quality data assessment, the data were considered of acceptable quality for the purposes of an acid 

rock drainage assessment.  

 

No ionic charge balances were determined for the leach test analysis due to the large number of non-detects of 

major elements in the leach test results. While this might limit the applicability for geochemical modelling 

exercises, it does not influence the screening process for constituents of concern. 
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5.4.2. Acid Rock Drainage Potential 

The ABA, sulphur speciation and calculated SAP, NP, CO3-NP, NNP and NPR values for the Yzermyn coal and 

Discard samples are summarised in Table 5.3. 

 

Table 5.3: ABA results for the Yzermyn samples (duplicate sample results highlighted in blue). 

Sample ID 
BH 

059/06 

BH-

100/47 

BH-

080/27 

BH-

103/50 

BH-

110/57 
BH 089/36 

Discard 

1 
Discard 3 

Lab ID 4686 4687 4688 4689 4690 4691 4691 D 10663 10664 10664 D 

Total 

Sulphur (%) 
0.9 1.3 1.4 1.2 1.5 1 1 1.87 1.65 1.64 

Sulphate 

Sulphur (%) 
0.5 0.6 1 0.9 1.1 0.8 0.8 0.41 0.73 0.74 

Sulphide 

Sulphur (%) 
0.4 0.7 0.4 0.3 0.4 0.2 0.2 1.46 0.92 0.9 

Total 

Carbon (%) 
52.6 53.1 59.9 57.9 53.5 64.1 - 25.3 29.2 - 

Organic 

Carbon (%) 
46.8 49.6 55.2 56.3 51.5 57 - 24.5 29.1 - 

Inorganic 

Carbon (%) 
5.8 3.5 4.7 1.6 2 7.1 - 0.82 0.1 - 

NAG pH 

(H2O2) 
7.7 4.6 4.6 4.5 4.6 6.8 6.8 4.5 9.3 9 

NAG (kg 

H2SO4/t) 
<0.01 22 16 20 19 0.392 0.392 8.43 <0.01 <0.01 

Paste pH 8.4 7.6 7.6 8 7.9 8.2 8.2 8.5 11.1 11 

AP (kg/t) 28 41 44 37 45 31 31 58 52 51 

SAP (kg/t) 12.5 21.9 12.5 9.4 12.5 6.3 6.3 45.6 28.8 28.1 

NP (kg/t) 35 27 35 36 39 26 27 43 49 50 

CO3-NP 

(CaCO3/t) 
483.7 291.9 392 133.4 166.8 592.1 - 68.4 8.3 - 

NNP 6.63 -14 -8.75 -0.81 -6.06 -5 -4.5 -15 -3 -2 

NPR 1.24 0.66 0.8 0.98 0.87 0.84 0.86 0.74 0.95 0.97 

NPR-CO3 17.28 7.12 8.91 3.61 3.71 19.10 - 1.18 0.16 - 

NPR_S
2-

 2.80 1.23 2.80 3.84 3.12 4.16 - 0.94 1.70 1.78 

Assessment 
Incon-

clusive 
PAG PAG PAG PAG Inconclusive PAG Inconclusive 

 

5.4.2.1. Paste pH results 

The paste pH values of the tested samples range from pH 7.6 to pH 11.1, with the lowest (but still alkaline) paste 

pH values of 7.6 for two Yzermyn coal samples and the highest paste pH of 11.1 for the Discard 3 sample (Table 

5.3). All samples show therefore alkaline paste pH values at the time of analysis, suggesting that the samples do 

not contain acidity that may be readily released upon deposition.  

5.4.2.2. ABA results 

The vast majority (90%) of tested samples (Table 5.3) show negative NNP values; NPR ratios lower than 1 and total 

sulphur contents larger unity and are therefore classified in a cross-plot of NPR versus total sulphur content 

(Figure 5.2) as potentially long-term acid generating (PAG).  
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A notable exemption is sample BH-059/06, which shows an elevated total and sulphide sulphur content (0.9 and 

0.4 % respectively) and subsequently calculated acid generating potential (28 kg/t), but just enough neutralisation 

potential (35 kg/t) to push its net neutralisation potential into the positive range (NNP = 6 kg/t) and its 

neutralising potential ratio above unity (NPR = 1.24). This sole sample is therefore classified as inconclusive or 

uncertain. 

 

 

Figure 5.2: Neutralising potential ratio versus total sulphur content. 

 

5.4.2.3. ABA results under consideration of sulphur speciation 

The sums of the sulphate and sulphide sulphur contents in the samples generally add up to the total sulphur 

content (Table 5.3), suggesting either an arithmetic determination of one species or excellent laboratory results. 

The sulphur speciation results appear regardless of the rationale behind the accurate data plausible and show that 

in the majority of tested samples a large percentage of sulphur occurs as non-acid generating sulphate sulphur. As 

stated in chapter 5.3.1.3, the ABA methodology assumes conservatively that all sulphur in the sample will react to 

form sulphuric acid; while a significant part of the total sulphur may occur as non-acid producing sulphate sulphur, 

reducing potentially the overall risk of acid generation. Based on a plot of the sulphide neutralising potential ratio 

(NPR-S2-, calculated using the sulphide acid potential (SAP)) versus the sulphide sulphur instead of total sulphur 

content (Figure 5.3), most samples could theoretically be reclassified as uncertain or inconclusive and sample 

BH089/36 as potentially non-acid generating. However, the maximum potential acidity based on the total sulphur 

content is considered more conservative and preferred in the current assessment. 
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Figure 5.3: Sulphide neutralising potential ratio versus sulphide sulphur content. 

 

5.4.2.4. ABA results under consideration of carbon speciation 

As expected for coal samples, total carbon concentrations are generally high (ranging from 25.3% to 64.1%, with 

expectedly lower values for the discard samples), with the majority occurring as organic carbon (24.5% to 57%) 

and only a relative small fraction as inorganic carbon (0.1% to 7.1%, Table 5.3). The inorganic carbon content is 

significant from an acid neutralisation perspective, as it gives rise to calculated carbonate neutralisation potentials 

(CO3-NP, see chapter 5.3.1.4). Expectedly, a poor correlation (R2 = 0.63) between the CO3-NP and the traditional 

NP (after Sobek et al. 1978) is observed, as the majority of carbon occurs as non-carbonate minerals (the organic 

matter was not exposed to oxidation in coal and the carbon occurs in aromatic benzene structures).  

The remaining low fraction of inorganic carbon gives rise to calculated CO3-NP mostly higher than NP values (NP 

values ranging from 26 to 50 kg CaCO3/t versus CO3-NP values ranging from 8 to 592 kg CaCO3/t), but might be 

burdened with measurement uncertainties due to the generally highly elevated carbon contents and are 

therefore not considered in the assessment. 

5.4.2.5. NAG test results 

The NAG pH is the result of complete or near-complete oxidation of sulphide minerals in the samples by hydrogen 

peroxide (H2O2). Samples with a NAG pH value less than 3.5 are considered to indicate PAG material, while 

samples with a NAG pH larger than 5.5 are considered to indicate NAG material, and intermediate values between 

3.5 and 5.5 indicating a low risk of acid generation. The NAG (pH 7) results (Table 5.3) for the Yzermyn samples 

range from pH 4.5 to 9.3 and suggest for around half of the samples a low risk of acid generation and for the 

remainder a split between no or high risk of acid generation. 
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A combined evaluation of the NAG pH and NPR values in Figure 5.4 splits the samples accordingly as potentially 

acid generating and uncertain (samples BH-059/06, BH089/36 and Discard 1), with the two Yzermyn coal samples 

also earlier classified as inconclusive or non-acid generating (see Figure 5.2 and Figure 5.3 respectively). 

 

 

Figure 5.4: NAG pH versus neutralisation potential ratio. 

 

5.4.2.6. Combined ARD assessment 

In summary, Delta H assessed the acid production and neutralisation potential of the Yzermyn coal samples and 

discard samples from a neighbouring mine based on the classical ABA and NAG methods as well as under 

consideration of the sulphur and carbon speciation in the samples.  

The final classification of the samples (see last row in Table 5.3) based on the combined assessment of all 

considered methods can be summarised as follows: 

 

 The majority (67%) of the Yzermyn coal samples are classified as potentially acid generating. Samples BH 

059/06 and BH 089/36 are classified as inconclusive based on their neutral NAG pH values and NPR ratios.  

 While one discard samples is classified as potentially acid generating, the other sample is considered 

inconclusive.  

 

Following the precautionary principle and considering that various coal and discard qualities might be stockpiled 

or deposited simultaneously, all stockpiled coal and discard material should be treated as potentially acid 

generating with an expected acidic leachate quality. 

 

The current assessment is in general agreement with an earlier assessment by Solution [H+] (2013b), which also 

classified the tested coal and discard samples as potentially acid generating. 
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5.4.3. Potential Leachate Quality from Solids 

The potential leachate quality emanating from the solid fraction of the ore/coal and discard samples is 

characterised using a modified Synthetic Precipitation Leaching Procedure (SPLP, EPA Method 1312) with distilled 

water and acid rain as leaching agents. The tests assess the leachability of determinants from solid materials, 

where neutral or acid rainwater in contact with the solids is considered to be the only external factor influencing 

the leachate generation. Note that the determined leachate concentrations are unlikely to represent the actual 

(undiluted) quality of seepage or run-off from the coal stockpiles or discard dumps, as the liquid-to-solid ratio of 

20:1 (50 g solid dry mass leached with 1000 ml liquid) prescribed in the methodology does not represent actual 

site specific field conditions. However, leach tests are commonly used as a preliminary screening process to 

identify potential constituents of concern.  

 

The results of the leaching tests undertaken on the Yzermyn samples under varying pH values are presented in 

Table 5.5. Note that the determinants listed in Table 5.4 below were analysed for, but leachate concentrations 

were found to be in all samples below the analytical limit of detection. The results were for the sake of clarity 

therefore omitted from Table 5.5. 

 

Table 5.4: Omitted determinants below limit of detection. 

