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Summary 

The Bachelor Thesis topic “Water Quality Prediction in the Skorpion Mine 

Pit Lake in Namibia” firstly focuses on general characteristics and classifications of 

pit lakes and then on physical conditions of the study area i.e. climatology, geology 

and hydrogeology. The thesis further presents groundwater and surface water 

quality of Skorpion Mine, and the water budget of the Pit Lake. A numerical 

modeling code MODFLOW was used to develop a conceptual model of the Mine 

Pit. The last part, which is the main objective of this work, is the Pit Lake water 

quality prediction using geochemical equilibrium modeling, the geochemical model 

PHREEQC. At the end of the thesis are the results obtained from geochemical 

modeling, discussion and recommendations, and conclusions.  

Keywords: Pit lakes; geochemical equilibrium model; Skorpion Mine; water 

budget; MODFLOW; conceptual model; water quality; PHREEQC 

 

Anotace 

Téma bakalářské práce " Predikce kvality vody ve zbytkové jámě Dolu 

Skorpion v Namibii" se za prvé zaměřuje na obecné charakteristiky a klasifikace 

zbytkových jám a pak na fyzikální podmínky studované oblasti tj. klimatologie, 

geologie a hydrogeologie. Práce dále představuje kvalitu podzemní a povrchové 

vody a vodní bilanci Dolu Skorpion. Kód numerického modelování MODFLOW byl 

používán k stanovení koncepčního modelu zbytkové jámě. Poslední část, jež je 

hlavním cílem této práce se zabývá predikcí kvality vody ve zbytkové jámě po 

zatopení s využitím modelování geochemické rovnováhy pomocí geochemického 

modelu PHREEQC. Na konci práce jsou výsledky získané z geochemického 

modelování, diskuze a závěr. 

Klíčová slova: Zbytkové jámy; geochemický rovnovážný model; Důl Skorpion; 

vodní bilance; MODFLOW; koncepční model; kvalita vody; PHREEQC. 
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1 Introduction and Objectives 

Water quality of pit lakes is one of the most critical environmental issues 

facing the global mining industry. As ore grades decrease and operators strive to 

improve efficiency, the number of active pit mines will continue to outpace their 

underground counterparts in the years ahead (Castendyk and Eary, 2009). 

In recent years, significant technological and operational improvements in 

the extraction of Au from lowgrade ores by heap-leaching methods have been 

achieved. As a result, mining of low grade deposits has increased substantially in 

the western USA, particularly in the Au belts of Nevada (Eary, 2009). In most 

cases, the efficient extraction of Au requires the excavation of huge tonnages of 

low grade ores by surface mining methods. 

Besides Au, Cu is also generally mined by surface mining methods from low 

grade porphyry deposits in the western USA and throughout the world. The huge 

amounts of rock excavated in surface mining operations for Au and Cu leave 

behind large open pits, where mineralized rocks are exposed to weathering. 

At surface mines where open pits intersect the water table, dewatering 

systems are used to remove water from surrounding aquifers to allow mining to 

proceed. At mine closure, the dewatering systems are shut down. Subsequently, a 

lake may form in the mine pit as the local groundwater rebounds. The rate of filling 

is dependent on the local hydrologic and climatic conditions. Because mining 

operations expose subsurface mineralized rocks directly to atmospheric 

weathering, the potential exists for the release of metals to the nascent pit lake. 

Consequently, the prediction of the quality of the water in the pit lake is an 

important part of the environmental permitting process for both the startup of new 

surface mines and the expansion of existing surface mines (Eary, 1999). 

The methods for predicting water quality in future mine pit lakes are 

technically complex. They are also generally hypothetical because, in nearly all 

cases, the pit lake does not exist at the time of mine permitting, hence there is no 

monitoring record to guide or calibrate the predictions. Methodologies for 

predicting pit lake chemistry most commonly involve the construction of a series of 

linked mechanistic and empirical models to represent the major processes that 
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add or remove chemicals to the lake (Eary, 1999).These major processes may 

include groundwater inflow, precipitation, evaporation, pit wall runoff, wall-rock 

leaching, biological processes, lake hydrodynamics, and geochemical equilibria. 