All in mg/l 
Limit of 

detection 

Limits 

SANS 241-1 (2011) WHO (2011) IFC (2007) LCT0 LCT1 

Chloride Cl < 5 300 - - 300 15000 

Nitrate NO3 < 0.2 11 11.29 - 11 550 

Silver Ag < 0.025 - - - - - 

Arsenic As < 0.01 0.01 0.01 0.1 0.01 0.5 

Beryllium Be < 0.025 - - - - - 

Bismuth Bi < 0.025 - - - - - 

Cadmium Cd < 0.005 0.003 0.003 0.05 0.003 0.15 

Chromium Cr < 0.025 0.05 0.05 0.1 (Cr
6+

 only) 0.1 (Cr
6+

: 0.05) 5 (Cr
6+

: 2.5) 

Copper Cu <0.025 2 2 0.3 2 100 

Lithium Li < 0.025 - - - - - 

Molybdenum Mo < 0.025 - 0.07 - 0.07 3.5 

Lead Pb < 0.02 0.01 0.01 0.2 0.01 0.5 

Antimony Sb < 0.01 0.02 0.02 - 0.02 1 

Selenium Se < 0.020 0.01 0.04 - 0.01 0.5 

Titanium Ti < 0.025 - - - - - 

Vanadium V < 0.025 0.2 - - 0.2 10 

Tungsten W < 0.025 - - - - - 

Zirconium Zr < 0.025 - - - - - 

 

It must be noted that the analytical limits of detection exceed for cadmium, lead and selenium guideline and 

threshold levels (highlighted in grey in Table 5.4) used for the description of the leachate quality. However, since 

the leachate concentrations are intended to describe the source characterisations for the numerical transport 

model, this is of no further concern in the context of the study.  



 

Yzermyn Groundwater Model 31 

Table 5.5: Leach test results for the Yzermyn samples (all values in mg/l, values exceeding specified standards are highlighted). 

Sample ID Lab ID pH EC (mS/m) SO4 F Al B Ba Ca Co Fe K Mg Mn Na Ni Si Sn Sr Zn 

SANS 241-1 (2011) 5-9.7 170 250/500 1.5 0.3 
   

0.5 0.3 / 2 
  

0.5 200 0.07 
   

5 

WHO (2011)   
 

1.5 0.9 2.4 0.7 
     

0.4 50 0.07 
    

IFC (2007) 6-9  
 

 
     

2 
    

0.5 
   

0.5 

LCT0   250 1.5  0.5 0.7  0.5    0.5  0.07    5 

LCT1   12 500 75  25 35  25    25  3.5    250 

 Distilled water 

BH 059/06 4686 8.2 23 44 <0.2 0.653 0.04 0.034 <2 <0.025 0.1 1.304 <2 <0.025 43 <0.025 1.354 <0.025 0.06 <0.025 

BH-100/47 4687 8.1 26.1 73 <0.2 <0.100 <0.025 0.173 19 <0.025 <0.025 1.593 2 <0.025 23 <0.025 0.243 <0.025 0.988 <0.025 

BH-080/27 4688 7.9 44.8 131 <0.2 <0.100 <0.025 0.107 52 <0.025 <0.025 2.053 3 0.433 22 <0.025 0.259 <0.025 1.529 <0.025 

BH-103/50 4689 8.1 21.2 52 <0.2 <0.100 <0.025 0.14 17 <0.025 <0.025 1.08 <2 <0.025 20 <0.025 0.192 <0.025 0.665 <0.025 

BH-110/57 4690 8.1 16.3 23 <0.2 <0.100 <0.025 0.113 14 <0.025 <0.025 1.389 2 <0.025 21 <0.025 0.204 <0.025 0.598 <0.025 

BH 089/36 4691 8.2 21.8 55 <0.2 0.252 <0.025 0.046 3 <0.025 <0.025 1.237 <2 <0.025 27 <0.025 0.813 <0.025 0.201 <0.025 

Discard 1 10663 7.7 18.2 22 <0.2 0.19 0.157 0.042 <2 <0.025 <0.025 <1.0 <2 <0.025 38 <0.025 0.896 <0.025 0.031 <0.025 

Discard 3 10664 8 36.1 119 <0.2 1.215 <0.025 0.048 36 <0.025 0.048 2.956 <2 <0.025 30 <0.025 4.572 <0.025 0.695 <0.025 

 Acid Rain 

BH 059/06 4686 8.4 57.4 32 <0.2 <0.100 <0.025 0.344 56 <0.025 <0.025 3.977 2 0.221 57 0.038 0.686 <0.025 2.112 <0.025 

BH-100/47 4687 8.4 58.4 73 <0.2 <0.100 <0.025 0.427 76 0.043 <0.025 2.117 9 0.296 23 0.068 0.46 0.026 2.859 <0.025 

BH-080/27 4688 8 63.4 86 <0.2 0.1 <0.025 0.264 97 0.036 <0.025 2.263 5 1.038 22 0.068 0.345 <0.025 2.757 <0.025 

BH-103/50 4689 8.2 60.8 59 <0.2 <0.100 <0.025 0.306 86 <0.025 <0.025 1.561 8 0.277 21 0.038 0.318 0.026 2.876 <0.025 

BH-110/57 4690 8 69.3 19 <0.2 <0.100 <0.025 0.654 98 <0.025 <0.025 3.22 9 0.252 34 0.03 0.663 <0.025 3.422 <0.025 

BH 089/36 4691 8.2 63.5 81 <0.2 <0.100 <0.025 0.371 91 0.045 <0.025 2.258 9 0.46 22 0.085 0.35 0.031 2.894 0.032 

Discard 1 10663 8.2 61.7 25 <0.2 0.14 <0.025 0.36 92 <0.025 <0.025 4.358 <2 0.463 44 0.039 1.079 <0.025 2.887 <0.025 

Discard 3 10664 8.2 82.8 121 0.3 0.139 <0.025 0.108 175 0.032 <0.025 4.414 4 0.787 34 0.106 10.2 <0.025 2.349 <0.025 
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5.4.3.1. Distilled water leach test results 

The general inorganic, distilled water leachate quality from the coal and discard samples (Table 5.5) can be 

described as benign. Only aluminium (Al) and manganese (Mn) recorded in the distilled water leachate are seen to 

exceed acceptable drinking water limits in 3 individual samples, namely sample BH 059/06, BH-080/27 and sample 

discard 3.  

5.4.3.2. Acid rain leach test results 

Once slightly acidic leachate conditions are simulated using acid rain (Table 5.5), elements like manganese and 

nickel become expectedly more mobile and exceed (or are close to exceeding) in several samples acceptable 

drinking water limits as well as the leachable concentration threshold LCT0, flagging it solely based on this criteria 

as a Type 3 waste (see Table 5.2).  

 

Despite these exceedances, both, the distilled water as well as the acid rain inorganic leachate quality from the 

coal and discard solids is unexpectedly benign. The observed low metal concentrations are most likely attributable 

to the high sorption capacity of the coal, adding essentially a carbon filter to the leach test set-up. Furthermore, 

while most coal samples were classified as potentially acid generating, the pH values of the distilled water and 

acid rain leach tests are in fact alkaline (all pH values above 7.7 and 8 respectively). It appears that sufficient 

neutralisation capacity was available during the acid rain leach test to buffer the acid rain, while the sulphur is not 

oxidised by the leach test conditions (fully saturated) and duration (18 hours) and produces subsequently no 

acidity. Fully saturated leach conditions are obviously not expected for the coal stockpile and the test results 

should therefore be seen with precaution. 

5.4.3.1. Proposed source terms 

A technical memo by Solution [H+] (2013a) addressed the potential leachate quality emanating from the Yzermyn 

discard dump based on published data. Based on a study of 12 discard samples with similar sulphur contents, 

Harck et al (2009) simulated a likely seepage quality with sulphate concentrations of 7 400 mg/l. The values were 

further substantiated by reported groundwater quality data from boreholes downstream of 2 discard facilities in 

the Mpumalanga Province (Hodgson et al 2007), with sulphate concentrations ranging from 860 to 2330 mg/l. 

Both data sets show significantly higher sulphate concentrations for seepage from the discard facility than the 

values for leachate from discard solids determined in the current assessment (20 to 120 mg/l).  

 

As discussed earlier, the underestimation of sulphate concentrations in the current assessment might be related 

to the saturated (standard) test procedure. However, more importantly, the available discard samples were solids 

only, and did not entail the process water used to pump the actual slurry to the discard facility. It appears that a 

large component of the total sulphate (and other constituent) load is linked to the process water and not the coal 

fines solids itself. Since the process water will determine the actual seepage quality during life of mine, no 

changes in the source term put forward by Solution [H+] (2013a) are therefore recommended. The adopted 

source concentrations utilised for the different pollution sources in the predictive model simulations are therefore 

given in Table 6.2.  

The only source term concentration originating from the current assessment is related to the coal stockpile area, 

for which an average sulphate concentration of 130 mg/l (highest observed leachate concentration for all 

samples, Table 5.5) is proposed. 
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6. MODEL DEVELOPMENT 

6.1. COMPUTER CODE 

The software code chosen for the numerical finite-element modelling work was the 3D groundwater flow model 

SPRING, developed by the delta h Ingenieurgesellschaft mbH, Germany (König, 2011). The program was first 

published in 1970, and since then has undergone a number of revisions. SPRING is widely accepted by 

environmental scientists and associated professionals. SPRING uses the finite-element approximation to solve the 

groundwater flow equation. This means that the model area or domain is represented by a number of nodes and 

elements. Hydraulic properties are assigned to these nodes and elements and an equation is developed for each 

node, based on the surrounding nodes. A series of iterations are then run to solve the resulting matrix problem 

utilising a pre-conditioning conjugate gradient (PCG) matrix solver for the current model. The model is said to 

have “converged” when errors reduce to within an acceptable range. SPRING is able to simulate steady and non-

steady flow, in aquifers of irregular dimensions.  

SPRING solves the stationary flow equation independent of the density for variable saturated media as a function 

of the pressure according to: 

 

                  
  

 
         

          

 
           

           
 

  
 
 

  
 
 

  
   

                 
                                       

                         
 

                   

                       
                              
             

 

 

The relative hydraulic conductivity is hereby calculated as a function of water saturation, which in turn is a 

function of the saturation: 
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Solving these equations for the relative saturation as a function of the capillary pressure Sr(pc) results in the 

capillary pressure- saturation function according to the Van Genuchten (1980) model as used in SPRING: 

 

                          
  
  
 
 

 

   
 

 

The water entry pressure is a soil specific parameter and defined as the inverse of a = 1/pe in the saturation 

parameters.  

 

The density independent, instationary flow equation for variable saturated media as a function of the capillary 

pressure is given as follows: 

 

             
       

  
 
  

  
        

  

  
    

         

 
             

The specific pressure dependent storage coefficient Ssp is hereby given as 

              

                                             
                                        
                        

 

 

The transport equation for a solute in variably saturated aquifers is given as follows: 

 

       
  

  
                                         

                                                          
                            

                    

 

                                
                                                           

 

The software is therefore capable to derive quantitative results for groundwater flow and transport problems in 

the saturated and unsaturated zones of an aquifer. 

 

While SPRING allows the consideration of sorption as well as chemical or biological decay processes, the current 

model assumes according to the precautionary principle (and in the absence of measured geochemical parameter 

an ideal), non-retarded transport behaviour of the simulated solutes.  
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6.2. MODEL DOMAIN 

The model domain covers a surface area of 624.72 km2 and coincides with the W51A quaternary catchment 

boundaries, so as to ensure a dependable water balance for the model with recharge being the main driver of 

groundwater flow. The boundaries follow mostly topographic highs and are considered to also define 

groundwater divides or the outer no-flow model boundaries (Table 6.4). The assigned no-flow boundary is not 

exactly valid for the NE model boundary along the Assegaai River, as the respective quaternary catchment 

boundary is based on surface run-off volumes and not on a water divide along a topographic high or any other 

physical flow barrier. While the boundary is therefore likely to experience limited groundwater outflows in nature 

(due to the low conductivity of the fractured aquifer), only surface discharges from the model domain are 

simulated in the model. The boundary is however far downstream of the area of influence so as not to unduly 

influence the model results.  

 

 

Figure 6.1: Surface elevation and drainage systems within the regional model domain. 

 

The model domain was spatially discretised into 74 011 nodes on seven node layers, which make up six element 

layers with 88 992 elements (triangles and quadrangles) per layer (not all of which are active due to outcropping 

layers beyond the mine area). The horizontal element size (side length) varies from a minimum of 10 m in the 

proposed mining area to a maximum of 150 meters (Figure 6.2) further away from the area of interest and 

expected steep groundwater head or concentration gradients. The spatially variable discretisation of the (finite-

element) model domain allows a sufficiently accurate incorporation of discrete mine voids and infrastructure in a 

regional groundwater flow model used to ensure a defendable water balance. 
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Figure 6.2: Finite element mesh of the Yzermyn Groundwater Model (mine infrastructure indicated in red, 
drainages in blue). 

 

The finite-element model was set-up as a three-dimensional six element layer, steady-state groundwater model. 

In view of the capabilities of the used software to simulate outcropping layers, the layers were arranged to 

represent the conceptual model as well as the proposed mine voids (Figure 6.3). Not all layers used to represent 

the mine geometry are therefore present throughout the model domain (Table 6.1).  

 

Table 6.1: Layer arrangement for the Yzermyn Groundwater Model. 

Node 

layer 

Element 

layer 

Aquifer / Mining feature Data used for interpolation 

1 I, top Surface elevation Digital Elevation Model 

(LIDAR survey) 

2 I, bottom Weathered zone DEM - 10 m 

3 II, bottom Bottom of weathered zone DEM - 20 m 

4 III, bottom Bottom of aquitard at base of weathered zone  DEM - 30 m 

5 IV, bottom Only within mining area: Underground mining blocks 

(stopes), used to assign drainage boundary condition 

Alfred Seam Roof_Floor.dxf 

6 V, bottom Only within mining area: Underground mining blocks 

(stopes), used to assign drainage boundary condition 

Dundas Seam Roof_Floor.dxf 

7 VI, bottom Bottom of flow system DEM - 350 m 
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In accordance with the developed conceptual model, the upper two model layers (I and II) simulate the shallow 

weathered aquifer and were split for numerical accuracy reasons. The lower model layers (IV to VI) represent the 

fractured Karoo aquifer and the proposed mine voids. A layer (III) of lower permeability separates the two aquifer 

systems, representing a semi-permeable aquitard (at the bottom of the weathered zone) which limits vertical 

exchange (leakage) between the two aquifer systems (as evident in the separate water levels).  

The top elevation of the shallow weathered aquifer (i.e. element layer I) is based on the LIDAR survey data for the 

site. The bottom elevation of the shallow weathered aquifer (i.e. the base of layer II) was, based on the average 

depth of weathering, offset by 20m below the DEM and the low permeability aquitard at the bottom of the 

weathered zone offset by a further 10m. The lower fractured Karoo aquifer layer (element layers IV-VI) is split 

within the proposed underground mining area to represent the Alfred and Dundas coal seams (representing the 

local drainage elevation) as well as their vertical off-set (Table 6.1). The lower boundary of the active flow system 

in the fractured aquifer was considered to be 350m below surface, ensuring sufficient distance to simulate 

groundwater flow processes below the deepest envisaged mining depth. 

 

 
Figure 6.3: Example of the vertical grid layout across the proposed underground mining areas (colours 
indicate numerical model layers). 

 

 

  



 

Yzermyn Groundwater Model 38 

6.3. SOURCES AND SINKS 

6.3.1. Groundwater Recharge 

Groundwater enters the model domain as direct recharge from rainfall to the shallow weathered aquifer. A 

uniform regional recharge rate of 62 mm or around 7 % of the mean annual precipitation (MAP) of 922 mm was 

applied in the model. Most of recharge that enters the shallow weathered aquifer exits the modelled domain (or 

shallow aquifer system) as outflow (baseflow) to rivers, indicating significant surface and groundwater interaction, 

though it most likely limited to the rain season (not quantifiable based on monitoring data or with a steady-state 

model). 

6.3.2. Groundwater Abstractions 

The client intends to abstract groundwater to augment the water demand in the wash plant and for general mine 

supply (WSP 2013) depending on the actual encountered mine inflow rates over time. Groundwater abstractions 

are currently envisaged from boreholes CBH2D and CBH3S (see Table 3.1 for borehole details), with rates of 1 L/s 

with a duty cycle of 12 hours per day. WSP (2013) considered the pumping rates unsustainable based on the short 

term aquifer test results and the recent, site-specific long term pumping tests (chapter 4.3) confirmed the limited 

extent respectively longer term yield of the shallow aquifer. 

6.3.3. Rivers and Streams 

Water leaves the model domain via numerous perennial and non-perennial rivers. Notwithstanding the type, all 

surface water drainages were classified as continuously gaining river courses. A river or 3rd type (Cauchy) 

boundary condition was assigned to the streams and river courses within the model domain whereby the leakage 

of groundwater into the river (or vice versa) depends on the prevailing gradient. The streams/rivers were 

generally classified as potentially gaining streams/rivers and no leakage of surface water into the aquifer 

respectively the model domain allowed. With the chosen approach no water losses occur from the perennial and 

non-perennial rivers into the model domain, but groundwater on either side of the river/drainage might discharge 

into it as a function of the calculated gradients. The streams act therefore only as groundwater sinks. In the 

absence of site specific data, leakage of groundwater into the rivers/streams is assumed to be not constricted by 

semi-pervious layers in the river bed and a leakage coefficient equivalent to the aquifer permeability assigned to 

the river. An incision of 5 m below the surrounding topography is assumed for the hydraulic active river bed. 

6.3.4. Regional Groundwater Flow 

While shallow groundwater flow follows surface topography (chapter 4.4) and shallow (unstressed) groundwater 

divides coincide therefore with surface water catchment boundaries, the latter is most likely not true for deeper 

groundwater flow systems. However, due to lack of regional data (i.e. water levels) for the deeper fractured 

aquifer, no regional groundwater in- or outflows to or from deeper aquifer systems beyond the model domain 

were considered. The exclusion of deeper regional groundwater flow is a simplification of the actual flow system, 

but its omission appears justified, especially since the upstream model boundary coincides with a regional 

topographic high and since the other boundaries are removed from the area of interest so as not to influence the 

outcome of the model. Delta H is however aware of the associated uncertainty. 
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6.3.5. Underground Mine Workings 

The proposed underground mine workings were integrated into the model domain for the predictive flow 

simulations during life of mine as free seepage surfaces for the grid nodes representing the different mine voids, 

i.e. Alfred and Dundas seam mine voids. The bottom of the local element layers III and IV were therefore aligned 

with the elevation of the mine voids as obtained from dxf-files provided by the client (Table 6.1). Groundwater is 

only allowed to discharge into the underground mine voids and it is assumed that any groundwater entering the 

mine voids is removed instantly, i.e. pumped out. No water flow within the mine voids or infiltration of water 

from the mine voids into the aquifers (return flows) is simulated. 

 

For the post closure simulations, the seepage/leakage boundary was removed from the mine void model layers, 

so that the mine voids become an integral, though highly altered part of the fractured Karoo aquifer. The changes 

relate to an increased, essentially infinite hydraulic conductivity and elevated porosity (60%) for the mine voids. 

The expected source concentration for the mine voids respectively potential decant (if any) are given in Table 6.2 

below. 

6.3.6. Seepage from Mine Residue Deposits 

Seepage from several mine residue deposits associated with the proposed development has the potential to 

impact on the ambient groundwater quantity and/or quality. The different sources identified by WSP (2013) are 

also applicable to the updated surface infrastructure layout assessed in the current study and therefore 

summarised below. 

 

Discard dump: ATHA intends to maximise the recovery of saleable product by a two stages washing plant. The 

remainder discard will be disposed on a discard dump. Several design scenarios for the discard dump 

(Table 6.3), ranging from an unlined facility (worst case scenario) to a HDPE geomembrane liner system, 

were evaluated with the model. Either scenario entails a compacted base, sloped towards cut-off drains 

or toe paddocks to manage surface run-off and seepage. 