Forecasting and evaluating pit lake water quality poses a challenge 

because of the variety of geological environments; ore deposits and mine waste 

types that may be encountered. Furthermore, many planned pit lakes will not be 

constructed until decades after the initial mine design. Due to these challenges, 

the most practical way to obtain estimates of pit lake water quality is generally 

through predictive modeling (McCullough, 2012). 

The objectives of this thesis are to: 

• Develop a conceptual model of the Skorpion Mine Pit. 

• Predict the water quality of the Pit Lake using geochemical 

equilibrium modeling. 
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2 Pit lakes characteristics and classifications 

2.1 Pit lake formation 

A pit lake is formed when an open pit that was dewatered during mining, 

and once mining is finished, the dewatering process is ceased. Surface water is 

collected in the pit, and ground water also starts seeping into the pit as the water 

table rebounds to a new state of hydrologic equilibrium, producing a pit lake 

(Lozecznik, 2011). Pit lakes are a product of open pit mining for coal, precious 

metals, base metals, uranium, iron, diamonds, industrial minerals, aggregates, and 

other commodities (Castendyk and Eary, 2009). 

 
Figure. 2-1 Collection of surface water and seepage of groundwater into the pit (Lozecznik, 

2011) 

 

2.2 Characteristics and classifications of pit lakes 

The mining process, the act of extracting geologic materials from the earth’s 

crust always ends with a “hole” in the ground. The range of this hole can range 

from large, cavernous openings, kilometers in length beneath the ground surface, 

used to extracting base and precious metals to a small pit outside of an urban area 

where gravel was once extracted. The latter technique, open pit mining, is likely 

the most common material extraction methodology utilized in mining today 

(Castendyk and Eary, 2009). 

Open pit mining techniques are used for extracting commodities such as 

coal, sand and gravel, base metals (e.g. copper and zinc), and precious metals 

(e.g. silver and gold). Open pit mining often intersects the ground water table, such 
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that when the extraction process is complete, the open pit will remain and, in many 

cases, may form a pit lake.  

 

2.2.1 Hydrologic status of pit lakes 

Two types of hydrologic conditions exist in pit lakes: 

1. Flow-through conditions: surface and /or groundwater flows into and out of 

the lake (Figure 2-2 and 2-3). 

2. Terminal conditions: groundwater flows into the pit and outflow occurs only 

as evaporation (Figure 2-4). 

 
Figure. 2-2 Flow-through pit lake below groundwater table (Castendyk and Eary, 2009) 
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Figure. 2-3 Flow-through pit lake above the groundwater table (Castendyk and Eary, 2009) 

 

According to Castendyk and Eary (2009),flow-through pit lakes are common 

in areas where rainfall exceeds evaporation in highly productive aquifers where 

groundwater inflows exceeds evaporation rates (e.g. alluvial aquifers), and any 

time that the net water balance surrounding the pit is positive. Another type of a 

flow-through pit lake is one that exists above the water table and is filled by 

surface water. Outflows consist of vertical leakage and evaporation. 

Terminal pit lakes or hydrologic sinks are common in the arid areas of the 

world where evaporation exceeds rainfall (precipitation) or anytime that the net 

water balance surrounding the pit is negative. With seasonal or long-term climatic 

changes, the hydrologic status of a pit lake may fluctuate between terminal and 

flow-through. After closure, the plan is to place a drainage pipe below the pre-

mining groundwater elevation that will fill the elevation of the post mining pit lake. 

Whereas all local groundwater will flow into the lake, the discharge of surface 

water will make the pit lake exhibit flow-through conditions. A terminal pit lake 

would have evaporation as the only discharge. 
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Figure. 2-4 Terminal pit lake-all outflow is from evaporation (Castendyk and Eary, 2009) 

 

To determine which conditions exist for any particular pit lake, 

measurements and observations of the hydrologic components of the pit lake are 

the key. Groundwater elevation data surrounding the pit lake, pit lake elevations, 

precipitation, and surface water inflows and outflows are parameters that should 

be measured (Castendyk and Eary, 2009).  

Two possible scenarios are encountered when an evaluation to determine 

the hydrologic status of a pit lake is undertaken: (1) Information exists for the pre-

mining hydrologic conditions at the site and records of dewatering rates at different 

mine elevations exist, and (2) little to no historic data are available. Scenario 1 

provides the most robust method of evaluating the hydrologic status of a pit lake. 

Historical information can be used to quantify water balance components, an 

estimate of the pit lake water balance (i.e., summing the inflows and comparing 

them to the outflows) completed. By evaluating available groundwater elevation 

data, comparing them to known pit lake water elevations, and examining the water 

balance, the hydrologic status of the pit lake can be estimated. If groundwater 

elevation data surrounding the pit lake are all higher than the lake surface 

elevation, the lake is terminal (Castendyk and Eary, 2009).  
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Scenario 2 presents a more difficult challenge; however, both a water 

balance and an estimate of the groundwater conditions must be made. Water 

balances without measurements require that estimate be made from available (or 

newly collected) data. 

2.2.2 Hydrologic impacts on pit lake quality 

The water quality of a pit lake is a result of many contributing factors 

including but not limited to: 

• Geology and mineralogy of the host formations, 

• Influent water quality and quantity, 

• Concentrating effects of evaporation, 

• Geochemical, biological, and limnologic processes within the lake, and 

• Anthropogenic impacts. 

The hydrology of a pit lake affects the water quality of the pit lake by 

changing the chemical mass balance associated with the lake. 

The ultimate disposition of pit lake water quality is a balance of all the 

effective processes. However, general statements regarding the impacts of 

individual hydrologic processes on water quality can be made: 

• Groundwater inflows carry dissolved constituents at background 

concentrations into the lake. Natural, up gradient groundwater will have a 

certain water quality and will contribute constituents to the pit lake. Inflowing 

groundwater can also pick up constituents from weathered rock 

immediately surrounding the Pit Lake or form recharging meteoric water 

passing through the dewatered zone. 

• Surface water runoff from pit walls may transport constituents and 

sediments that will affect the chemistry of the lake. 

• Direct precipitation generally is a diluting factor on pit lake water quality. 

• Because evaporation takes out the water and leaves behind any dissolved 

constituents, evaporation tends to have a concentrating effect on pit lake 

water quality. 
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• Ground-and surface water outflows from pit lakes typically have the effect of 

removing constituents from the lake. However, if the lake is stratified, these 

outflows may remove water of different quality, which may result in either 

improved or worsened water quality in the pit lake. 

Generally, it can also be said that the hydrologic status of a pit lake can 

affect whether or not the lake water quality will reach a condition of 

hydrochemical steady state (i.e. dissolved constituent concentrations in the pit 

lake are relatively constant over time). For example, a flow-through lake has a 

better chance of reaching a hydrochemical steady-state condition, because 

chemical inflows and outflows from the lake water column can eventually 

balance if no other processes are active (Castendyk and Eary, 2009). 

It is impossible for hydrologic process alone to keep terminal pit lake 

from reaching chemical equilibrium (i.e. chemicals flow in the pit lake column 

but none flow out). 