Pollution control dams (PCD): PCDs will be lined with HDPE and are not considered a significant groundwater 

pollution source if operated according to best practice. 

Coal stockpiles (ROM, Primary and Secondary): Washed coal will be stockpiled on site before off-site transport. 

Based on the current geochemical assessment (chapter 5.4.3), sulphate concentrations of around 130 

mg/l are estimated for the seepage from these facilities (assuming no discharge of process water). While 

these concentrations are already below the drinking water limits, it is furthermore assumed that the 

stockpile area will be prepared as a hard surface (concrete floor) with appropriate surface water 

management. The stockpiles are therefore not considered a significant groundwater pollution source.  

Plant area: The area will be prepared as a hard surface (concrete floor) with appropriate surface water 

management structures and is therefore not considered a significant groundwater pollution source. 

 

WSP (2013) adopted for their impact assessment the source terms (Table 6.2) determined by Solution H+ (2013a) 

based on data from similar mining operations in the region. Sulphate was used as the major constituent of 

concern to be incorporated into the predictive model simulations. This is also confirmed by the geochemical 

assessments of the Yzermyn discard and coal seam samples by Solution H+ (2013b) and Delta H (chapter 5.4.2), 

which showed a risk of acidic seepage from the samples due to their elevated sulphur content. 
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Table 6.2: Source terms for the Yzermyn Groundwater Model (WSP 2013 and current assessment). 

Source Comments 
Average 

pH 

Average 

SO4 at 

source 

(mg/L) 

Avg SO4 in 

downstream 

aquifer (mg/L) 

Seepage rate 

Discard Dump 

- No samples available. 

- Published information 

used from 12 examples. 

- Infiltration limited by 

permeability of underlying 

rocks., could be similar to 

background rates if discard 

slopes towards drains to 

capture excess seepage 

6.51 7400 862 - 2329 

Uncovered discard:  

15 - 40% of MAP 

(25% of MAP used 

for predictive 

simulations)  

Coal stockpiles  

Highest sulphate concentra-

tion observed in current 

leach tests (Table 5.5) 

4.4 – 7.7 130 - 

Zero, hard surface 

(concrete floor) with 

appropriate surface 

water management 

Underground 

workings 

Information taken from 

Hlobane, 82km SE of 

project. 

7.5 2576 - 
Depend on rate of 

recharge 

Decant from 

underground 

workings 

Information taken from 

Hlobane, 82km SE of 

project. 

8.39 927 - 
Depend on rate of 

recharge 

 

The seepage rates (in mm per annum and square metre) for the different discard dump design scenarios (Table 

6.3) of the current study are based on average values for an uncovered discard dump (analogue studies by WSP 

2013) or calculated seepage rates for different liner designs by Giroud et al (1994). The latter assumes typical 

qualities of installed liner systems (e.g. geomembrane defects) or conductivities (k) of compacted clay liner (CCL, 

typical thickness between 0.3 and 1.5 m) and an average hydraulic head of 0.3 m above the liner system. 

Scenarios II and III consider a Compacted Clay Liner as well as a Composite Liner, comprising of a HDPE 

Geomembrane on top of a Compacted Clay Liner to mitigate potential environmental impacts of the discard 

dump. 

Table 6.3: Seepage rate for the different discard dump design scenarios. 

Scenario Type of liner Source Seepage rate 

I Compacted Base WSP (2013) 230 mm/a (or 25% of MAP) 

II Compacted Clay Liner (k~1E-09 m/s) 
Giroud et al (1994) 

55 mm/a 

III Composite Liner, HDPE & CCL (k~ 1E0-9 m/s) 0.0365 mm/a 

 

The low seepage rate of the Composite Liner System in Scenario III is a cumulative effect of the CCL and HDPE 

Geomembrane and appears a reasonable seepage estimate for the actually envisaged Discard Dump liner system 

(Figure 6.4), suitable for the disposal of moderate risk material. 
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Figure 6.4: Proposed Composite Liner System for the Yzermyn Discard Dump (MINDSET, as provided by 
Atha Africa Venture (Pty) Ltd) on the 17th of February 2014) 

 

Following the precautionary principle, Delta H assumed no reduction in post-closure seepage rates for the discard 

dump despite cessation of deposition and envisaged closure measures. 

6.4. BOUNDARY CONDITIONS 

The horizontal model boundaries follow mostly topographical surface water divides (i.e. quaternary catchment 

boundaries). These no-flow boundaries are generally far removed from the area of interest so as not to influence 

the outcome of the model predictions and to allow changes in the flow pattern due to simulated mining activities. 

A description of the physical features and other assigned boundary conditions is given in Table 6.4. 

 

Table 6.4: Boundary conditions of the Yzermyn Groundwater Model. 

Boundary Element layer Natural feature Assigned boundary condition 

Top I Land surface 
Recharge  

(see chapter 6.3.1) 

Top I Surface water courses 
River lines (no losses allowed, 

see chapter 6.3.3). 

Top I Mine Residue Deposits 
Seepage / Recharge  
(see chapter 6.3.6) 

Horizontal I – V Topographic high No-Flow 

Internal III and IV Alfred and Dundas seam mine voids 
Free Seepage  

(see chapter 6.3.5) 

Bottom V Vertical limit of active groundwater flow system No-Flow 
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6.5. SELECTION OF CALIBRATION TARGETS AND GOALS 

The groundwater levels (in metres above mean sea level) observed in 18 groundwater monitoring boreholes 

(excluding uncased older exploration boreholes and borehole CBH5S, which has collapsed in 2014) were 

considered representative of the aquifers and used as calibration targets (Table 6.5).  

Table 6.5: Calibration water levels used for the Yzermyn Groundwater Model (all in mbgl). 

Borehole ID X Y 

Date of measurement Delta 
2013-
2014 

03/03/13 18/03/14 16/04/14 23/05/14 25/06/14  

CBH 1  -67755 -3013473 2.64 1.60 1.61 1.62 1.60 1.04 

CBH 2 S -71269 -3013174 15.16 14.60 14.21 14.08 13.29 0.56 

CBH 2 D -71267 -3013185 15.49 15.39 15.9 16.30 16.43 0.10 

CBH 3 S -69209 -3013708 1.63 0.87 1.45 1.25 1.44 0.76 

CBH 3 D -69209 -3013708 44.75 36.19 36.27 35.19 35.49 8.56 

CBH 4 S -68395 -3012475 11.75 6.63 8.00 8.34 8.42 5.12 

CBH 4 D -68395 -3012476 37.95 38.90 38.47 39.1 39.51 -0.95 

CBH 5 S -69739 -3012936 12.7 8.49 Collapsed 4.21 

CBH 5 D -69806 -3012878 24.99 23.96 23.91 24.38 24.59 1.03 

CBH 6 -68759 -3012187 30.95 13.71 13.71 13.83 13.93 17.24 

CBH 7 S -68707 -3012942 8.97 12.13 11.90 12.15 12.75 -3.16 

CBH 7 D -68716 -3012938 57.77 61.85 58.11 54.93 54.71 -4.08 

CBH8 S -70313 -3012868 14.6 3.17 3.20 3.25 3.24 11.43 

CBH8 D -70315 -3012868 38.75 2.64 2.73 2.79 3.02 36.11 

ATHA-BH1 -69151 -3011795 23.6 
    

 

ATHA-BH3 -67862 -3012549 4 
    

 

ATHA-BH4 -67806 -3012470 4.5 
    

 

ATHA-BH5 -71092 -3012360 9.9 
    

 

ATHA-BH6 -67753 -3012401 3 
    

 

 

While the latest June 2014 water level measurement were used as calibration targets for most boreholes, the 

older March 2013 water levels measured in the ATHA boreholes were still considered to achieve a better coverage 

of monitoring points within the mining area. The groundwater monitoring program initiated by the client made 

more groundwater level measurements available for the model calibration; but do not cover a full hydrological 

year yet and preclude therefore a transient calibration of the model. The available measurements of 4 months 

within the same dry season (and one repetitive March reading) in 2013 and 2014 limit therefore the model 

calibration to steady-state only, which assumes average conditions over all seasons. 

 

Some interesting observations can be made from the water level changes between March 2013 and 2014: While 

most boreholes show increases of water levels around 0.5 to 5 m, boreholes CBH 6, 8S and 8D show significant 

increases of up to 36 meters. The average absolute change in 2013 and 2014 water levels of 6.7 m drops to 2.7 m 

if the latter boreholes are excluded.  

Such behaviour might be explained to low yielding aquifers slowly equilibrating with borehole water levels after 

drilling and pumping tests for CBH 6 and CBH 8S, but shows most likely a hydraulic interconnection or shortcut 
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between the boreholes CBH8S and CBH8D. In other words, the nested piezometers targeting the shallow 

weathered and deep aquifer appear to be no longer hydraulically separated and equilibrate at a similar water 

level. A similar process might also be the reason for increasing water levels in borehole CBH 6, where water from 

the shallow aquifer slowly leaks into the deep borehole (82mbgl), which starts to reflect a mixture of the shallow 

and deep water levels. In order to prevent hydraulic shortcuts between the two aquifer systems, borehole CBH6 

and especially CBH8D should be inspected and potentially backfilled. 

 

The potentially associated error in average water levels (as indicated by the measurements in March 2013 and 

2014) is estimated at ±2.7 m, while additional ±2m seasonal water level fluctuations should also be considered in 

the interpretation of the data.  

The overall uncertainty in measured, “average” water levels is therefore set at ±5 m and any visualised absolute 

drawdown value below this threshold should be seen with precaution (note that such error does not influence the 

simulated drawdown in meters or change in water levels, but only the absolute water levels).  

 

Since the modelled groundwater levels are directly related to the assigned recharge rates and hydraulic 

conductivities, an independent estimate of one or the other parameter is required to arrive at a potentially 

unique solution of the model. The estimated recharge and seepage rates (chapter 6.3.1 and 6.3.6) were therefore 

considered fixed for the calibration.  

6.6. INITIAL CONDITIONS 

The initial conditions specified in numerical model were as follows: 

 Starting heads for the shallow aquifer were interpolated from measured water levels using Bayesian 

interpolation, i.e. co-kriging using the established correlation between surface topography and 

groundwater elevation. 

 Starting heads for the deeper fractured aquifer interpolated from measured water levels (Gaussian 

interpolation). 

 Hydraulic conductivities of 2E-06 m/s for the weathered and of 6E-07 m/s for the fractured aquifer in 

accordance with the pumping and slug test results.  

 Vertical hydraulic conductivities were set at 10% of the horizontal conductivities. 

 Porosity values do not influence the outcome of the steady-state flow model, but only the transient 

transport model results. Effective porosity values were conservatively specified as 5% for the weathered 

and 1% for the fractured aquifer. 

6.7. NUMERICAL PARAMETERS 

SPRING uses an efficient preconditioned conjugate gradient (PCG) solver for the iterative solution of the flow and 

transport equation. The closure criterion for the solver, i.e. the convergence limit of the iteration process was set 

at a residual below 1e-06. The Picard iteration, used for the iterative computation of the relative permeability for 

each element as a function of the relative saturation respectively capillary pressure, used a damping factor of 0.5 

and was limited to 10 iterations. The relative difference between the two computed potential heads or capillary 

pressures after 10 iterations was usually below an acceptable 0.01 m.  
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7. MODEL CALIBRATION 

7.1. STEADY STATE CALIBRATION 

The groundwater levels (in metres above mean sea level) observed in 18 groundwater monitoring boreholes were 

considered representative of the aquifers and used for the calibration. No discharge measurements in the river 

courses were available for steady-state calibration purposes. Since the modelled groundwater levels are directly 

related to the assigned recharge rates and hydraulic conductivities, an independent estimate of one or the other 

parameter is required to arrive at a potentially unique solution of the model. The estimated regional recharge rate 

was therefore considered fixed during the calibration and only hydraulic conductivities varied. The original model 

was run with the initial conditions and the hydraulic conductivities adjusted using sensible boundaries until a best 

fit between measured and computed heads was achieved. No attempt was made to change hydraulic conductivity 

values within different aquifers and aquitards, so as to achieve representative uniform aquifer parameters for the 

entire model domain.  

 

 
Figure 7.1: Steady-state calibration of the Yzermyn Groundwater Model. 

 

The root mean square error (RMSE) respectively the normalised root mean square error (NRMSE) were used as 

quantitative indicators for the adequacy of the fit between the 18 (=n) observed (hobs) and simulated (hsim) water 

levels: 
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The normalised root mean square error scales the error value to the overall range of observed heads within a 

model domain (here hmax – hmin =1604mamsl - 1451 mamsl = 153 m), with values lower than 10% considered 

acceptable. 

 

Despite this enforced regional constraint of uniform hydraulic conductivity values for the geological strata, a very 

good correlation between observed and modelled water levels (R2 = 0.98 or 98% correlation, Figure 7.1) with no 

obvious bias towards too high or low modelled heads (even distribution of data points around regression line in , 

Figure 7.1) was achieved for the steady-state calibration.  

 

The corresponding root mean square error of 7.66 and normalised root mean square error of 5% are considered 

more than acceptable for the regional model and the quality of water level observations.  

 

The calibrated conductivity values (Table 7.1) appear plausible and agree exactly with the value determined in the 

latest site specific pumping test of the shallow weathered Karoo aquifer (1.5E-06 m/s, see chapter 4.3), but are an 

order of magnitude lower than the values for the fractured Karoo aquifer (2E-06 m/s, see chapter 4.3). However, 

the pumping test result appears to rather represent the shallow weathered and fractured aquifer and is therefore 

biased to the higher permeability weathered aquifer. A comparison to conductivity values of preceding (WSP 

2013) tests is closer to the calibrated value (geometric mean of 6E-07 m/s, chapter 4.2).  

 

No site specific hydraulic test results are yet available for the dolerite sills or faults itself, but the calibrated values 

fall within literature ranges. The low permeability of the dolerite intrusions and assumed closed faults limit flow 

across these structures. The calibrated conductivity values were subsequently used for the predictive model runs 

described below. 

 

Table 7.1: Final hydraulic conductivities of the Yzermyn Groundwater Model. 

Aquifer 
Hydraulic conductivity 

[m/s] [m/d] 

Weathered Karoo Aquifer  1.5E-06 0.1296 

Aquitard at bottom of Weathered Karoo, dolerite sill  6E-09 5E-04 

Fractured Karoo Aquifer 1E-07 0.0086 

Dolerite Intrusions 2E-08 0.0017 

Faults 5E-08 0.0043 

 

Expectedly, the modelled groundwater contours (Figure 7.2) are closely related to the topography, and 

groundwater flows from higher lying ground towards lower lying valleys (drainage lines).  
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Figure 7.2: Simulated pre-mining groundwater table contours for the weathered aquifer (in mamsl) (target area indicated by solid, lease area by 
dashed thick line). 
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7.1. SENSITIVITY ANALYSIS AND MODEL VERIFICATION 

No sensitivity analysis with regard to modelled groundwater levels was performed. Due to the prevalence of 

water level measurements in the shallow weathered aquifer, the model proofed during the calibration process 

expectedly most sensitive to hydraulic conductivity values assigned the weathered aquifer and the dolerite sill 

below the weathered aquifer (with assumed fixed recharge values). The influence of hydraulic conductivity values 

assigned to the fractured aquifer and faults was on the other hand less pronounced. 

 

Model verification entails a comparison of simulated heads against observed heads, preferably taken under 

different hydraulic conditions (e.g. drought years), which have not been used for the model calibration. In view of 

limited water level data available for the study, no model verification could be done. 
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8. PREDICTIVE SIMULATIONS 

8.1. ESTIMATED MINE INFLOW RATES 

The calibrated groundwater flow model was used to estimate the annual average steady-state groundwater 

inflows into the underground mine voids. Since no annual mining plans over the life of mine were made available 

to the project team, only the inflow rates into the final, fully developed underground mine voids were 

determined. It must be noted that any steady-state groundwater model is likely to be a rough estimate of time 

dependent groundwater inflows, as it does not account for the increasing dewatering of the aquifer over time and 

hence reduced yields approaching the simulated steady-state inflows. However, in the absence of groundwater 

level measurements over time or mine development plans, the chosen approach appear justified. 

 

Several counteracting factors influence inflows into underground mine workings and are notoriously difficult to 

predict. While the stress-induced increase (up to two orders of magnitude) of the rock-mass permeability in the 

vicinity of the excavations due to the blast damaged zone (which are amongst others dependent on the rock 

strength and excavation method) increase the inflows, unsaturated flow processes in the vicinity of mine workings 

can decrease the rock-mass permeability and hence inflows by similar orders magnitudes. Simulated mine inflow 

values should therefore be seen as an initial estimate, which should be reviewed once actual inflow data become 

available. 

 

The steady-state groundwater inflows into the fully developed Yzermyn Underground Coal Mine voids predicted 

with the calibrated groundwater flow model (scenario I) amount to around 5.7 L/s (Table 8.1). 

 

Table 8.1: Estimated inflow rates for the proposed Yzermyn Underground Coal Mine. 

Simulated Yzermyn Underground Mine (steady-state) Inflow Rates 

Coal Seam m3/a m3/d L/s* 

Alfred  102 835 282 3.3 

Dundas 76 362 209 2.4 

Total 179 197 491 5.7 
*
 Note rounding errors for derived units. 

 

The predicted inflow rate is based on the assumption that the dolerite sill underlying the site has a hydraulic 

conductivity of 6E-09 m/s and the faults transecting the proposed underground mining areas a hydraulic 

conductivity of 5E-08 m/s; it provides therefore a base scenario for the impact assessment (see chapter 8.1.1). 

 

The simulated inflow rates of around 370 m3/d fall within the lower range of inflows simulated by WSP (2013), 

which ranged from 330 to 1280 m3/d. This can be mostly attributed to the consideration of unsaturated flow 

conditions, whereby the hydraulic conductivity (or relative permeability) is a function of the water saturation and 

reduced by up to two orders of magnitude for “completely” unsaturated conditions (simplified description of the 

physical correct term of residual saturation). However, as noted above, the inflows simulated with the current 

model are strongly dependent on the hydraulic conductivity of the faults and may increase by an order of 

magnitude to values exceeding the upper range of the WSP values if the conductivities of the faults are increased 

accordingly. Delta H deemed such extreme scenario as unlikely and based the assessment therefore on average 

conductivity respectively inflow values. 
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A major risk for the mining operations due to excessive inflows and for the environment due to associated water 

table drawdown is therefore the intersection of highly permeable water bearing fractures or faults, especially if 

they transect also the dolerite sill. However, such small scale heterogeneity of aquifer properties is essentially 

impossible to assess based on surface drilling campaigns. The potential intersection of water bearing fractures 

should therefore be investigated using cover drilling during the development of the mine and associated risks and 

potential impacts minimised by pre-grouting. 

8.1.1. Sensitivity of estimated mine inflow rates 

The assigned low hydraulic conductivity of the dolerite sill overlying the proposed underground coal mine limits 

the vertical infiltration of water and hence the mine inflows. To account for the uncertainty associated with the 

assigned aquifer parameter, Delta H used the calibrated groundwater flow model or base scenario as a starting 

point for model scenarios with variable input parameter, i.e. hydraulic conductivities. The values of the saturated 

hydraulic conductivity of the semi-permeable dolerite sill were subsequently varied within reasonable boundaries 

and re-assigned to the numerical model to reflect the uncertainty associated with the assumption of a continuous, 

un-fractured dolerite sill. Delta H followed the classical approach of numerical model sensitivity analysis by 

multiplying the parameter with fixed constant values and assessed thereby also the lower limits of mine inflows 

under the assumption of lower conductivity values. 