2.3 Factors influencing pit lake water quality 

Our conceptual understanding of pit lakes can be likened to a pyramid 

constructed layers of interrelated hydrologic, biogeochemical, geologic, and 

limnologic processes (Figure 2-5). The foundation of the pyramid consists of the 

climate, geology and hydrology of the mine area. In the second layer, the geology 

of the mineral deposit defines the final shape and depth of the open pit, whereas 

the hydrology and climate define the pit lake water balance. The morphology of the 

open pit, the water balance, and the local climate drive the physical limnology of 

the pit lake, represented by the third of the layer of the pyramid. The fourth layer, 

lake geometry, includes inorganic water-rock reaction and biologically mediated 

chemical processes occurring in the walls of the pit both above and below the 

water level, within the water column and within the pit sediments (Castendyk and 

Eary, 2009).  
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Figure. 2-5 Conceptual relationship between the principal factors that affect pit lake water 

quality (Castendyk and Eary, 2009) 

 

2.4 Climatic characteristics of pit lakes 

According to Castendyk and Eary (2009), annual volumes of precipitation 

and evaporation at a mine site dictates the volume of water entering and leaving a 

pit lake through groundwater, pit wall runoff, surface water, and direct exchange 

across the lake surface. The addition or removal of water affects pit lake chemistry 

by diluting or concentrating dissolved solids, and by transporting dissolved solids 

to or from the pit lake. Hence, an understanding of local meteorological conditions 

is central to the development of pit lake predictions and to the evaluation of 

regional, climate- based trends in pit lake geochemistry.  

Prior to mining at a new, remote location, on-site meteorological data will 

most likely not be available. Modelers typically resort to using data from the 

nearest neighboring weather observing stations for predictions. However, these 

may be far enough from the pit lake such that annual mean values for precipitation 

and evaporation do not adequately represent on-site conditions. This issue 

presents a significant challenge for pit lake modelers, which can potentially 

influence the accuracy of pit lake water quality predictions (Castendyk and Eary, 

2009). 
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2.4.1 Factors governing precipitation 

Precipitation plays a role in buffering the surface layer acidity of the pit lake 

as well as diluting concentrations of dissolved solids. The neutralizing effect of 

rainwater exists despite the fact that precipitation is acidic. The typical pH of rain is 

close to 5.6, primarily on account of the interaction between cloud water and 

carbon dioxide. In the case of an atmosphere affected by SOx and NOx, most 

notably downwind of large industrial centers, the mean pH of rainwater is closer to 

4.5 and can be low as 3.9. The potential buffering effect of rainfall to a pit lake is 

therefore sensitive to the geographic location with respect to the average wind 

directions, urban centers, and coal-based power plants. A further complication lies 

in the potential for rain and overflow to scour the mineral-laden catchment area of 

the pit lake, thereby increasing the sediment load and acidity of pit lake inputs. 

Such factors depend on the permeability and competence of the catchment 

surface as well as the precipitation rate and duration (Castendyk and Eary, 2009). 

2.4.2 Factors governing evaporation 

Evaporation describes the transformation of liquid water to gaseous water, 

known as water vapor. The evaporation process is effective in removing fresh 

water from a pit lake. Evaporation initiates a molecular reconfiguration from a 

more-ordered liquid phase to a less –ordered gas phase (Castendyk and Eary, 

2009). 

Evaporation is affected by the ambient concentration of water vapor in the 

air overlying the lake surface, and depends on temperature, flow rate of air or wind 

speed, atmospheric pressure and on the availability of water, for example more 

water is evaporated from a lake than from dry soil. 

2.4.3 Climate change and pit lake hydrology 

Climate is the single most important factor on the hydrologic processes 

associated with a pit lake (Castendyk and Eary, 2009). Change in climate (e.g. 

temperature, rainfall, wind, precipitation amount and distribution) will affect the 

individual hydrologic components differently. In general, surface hydrologic 

processes (e.g. direct precipitation, evaporation, surface water runoff) are 
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impacted immediately upon a change in climate. Groundwater inflows are 

generally and ultimately generated from precipitation recharge. The groundwater 

system tends to buffer short- term climatic changes, but long-term climatic 

changes will be reflected in groundwater inflows over the long term. 

The IPCC (2007) indicated that there is a strong probability that 

temperatures will continue to increase into the future given that current conditions 

affecting atmospheric processes remain constant. This increase in temperature 

will affects surface hydrologic processes differently in different parts of the world. 