 

The assigned saturated, i.e. maximum hydraulic conductivity values of the aquitard (dolerite sill) as well as 

fractures within the model domain were varied synchronously by up to one order of magnitude to account for 

their variability and uncertainty. This was achieved by multiplying the assigned conductivities (see Table 7.1) with 

certain factors and subsequent re-runs of the predictive model simulations. The predicted steady-state 

groundwater inflows into the fully developed underground mine voids for the various model runs along with the 

assigned multiplication of hydraulic conductivities are given in Table 8.2. 

 

Table 8.2: Simulated mine inflow rates as a function of hydraulic conductivity ranges for the dolerite sill 
and fractures. 

Model Scenario/Multiplier 
Mine Inflows Difference to base scenario 

[m3/d] [L/s] [L/s] [%] 

1/32 218.42 2.53 -3.15 -56 

1/16 233.29 2.70 -2.98 -52 

1/8 252.30 2.92 -2.76 -49 

1/4 263.68 3.05 -2.63 -46 

1/2 482.50 5.58 -0.10 -2 

2/3 486.75 5.63 -0.05 -1 

1 490.95 5.68 0 0 

1.5 683.98 7.92 2.23 39 

2 855.02 9.90 4.21 74 

4 1389.18 16.08 10.40 183 

8 2046.28 23.68 18.00 317 

16 2637.60 30.53 24.85 437 

32 3010.47 34.84 29.16 513 
 

Varying the hydraulic conductivities between a factor of 1/32 and 32 results in a subsequent reduction of mine 

inflows by up to -56% respectively an increase of simulated mine inflows by more than 500% (Table 8.2). In other 

words, the simulated mine inflows are highly sensitive to larger than expected conductivity values of the dolerite 

sill, but less sensitive to lower values. The simulated inflows for the base case scenario appear to be already 
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substantially limited by the overlying aquitard, and a further reduction of its conductivity has limited influence on 

mine inflows. Should the dolerite sill on the other hand be more permeable (e.g. fractured or weathered) than 

assumed, mine inflows are expected to increase substantially. 

 

 
Figure 8.1: Sensitivity of simulated mine inflows to assigned hydraulic conductivities in layer III (dolerite 
sill). 
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8.2. IMPACTS ASSOCIATED WITH MINE INFLOWS 

8.2.1. Description of Impacts 

Assuming re-use or other environmentally acceptable disposal practices of the groundwater entering the 

underground mine voids, the environmental impacts associated with the mine inflows are primarily associated 

with: 

 

 the partial dewatering of the aquifer above and in the vicinity of the underground mine voids with 

subsequent impacts on groundwater dependant eco-systems and groundwater users, 

 the interception of ambient groundwater flow, which would have under natural conditions discharged 

into the surface drainages, provided baseflow to the rivers, or contributed to deeper regional 

groundwater flow.  

 

The simulated impact of the partial dewatering of the weathered and fractured Karoo aquifer due to mine inflows 

is depicted in Figure 8.2 and Figure 8.3 respectively as contours of drawdown from the pre-mining groundwater 

table in meters, i.e. the lowering of the water table due to the proposed mining operations. The cones of 

dewatering are presented as contour areas with cut-off values of 2 and 5 m respectively, representing the 

perceived seasonal variability of water levels (water level fluctuations are typically larger in lower porosity, 

fractured aquifers) as well as the uncertainties associated with the model predictions for the different aquifers 

(fractured aquifers are generally more heterogeneous and hence difficult to characterise hydraulically). 

 

Due to the limited hydraulic connectivity between the shallow weathered and deeper fractured Karoo aquifers, 

the cone of dewatering is expectedly far more pronounced in the actually mined, deeper fractured aquifer. The 

cone of dewatering in the shallow aquifer will preferentially expand along structural discontinuities like faults, 

which provide groundwater pathways between the two aquifer systems. Due to its generally lower permeability, 

the cone of dewatering in the fractured aquifer is steeper, whereas the higher permeability of the weathered 

aquifer results in a wider, but shallower cone.  

 

The simulated extent of the (steady-state) zone of impact (2m cut-off) of the underground workings on the 

shallow weathered aquifer extends predominantly upstream of the mine and is limited to around 2 km SW and 

3 km towards the SE (Figure 8.2). Significant impacts with drawdowns above 5m are likely to be limited to an area 

immediately SE above the underground mine workings and associated with the low permeability dolerite sill 

contact (the low permeability and groundwater flow within the dolerite exaggerates the drawdown). 
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Figure 8.2: Simulated groundwater table drawdown in the shallow weathered Karoo aquifer (mapped 
springs indicated in red). 

 

The simulated extent of the (steady-state) zone of impact (5m cut-off to account for higher uncertainty in 

simulations) of the underground workings on the deeper fractured aquifer extends predominantly above and 

around 2 km downstream or N of the mine (Figure 8.3). The deeper fractured aquifer is considered to be less 

sensitive to a drawdown of the water table and significant impacts with drawdowns above 20m are likely to be 

limited to an area immediately above the underground mine workings. 

 



 

Yzermyn Groundwater Model 53 

 
Figure 8.3: Simulated groundwater table drawdown in the deep fractured Karoo aquifer (mapped springs 
indicated in red). 

 

It must be emphasised that the simulated steady-state cones of dewatering due to inflows into the final mine 

voids present an unlikely worst case scenario, as a steady-state cone of dewatering develops only after numerous 

years to decades of unimpeded groundwater inflows into the mine. The currently foreseen 15 years of life of mine 

are therefore likely to be exceeded before a steady-state drawdown is established, by which time the mine is no 

longer actively dewatered and the water table at least partially likely to recover (though not to pre-mining levels). 

 

Groundwater dependant eco-systems and yields of (water supply) springs located within the significant zone of 

dewatering of the shallow aquifer, limited to the site boundaries, could be negatively impacted and some may dry 

up during the life of mine. Springs located within the cone of dewatering of the deeper fractured aquifer, also 

limited to the site boundaries, are on the other hand unlikely to be impacted upon due to the limited hydraulic 

connection of the shallow and deep aquifer systems.  



 

Yzermyn Groundwater Model 54 

8.2.1. Impact Rating 

Assuming re-use or other environmentally acceptable disposal practices of the groundwater entering the 

underground mine voids, it is expected that the mine inflows are a “sink of groundwater” during life of mine and 

do therefore not change the groundwater quality. 

 

It is expected that the groundwater inflows into the proposed underground mine voids change the volume of 

groundwater in the aquifer storage (lowering of water table), especially in the deeper fractured aquifer and to a 

lesser degree in the shallow weathered aquifer: 

 Highly likely to occur. 

 Localized within site boundary. 

 Minor reduction to complete cessation of spring yields depending on location (see Figure 8.2). 

 Long term beyond mine closure with a permanent lowering of the water table unless the mine voids are 

backfilled or sealed. 

 Of minor to moderate severity with a drawdown of the water table in the vicinity of the mine. 

 

It is expected that the groundwater inflows into the proposed underground mine voids change the deep regional 

groundwater flow regime. The predicted impacts are:  

 Highly likely to occur. 

 Widespread and will impact beyond the site boundaries (by definition of regional flow). 

 Minor reduction of baseflow for the tributaries of the Assegaai River (maximum of total inflow volumes if 

evapotranspiration close to river banks is neglected, i.e. a part of the abstracted water would under 

natural conditions be lost to evapotranspiration and not contribute to baseflow). 

 Long term beyond mine closure with a gradual increase of groundwater baseflow (i.e. reduction of 

impact) once mine voids are flooded. 

 Of minor severity with a partial loss of baseflow for the tributaries of the Assegaai River. 
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8.3. NON-REACTIVE TRANSPORT MODEL 

The solution of the calibrated steady-state groundwater model was used as the basis for the transport model 

using the transport code built into SPRING (chapter 6.1). The Discard Dump was incorporated into the model as a 

recharge boundary with specified source concentration (Table 6.2) and different seepage rates for the scenarios 

(Table 6.3). Following the precautionary principle, only advective-dispersive (longitudinal dispersivity 50 m) 

transport of a potential pollutant without any retardation or transformation was assumed. The impact assessment 

of the potential pollution sources on the groundwater quality (i.e. physical exceedances of water quality 

standards, not toxicological) is therefore considered conservative. 

 

Since the mine is not yet operational, analogue sulphate source concentrations from mine sites in similar 

geological environment in the area as suggested by WSP (2013) were used for the predictive simulations of the 

Discard Dump (Table 6.2).  

 

No initial or background concentrations of sulphate (see chapter 3.3) are assumed in the predictive model runs 

and the simulated sulphate plumes represent therefore predicted net effects of the Discard Dump seepage quality 

on the ambient groundwater quality. Furthermore, no reduction of post closure seepage rates due to cessation of 

deposition and closure measures (e.g. capping) are assumed for any of the scenarios and the presented long-term 

pollution plumes are therefore considered conservative. 

 

One of the uncertainties encountered during transport modelling of pollutants is the kinematic or effective 

porosity of the aquifer. Effective (transport) porosity values were conservatively specified as 5% for the 

weathered aquifer and 3% for the fractured aquifer. These values affect only the transport model and do not 

influence the outcome of the steady-state flow model. 
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8.4. IMPACTS ASSOCIATED WITH SEEPAGE FROM THE DISCARD DUMP 

8.4.1. Scenario I 

8.4.1.1. Description of Impacts 

The predicted plume development due to unmitigated, worst case scenario of seepage from an unlined (only 

compacted base, seepage rate of 230 mm/a) Discard Dump up to 25 years after starting of deposition is shown in 

Figure 8.4 to Figure 8.6. The contamination plumes are shown with a cut-off value of 250 mg/L sulphate, which is 

the aesthetic drinking water limit according to SANS 241-1 (2011) and below the acute health limit of 500 mg/L. 

 

According to the simulation conducted, the seepage plume from the Discard Dump develops predominantly in the 

shallow weathered aquifer. The simulated plume follows generally the shallow groundwater gradient towards the 

NE and extends (considering a 250 mg/L cut-off) after 5 years of life of mine around 280 m down gradient or NE of 

the Discard Dump (Figure 8.5). Its lateral spreading is limited by surface drainages in the NE and NW. These non-

perennial drainage lines are likely to receive limited amounts of shallow groundwater impacted by seepage and 

could promote off-site migration of pollutants if not monitored and managed appropriately. After 25 years (Figure 

8.6) and the assumption of continuous seepage from the Discard Dump post-closure, the simulated plume 

extends a total of 650 m towards the NE. Its lateral extent is still influenced by the surface drainages, which are 

likely to receive seepage at increased concentrations of up to 2000 mg/L sulphate, but extends beyond these 

drainages. 

 
Figure 8.4: Simulated sulphate plume [mg/L] in the weathered aquifer after 5 years - Scenario I (mine 
lease area indicated by dashed line). 
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Figure 8.5: Simulated sulphate plume [mg/L] in the weathered aquifer after 15 years - Scenario I (mine 
lease area indicated by dashed line). 
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Figure 8.6: Simulated sulphate plume [mg/L] in the weathered aquifer after 25 years - Scenario I (mine 
lease area indicated by dashed line). 

 

While impossible to distinguish in the figures above, seepage from the Discard Dump (25% of MAP) exceeds 

regional recharge values (6% of MAP) and causes therefore a minor mounding in the shallow groundwater table 

underneath and in the immediate vicinity of its footprint.  
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8.4.1.2. Impact Rating 

It is expected that seepage from the Discard Dump changes the ambient quality of groundwater (Figure 8.4 to 

Figure 8.6). The predicted impacts are: 

 

 Highly likely to occur. 

 Localised, but beyond current (surface right) site boundaries, especially if surface run-off from potential 

seeps in the surface drainages is not contained. 

 Long-term, with moderate increases of pollutant concentrations beyond closure. 

 The intensity of the impact is likely to be a moderate deterioration in the ambient groundwater quality. 

 

It is expected that seepage from the Discard Dump change the volume of groundwater in aquifer storage due to 

localised mounding of the water table associated with increased recharge/seepage rates. The predicted impacts 

are: 

 

 Highly likely to occur. 

 Localised, but beyond current (surface right) site boundaries. 

 Reversible over time once deposition on the Discard Dump stops and the material consolidates (with a 

subsequent reduction of seepage rates). 

 Of minor severity with localised minor mounding of the groundwater table and potential occurrence of 

localised seeps, which occurrence should be monitored and mitigated by drains. 

 

It is expected that seepage from the Discard Dump change the groundwater flow regime, though this change is 

considered insignificant due to overall limited seepage volumes in relation to regional recharge. The predicted 

impacts are:  

 

 Highly likely to occur. 

 Localised, but beyond current (surface right) site boundaries. 

 Reversible over time once deposition on the Discard Dump stops and the material consolidates (with a 

subsequent reduction of seepage rates). 

 Of minor severity with localised minor mounding of the groundwater table and subsequent localised 

changes in the shallow groundwater flow regime. 
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8.4.2. Scenario II 

8.4.2.1. Description of Impacts 

The predicted plume development due to seepage from a Discard Dump with a Compacted Clay Liner (seepage 

rate of 55 mm/a) up to 25 years after starting of deposition is shown in Figure 8.7 to Figure 8.9Figure 8.4. As 

before, the contamination plumes are shown with a cut-off value of 250 mg/L sulphate, which is the aesthetic 

drinking water limit according to SANS 241-1 (2011) and below the acute health limit of 500 mg/L. 

 

As expected based on the lower seepage rate for a Discard Dump with a Compacted Clay Liner, the simulated 

plume extends after 15 years or life of mine around 430m and 310 m (Figure 8.8), and after 25 years 530 m and 

420 m (Figure 8.9) down gradient of the Discard Dump towards the NE and NW respectively. While this is a 

marked reduction of the plume extent in comparison to Scenario I (e.g. a 120m to 230m reduction in plume 

extent towards the NE and NW respectively after 25 years), the simulated plumes are still likely to reach the 

surface drainages in the NE and NW during the life of mine. As for Scenario I, seepage into these non-perennial 

drainage lines could promote off-site migration of pollutants if not monitored and managed appropriately. The 

associated concentrations of sulphate in such seepages are with up to 1400 mg/L (after 25 years) significantly 

lower in comparison to the unmitigated Scenario I, but still elevated beyond the drinking water limit (500 mg/l). 

 

 
Figure 8.7: Simulated sulphate plume [mg/L] in the weathered aquifer after 5 years – Scenario II (mine 
lease area indicated by dashed line). 
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Figure 8.8: Simulated sulphate plume [mg/L] in the weathered aquifer after 15 years – Scenario II (mine 
lease area indicated by dashed line). 
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Figure 8.9: Simulated sulphate plume [mg/L] in the weathered aquifer after 25 years – Scenario II (mine 
lease area indicated by dashed line). 
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8.4.2.2. Impact Rating 

It is expected that seepage from the Discard Dump with a Compacted Clay Liner (k~1E-09 m/s) changes the 

ambient quality of groundwater (Figure 8.7 to Figure 8.9). The predicted impacts are: 

 Highly likely to occur. 

 Localised, but beyond current (surface right) site boundaries, especially if surface run-off from potential 

seeps in the surface drainages is not contained. 

 Long-term, with moderate increases of pollutant concentrations beyond closure. 

 The intensity of the impact is likely to be a moderate deterioration in the ambient groundwater quality. 

 

It is expected that seepage from the Discard Dump with a Compacted Clay Liner (k~1E-09 m/s) change the volume 

of groundwater in aquifer storage due to minor localised mounding of the water table associated with increased 

recharge/seepage rates. The predicted impacts are: 

 

 Highly likely to occur. 

 Localised, but beyond current (surface right) site boundaries (though likely to be masked by natural 

seasonal fluctuations). 

 Reversible over time once deposition on the Discard Dump stops and the material consolidates (with a 

subsequent reduction of seepage rates). 

 Of minor severity with localised minor mounding of the groundwater table and potential occurrence of 

localised seeps, which occurrence should be monitored and mitigated by drains. 

 

It is expected that seepage from the Discard Dump with a Compacted Clay Liner (k~1E-09 m/s) change the 

groundwater flow regime, though this change is considered insignificant due to overall limited seepage volumes in 

relation to regional recharge. The predicted impacts are:  

 

 Highly likely to occur. 

 Localised, but beyond current (surface right) site boundaries (though likely to be masked by natural 

seasonal fluctuations). 

 Reversible over time once deposition on the Discard Dump stops and the material consolidates (with a 

subsequent reduction of seepage rates). 

 Of minor severity (insignificant) with localised minor mounding of the groundwater table and subsequent 

localised changes in the shallow groundwater flow regime. 
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8.4.3. Scenario III 

8.4.3.1. Description of Impacts 

The predicted plume development due to seepage from a Discard Dump with a Composite Liner (HDPE 

Geomembrane plus Compacted Clay Liner, seepage rate of 0.0365 mm/a) up to 25 years after starting of 

deposition is shown in Figure 8.10 to Figure 8.12. As above, a plume cut-off value of 250 mg/L sulphate was used 

for the visualisation. 

 

The low seepage rates through the Composite Liner system limit expectedly the dispersion of associated 

pollutants (e.g. sulphate) in the aquifer. The conducted simulations suggest that the seepage plume does no 

longer reach surface drainages in the E and W of the Discard Dump within the life of mine (15 years, Figure 8.11, 

the low plume concentrations due to dispersion of limited seepage into the shallow aquifer are noted), but just 

reach it at aesthetic drinking water limits (250 mg/l) after the simulated 25 year period with two elongated edges 

of the plume (Figure 8.12). The simulated 25 year plume (considering a 250 mg/L cut-off) extends approximately 

380 metres NE and 220 meters NW from the dump footprint. However, the simulations assume conservatively a 

constant seepage from the lined discard dump, despite cessation of deposition and closure of the facility in 

simulation year 15. The results are therefore most likely a very conservative overestimation of the long-term 

plume. 

 

 
Figure 8.10: Simulated sulphate plume [mg/L] in the weathered aquifer after 5 years – Scenario III (mine 
lease area indicated by dashed line). 
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Figure 8.11: Simulated sulphate plume [mg/L] in the weathered aquifer after 15 years – Scenario III (mine 
lease area indicated by dashed line). 
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Figure 8.12: Simulated sulphate plume [mg/L] in the weathered aquifer after 25 years – Scenario III (mine 
lease area indicated by dashed line). 
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8.4.3.2. Impact Rating 

It is expected that seepage from the Discard Dump with a Composite Liner system (HDPE & CCL, k~ 1E0-9 m/s) 

changes the ambient quality of groundwater (Figure 8.10 to Figure 8.12). The predicted impacts are: 

 

 Highly likely to occur. 

 Localised, within site boundaries if surface run-off from potential seeps is contained. 

 Long-term, with moderate increases of pollutant concentrations beyond closure. 

 The intensity of the impact is likely to be a moderate deterioration in the ambient groundwater quality. 

 

It is expected that seepage from the Discard Dump with a Composite Liner system (HDPE & CCL, k~ 1E0-9 m/s) 

change the volume of groundwater in aquifer storage due to a localised reduction of recharge with an associated 

lowering of the water table. The predicted impacts are: 

 

 Highly likely to occur. 

 Localised, within site boundaries and likely to be masked by natural seasonal fluctuations. 

 Of minor severity (insignificant) with a localised reduction of the groundwater table (likely to be masked 

by natural, seasonal fluctuations) 

 

It is expected that seepage from the Discard Dump change the groundwater flow regime, though this change is 

considered insignificant due to the reduction of seepage volumes in relation to the regional recharge values. The 

predicted impacts are:  

 

 Highly likely to occur. 

 Localised, within site boundaries and likely to be masked by natural seasonal fluctuations. 