Some areas will become wetter while other will become drier. 

For pit lakes, dryer climates will most certainly result in lower pit lake 

elevations. Contrarily, a wetter climate will most certainly result in higher pit lake 

elevations. However, it is difficult to make broad statements about how climate 

changes will affect the status of a pit lake (i.e. if it will change from a flow-through 

to a terminal pit lake or vice versa), because climate changes will affect all the 

components of the hydrologic system. Because each individual pit lake is different, 

the resulting water balance from climate change must be evaluated on a case-by-

case basis to determine climate change effects on pit lake status (Castendyk and 

Eary, 2009). 

Precipitation and evaporation are important input parameters for the 

development of pit lake models. In order to formulate a water budget specific to an 

existing pit lake, it is desirable for an instrumentation platform to be placed as 

close to the pit lake as possible. This is especially true in the light of the fact that 

pit lakes are often located in remote areas of complex terrain and are surrounded 

by pit walls. This type of environment can significantly alter precipitation and 

evaporation patterns and may necessitate on-site instrumentation to record 

precipitation and estimate evaporation (Castendyk and Eary, 2009).  
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3 Physical conditions of the Skorpion Mine 

Skorpion Zinc Mine, an open cast operation, is located about 20 km 

northwest of Rosh Pinah in southern Namibia (Figure 3-1). Mining operations 

started in 2001 with the ore body comprising an unusual occurrence of zinc oxide 

and hydroxide minerals including hemimorphite, smithsonite and skorpionite. The 

Skorpion Mine is situated on the western edge of the southern Namib Desert 

which is one of the driest deserts in the world with an average rainfall of < 20 mm 

(Mahomed, 2011).  

 
Figure. 3-1 Location of study area (Mahomed, 2011-edited) 

 

The Skorpion Mine area is one of highly contrasting relief. To the east the 

topography comprises mountainous terrain which is bounded in the northeast by 

the Nasepberg which attains an altitude of approximately 1 647 mamsl. This 

mountain range forms a high, dissected outlier of the Huib-Hoch Plateau. The low 

lying, sandy undulating desert country to the west and southwest has its lowest 

elevation at 540 mamsl in the Zebrafontein Drainage. The area falls within three 

main drainage systems, namely the Trekpoort, Zebrafontein and Sperrgebiet 

Catchments. The Trekpoort Catchment occupies the farm Trekpoort while the 
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Zebrafontein Catchment occupies the western half of the farm Zebrafontein and a 

large part of the farm Spitskop 111. Both catchments flow from the higher ground 

in a southern westerly direction towards the Namib Desert. The central Trekpoort 

Drainage dissipates westwards where it dies away in the desert sand of the 

Sperrgebiet. The Zebrafontein Drainage overlies the extensive VFZ where the 

drainage changes flow direction from southwest towards the southeast on 

Spitskop 128. The drainage then flows in a linear direction down the VFZ (hence 

the straight line boundary here) of the Rosh Pinah Graben toward the Orange 

River. This is indicative of the linear fault structure controlled drainage (Mahomed, 

2011). 

The smaller tributaries tend to exhibit dendritic patterns which are indicative 

of the older basement lithology rather than structure. 

The Mine is close to the watershed between the Trekpoort Drainage and 

the tributary drainage which flows in a south easterly direction to meet the 

Zebrafontein Drainage at a relatively high elevation of 660 mamsl. This positioning 

reduces the potential for surface run-off to the open pit.  

During groundwater investigations (studies) conducted by SRK Consulting 

in 2011, mining was taking place well above the regional water table but the lower 

benches would intersect groundwater from about 2012-2013, at the final bench 

elevation of 420 mamsl. 