 Of minor severity (insignificant) with a localised reduction of the groundwater table and subsequent 

localised changes in the shallow groundwater flow regime (highly likely to be masked by the natural 

seasonal variability). 
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8.5. ESTIMATED MINE FLOODING RATES 

For the post-closure model scenario, groundwater seepage into the underground mine voids was no longer 

removed from the model domain (water balance), but allowed to fill up the mine voids over time. In other words, 

pumping ceases immediately at the end of the ‘life of mine’ and the ground-water levels in the deeper fractured 

Karoo aquifer are allowed to rebound freely and flood the mine. This was achieved by removing the leakage 

nodes assigned to the mine voids and assigning instead a mine boundary condition (with a specified stage-volume 

relationship). During the flooding process, the mine voids (or parts thereof) change from seepage to recharge 

faces depending on the potential head gradient between the voids and the aquifer, resulting in simultaneous 

groundwater inflows and outflows. The computation of the rebounding water table in the aquifer takes therefore 

cognizance of interactions with the mine voids as well as unsaturated and saturated flow conditions in the 

(initially dewatered) aquifer surrounding the mine voids.  

 

 
Figure 8.13: Simulated flooded mine volume over time. 

 

The post-closure modelling results indicate that it will take around 45 years for the mine voids itself to be 

completely flooded (Figure 8.13) once active dewatering is stopped. Thereafter, decant from the underground 

mine voids via the adit and/or unsealed exploration boreholes in the vicinity are likely to occur. It must be noted 

that the simulated timeframe of mine flooding is highly sensitive to assigned aquifer porosities and regional 

recharge rates; both of which are poorly defined input parameter into the numerical model. The predicted rate of 

mine flooding should therefore be re-evaluated once groundwater abstractions from the mine voids cease and 

groundwater monitoring data of the water table rebound become available.  

 

The shape of the mine flooding curve (Figure 8.13) mirrors the stage-volume curve of the mine voids, though 

changes due to declining groundwater gradients towards the mine with increasing water levels within the mine 

are evident. Once all nodes of the mine compartment are flooded, the mine boundary condition is removed and 

the mine becomes a completely saturated part of the aquifer and flow calculations with unique anthropogenic 

aquifer properties. The porosity (60%) and essentially infinite hydraulic conductivity assigned to the flooded mine 

voids represent a mostly mined, but not scavenged mine void with no collapse of the pillars and respectively, land 

subsidence. The recharge rate for the mining area was therefore not changed in the post-closure simulations.  
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8.6. IMPACTS ASSOCIATED WITH MINE FLOODING 

8.6.1. Description of Impacts 

Post-closure, the mine voids are highly permeable flow path, which will result in new equilibrium water levels 

within the area of influence, different from the pre-mining water levels. The mine voids “equilibrate” the water 

pressures at their end higher up in the catchment (despite the underground mine floor level itself being lower in 

this direction) with downstream water levels (principle of communicating pipes), resulting in downstream decant 

of water from the mine void. The predicted post-closure decant rate, i.e. groundwater outflow at ground surface, 

is strongly dependent on the poorly defined regional recharge rate and local hydraulic conductivities and 

therefore burdened with a great uncertainty.  

 

Expected simulated decant rates range from 1 to 6 L/sec, with associated sulphate concentrations in the order of 

1000 mg/L based on information taken from Hlobane, 82km SE of project (WSP 2013, see Table 6.2). The values 

should for obvious reasons not be used for the design of a recommended treatment facility, but provide an 

indication of potential environmental impacts. A more confident prediction of post-closure decant rates and 

quality can only be achieved based on site-specific monitoring and geochemical data gathered during the life of 

mine and subsequent model updates. 

 

8.6.2. Impact Rating 

The potential post closure impacts of decant from the underground mine voids on the groundwater quality are:  

 

 Highly likely to occur. 

 Widespread beyond site boundary (regional). Localised if mitigated by treatment of decant. 

 Long-term, with substantial increases of pollutant concentrations in surface waters beyond closure. 

Depending on mitigation measures, i.e. treatment system, limited increases of pollutant concentrations 

beyond closure. 

 The intensity of the impact is likely to be a substantial deterioration in the ambient surface water quality 

if not mitigated by treatment of decant. Depending on the treatment method, the impact can be 

mitigated/reduced to a minor to moderate intensity. 

 

8.7. CONFIDENCE IN MODEL PREDICTIONS 

Preamble: “A decision often must address the fact that something bad may happen. We may be willing to pay a 

price to reduce the likelihood of its occurrence. How much we are prepared to pay depends on the cost of its 

occurrence and the amount by which its likelihood can be reduced through pre-emptive management. The role of 

modelling in this process is to assess likelihood. This must not be confused with predicting the future.” (Australian 

groundwater modelling guidelines, 2012). Delta H shares this view, specifically for long-term predictions beyond 

the model calibration timeframe.  

Despite all efforts to account for data uncertainties, the values presented are by definition of low confidence 

(class 1, predictive model time frame far exceeds that of calibration) and should be verified once more water level 

measurements, hydraulic conductivities (especially of faults and contact zones to dolerite dykes or sills) and 

groundwater monitoring data become available. The confidence in predicted mine inflows and plume migration 

rates for later years of mine development can significantly be improved by observation data from earlier years 

and subsequent updates of the groundwater model.  
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9. RECOMMENDATIONS 

Proposed mitigation measures: 

 An environmental monitoring programme should be established in order to monitor changes in 

groundwater quality (quarterly, full chemical analysis for major constituents and trace elements), 

groundwater levels (monthly) and spring discharges (monthly). The gathered data should be reviewed 

annually to differentiate seasonal variations and general trends due to the proposed mine activities. The 

gathered data should also be used for annual updates of the flow and transport model to improve the 

confidence in the model predictions.  

 The predicted rate of mine flooding and quality of decant should be re-evaluated once more site-specific 

groundwater monitoring and geochemical data become available. 

 A standard operating procedure for water level monitoring and water sampling should be developed 

according to best practice (e.g. filters and acidifies on site for metal analyses, purge boreholes prior to 

sampling). 

 Installation and testing of additional groundwater monitoring boreholes (cluster of shallow and deep 

piezometers) to accommodate the final surface layout, i.e. downstream of the Discard Dump, Pollution 

Control Dams and stockpile areas. 

 Development of a continuous water balance for the mining operations using suitable measurement 

points and devices for expected flow rates, focussing especially on groundwater inflows into the 

underground mine workings. 

 An alternative source of water supply should be provided for groundwater users (capturing mostly spring 

discharges) if they are impacted by the proposed mining activity. 

 The discard dump should be lined with a Composite Liner (HDPE Geomembrane plus Compacted Clay 

Liner) to minimise impacts on the ambient water quality. Suitable engineering designs such as perimeter 

drainage trenches (toe drains) should be implemented to intercept potential shallow seepage. 

 The seepage quality from the Discard Dump should be monitored through the quarterly sampling of 

tailings material, tailings liquor, toe drains and pollution control dam(s). 

 Should plume migration from the discard dump be recognised through the monitoring programme as to 

exceed acceptable levels, suitable containment (e.g. utilisation of monitoring boreholes as scavenger 

wells and drilling of additional downstream monitoring boreholes) and/or remediation measures (e.g. 

passive treatment) should be implemented to minimise environmental impacts. 

 Suitable engineering designs such as lining of the pollution control dams and perimeter drainage trenches 

(toe drains) should be implemented to control potential seepage from all mine residue deposits. 

 Any spillage from the mine residue deposits, stockpiled coal or stored fuels and chemicals should 

immediately be contained and the impacted area remediated. 

 The potential intersection of water bearing fractures by underground mining should be investigated using 

cover drilling during the development of the mine. Associated risks and potential impacts of such 

intersections should be minimised by pre-grouting. 

 The mine adit should be rehabilitated post-closure to limit risk of water contamination. 

 The mine adit should be sealed post-closure to limit risk of unauthorised access.  

 The post-closure water level in the mine voids should be monitored and managed below critical levels to 

prevent diffuse seepage into the weathered aquifer utilising suitable engineering designs (e.g. active 

pumping or passive dewatering of adit by drain systems). 
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 Any potential post-closure decant from the mine should be captured and treated to applicable standards 

before released into the environment. A suitable treatment facility should be designed to cater for post-

closure decant quantities and qualities (to be refined once mine becomes operational). 

 Wastes generated by the treatment process or any spill clean-up should be disposed on a suitably 

licenced waste disposal facility. 
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11. DISCLAIMER 

Delta-H Water System Modelling Pty Ltd (Delta H) has executed this study along professional and thorough 

guidelines, within their scope of work. The groundwater specialist report has been compiled by experienced, fully 

qualified and duly registered Professional Natural Scientists.  

 

The model development is largely based on aquifer data provided by others. Delta H does not accept any liability 

for the accuracy or representivity of the data provided by others. 

 

No representation or warranty with respect to the information, forecasts, opinions contained in neither this 

report nor the documents and information provided to Delta H is given or implied. Delta H does not accept any 

liability whatsoever for any loss or damage, however arising, which may directly or indirectly result from its use. 

 

This report is intended for the confidential usage of the client. It may be used for any lawful purpose but cannot 

be reproduced, excerpted or quoted except with prior written approval of Delta H. 

 

12. DECLARATION OF INDEPENCE 

Delta-H Water System Modelling Pty Ltd (Delta H) and its associates have no direct or indirect business, financial, 

personal or other interests in the activity application or appeal other than fair remuneration for work performed 

in connection with that activity, application or appeal and there are no circumstances that may compromise the 

objectivity of the persons performing such work. The remuneration of the services provided by Delta-H is in no 

way contingent upon the conclusions or opinions expressed in this report. 



 

Yzermyn Groundwater Model 74 

APPENDIX A 

 

CBH 2D - Step Test 

 
CBH 2D – CDT: Theis, confined 
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CBH 2D – CDT: Cooper-Jacob, confined 

 
 
 
CBH 2D – CDT: Neuman, unconfined 
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CBH 2D – CDT: Agarwal 

 
 
CBH 2D – CDT: Derivative plot 
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CBH 3S: Step Test 

 
CBH 3S - CDT: Theis, confined 
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CBH 3S - CDT: Cooper-Jacob, confined 

 
 
 
CBH 3S - CDT: Neuman, unconfined 
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CBH 3S - CDT: Agarwal 

 
CBH 3S - CDT: Derivative plot 
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