 

3.1 Climatology 

Climate plays an important role in the amount and temporal distribution of 

recharge and the amount of water lost through evaporation. The Skorpion Mine 

area is extremely arid and has mean annual rainfall of less than 100 mm per year, 

usually concentrated from March to July. At the time of the groundwater 

investigation at the Mine in 2011, the mean annual rainfall was said to be less than 

20 mm per year, although it may vary with time. The evaporation rate is about 

2800 mm to 3000 mm per year. 
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3.1.1 Geomorphology

The Skorpion deposit is located within the 
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desert, which is one of the world’s most arid regions, is underlain by sands of a 

proto-Namib phase, which started to develop 35 million years ago

Desert stretches along the entire Atlantic coast and rises to a level of 

approximately 800 m at the foot of the Great Escarpment in the east. With 

differences in altitude of more than 1000 m, the Great Escarpment marks the 

transition to the Central Plateau east of the desert
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, coastal fog from the Atlantic Ocean reaches this part of the 

Namib Desert, and thus contributes to the very limited precipitation in this area. 

Mean daily minimum and maximum temperatures range between 4°C and 20°C in 

July and 15° and 32°C in January, respectively. Aeolian sedime

are active in the southern Namib Desert, where dunes and flat sand plains prevail 

as the main morphological features. Chemical weathering and soil formation is 

hampered, mostly due to the lack of moisture. The scarce vegetation consists o

grasses, shrubs and succulents growing on the sand plains (Coll., 

Figure. 3-2 Sparse vegetation in the Skorpion area (Coll., 2010)
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The Skorpion deposit is located within the south-eastern part of the Namib 

Desert within the 100 km-wide coastal zone west of the Great Escarpment. This 

desert, which is one of the world’s most arid regions, is underlain by sands of a 

Namib phase, which started to develop 35 million years ago

Desert stretches along the entire Atlantic coast and rises to a level of 
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antic Ocean reaches this part of the 

Namib Desert, and thus contributes to the very limited precipitation in this area. 

Mean daily minimum and maximum temperatures range between 4°C and 20°C in 

July and 15° and 32°C in January, respectively. Aeolian sedimentation processes 

are active in the southern Namib Desert, where dunes and flat sand plains prevail 

as the main morphological features. Chemical weathering and soil formation is 

hampered, mostly due to the lack of moisture. The scarce vegetation consists of 

ains (Coll., 2010). 
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The Skorpion Mine area consists of undulating sand and gravel plains, 

isolated rock outcrops, and ranges of rocky hills (Figure 3-3). The area is poorly 

drained, with a few ephemeral drainages radiating away from higher lying features. 

The area lies about 650 mamsl. The escarpment lies about 22 km east of the 

Skorpion area, where the land rises steeply to 800 –1200 m above sea level. The 

surface of the current mining area is relatively flat and dips slightly t

m in the north to 655 m in the south and forms a wide valley striking NW

subdued relief of the area with isolated outcrops and inselbergs is the result of the 

infilling of a rugged palaeo-topography by alluvial and colluvial sediments

from the retreating escarpment and eroding valley sides as well as more recentl

aeolian sand. These alluvial and colluvial sediments rest unconformable on the 

late Proterozoic host rocks of the Skorpion deposit. Additionally

 calcrete horizons occur near the surface, although calcite is 

disseminated through most of the overburden profile as well. Iron

lenses are found locally above the erosional bedrock contact (Coll., 

Rock outcrop, sand plains and rocky hills in the Skorpion area. Red sands are 
part of the valley infill (Coll., 2010) 

 

The deposit comprises a large non-sulfide ore body with subordinate 

amounts of primary base metal sulphide mineralization, which structurally 

underlies the ores at depth. The host rocks consist of a mixed volcano

sedimentary sequence of the Nama Group comprising shales, sandstones and 
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area consists of undulating sand and gravel plains, 

). The area is poorly 

from higher lying features. 

l. The escarpment lies about 22 km east of the 

1200 m above sea level. The 

surface of the current mining area is relatively flat and dips slightly to SE from 665 

m in the north to 655 m in the south and forms a wide valley striking NW-SE. The 

subdued relief of the area with isolated outcrops and inselbergs is the result of the 

topography by alluvial and colluvial sediments derived 

from the retreating escarpment and eroding valley sides as well as more recently, 

colluvial sediments rest unconformable on the 

deposit. Additionally, ancient massive 

calcrete horizons occur near the surface, although calcite is 

disseminated through most of the overburden profile as well. Iron-rich silcrete 

(Coll., 2010). 

 
Rock outcrop, sand plains and rocky hills in the Skorpion area. Red sands are 

sulfide ore body with subordinate 

amounts of primary base metal sulphide mineralization, which structurally 

underlies the ores at depth. The host rocks consist of a mixed volcano-

rising shales, sandstones and 
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limestones of the Schwarzrand Subgroup overlying sandstones, black limestones, 

shales and conglomerates of the Kuibis Subgroup. The rocks of the Gariep 

Complex comprise basal units of volcanic facies of quartzite, arkose, minor 

dolomite and felsic metavolcanics of the Gumchavib Formation. These are 

overlain by the Rosh Pinah Formation comprising schists, dolomitic marble, 

arkose, quartzites and acid metavolcanics (O’Brien and Burgers, 2011). 

The rocks underlying the area are Precambrian in age (>600 Ma old) and 

can be broadly classified as shown in Table 3-1. 

 

Table. 3-1 Stratigraphic sequence of rocks underlying Skorpion Mine (Mahomed, 2011) 

 

 

 

 

 

The Mine area and adjacent areas are underlain by formations of the 

Gariep Complex. The eastern part of the study area is underlain mainly by rocks of 

the Vioolsdrif Suite and Orange River Group. The general geology of the study 

area is presented in Figure 3-4. 

GROUP/COMPLEX SUBGROUP/SEQUENCE 

Nama Group Schwarzrand Subgroup 
Kuibis Subgroup 

Gariep Complex Witputs Sequence 
Numees Sequence 

Hilda Suite 
Stinkfontein Formation 

Vioolsdrif Suite 
Orange River Group 
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Figure. 3-4 Geological setting of Skorpion Mine (Mahomed, 2011-edited) 
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3.2.1 Lithology 

Rocks of the Nama Group occur in the eastern region of the study area 

comprising shales, sandstones and limestones of the Schwarzrand Subgroup 

which overlies the sandstones, black limestones, shales and conglomerates of the 

Kuibis Subgroup. These sedimentary units, occurring as prominent outliers, 

unconformably overlie the crystalline and metamorphic rocks of the Vioolsdrif Suite 

and the Orange River Group. The rocks of the Gariep Complex dominate the 

central western region of the study area comprising a variety of rock types. The 

basal units represent a proximal volcanic facies, comprising quartzite, arkose, 

minor dolomite and felsic metavolcanics of the Gumchavib Formation. These in 

turn are overlain by distal volcanic facies which represents the Rosh Pinah 

Formation and comprises schists, dolomitic marble, arkose, quartzites and acid 

metavolcanics. These two formations comprise the Stinkfontein Sequence, which 

is in turn overlain by the Hilda Suite which consists mainly of carbonate rocks 

(Mahomed, 2011). 

3.2.2 Structure 

The rocks underlying the study area have been subjected to intense folding, 

faulting, thrusting and associated fracturing over long periods of time. The most 

important direction of faulting appears to be the northwest trend of the graben 

structure which extends from southeast of Rosh Pinah to beyond the Mine area to 

the northwest, a strike distance in excess of 50 km. This structure is termed the 

VFZ and has a central downthrown block exceeding 1 km in width, which suffered 

extensive erosion and now forms a broad, colluvium filled valley. The VFZ is 

indicated as passing through the central/western part of the pit. The graben 

structure is complex and hosts many subsidiary faults and fracture zone. This 

direction of faulting appears to be repeated in less developed faults flanking the 

VFZ to the northeast. These faults host secondary aquifers (Mahomed, 2011). The 

geologic structure of the study area in shown in Figure 3-5. 
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Figure. 3-5 Geologic structure of Skorpion Mine (Mahomed, 2011) 
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3.3 Hydrogeology 

The mine straddles the Trekpoort and Sperrgebiet surface water 

catchments. Similarly, the hydrogeological study area (HSA) has two portions, with 

the VFZ between these two portions. The NE portion of the HSA lies within the 

Trekpoort Catchment with a regional thrust fault located approximately 4 km from 

the mine, which is assumed to act as a barrier to groundwater flow.  

The area is arid with less than 20 mm of rainfall per annum. This 

emphasizes the arid nature of the region and the very low potential for 

groundwater recharge from occasional rainfall (Mahomed, 2011). 

3.3.1 Hydrogeologic units and properties  

The hydrogeological study area comprises the meta-sedimentary and 

volcanic units belonging to the Nama Group and Rosh Pinah and Obib formations. 

Outside of the VFZ these units were assumed to have the same hydraulic 

conductivity as there is limited data available for the area and these lithological 

units are reported to have a very low and limited groundwater potential. The VFZ 

is a graben structure which hosts many subsidiary faults and fractures that are 

parallel to the main NW trending faults that define the graben. The lithologies 

within the graben are therefore likely to have a higher hydraulic conductivity. The 

western fault zone of the VFZ is intersected by the western part of the pit and by 

borehole GHDSK5 (Mahomed, 2011). 

Pumping test data of GHDSK5 indicates that the western fault zone has a 

hydraulic conductivity of about 6.0 m/day and the eastern fault is likely to have a 

similar high hydraulic conductivity. These fault zones are assumed to extend 

vertically with hydraulic conductivity values of the same order of magnitude in the 

lateral and vertical direction (Mahomed, 2011). 

3.3.2  Pumping tests 

Pumping tests were carried out at the Skorpion Mine site to obtain hydraulic 

information of the pit hydrostratigraphic units. 
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3.3.2.1 Groundwater occurrence 

Groundwater was encountered in all six pit geohydrological exploration 

boreholes and the borehole information were recorded and summarized in Table 

3-2. 

Table. 3-2 Groundwater observation Borehole information (Kroupa, 2012-edited) 

 
Borehole 
ID 

 
Elevation 
(mamsl) 

 
Coordinates 

 
Depth 

(m) 

 
Groundwater 

level 
(mbgl) 

 
Yield/Sustainable 
yield(l/s) 

 
Static 
Water 
level* 

(mamsl) 

 
EC 

(mS/m) 

GHDSK1 668.235 16.6033 
-27.8136 

267 180.92 7.1-15.00 487.315 342 

GHDSK2A 669.215 16.5958 
-27.8129 

262 179.67  
<1.00 

 
489.545 

 
310 

GHDSK3A 664.421 16.5968 
-27.8132 

260 173.68, dry in 
April and 

October 2011 

2.11-0.30 490.741 290 

GHDSK4 665.005 16.6012 
-27.8230 

254 167.12,dry in 
April and 

October 2011 

3.11-0.70 479.885 419 

GHDSK5 668.527 16.5936 
-27.8145 

250 178.68 7.9-7.00 489.847 312 

GHDSK6A 650.509 16.6081 
-27.8222 

252 149.94 3.2-0.10 500.569 1 190 
 

 

Borehole GHDSK1 appears to have intersected a major fracture (fault 

zone), which is assumed to be part of the VFZ. The main lithologies in the aquifer 

zone are alternating layers of arkose and limestone, with water inflows associated 

with the boundaries between the two rock types. The other boreholes are 

assumed to have intersected “matrix” porous groundwater in a generally fractured 

aquifer. 

Lithologies in this aquifer zone range from quartz schist to arkose in 

GHDSK3A and arkose in GHDSK4, with a similar arkose-limestone transition at 

the main water strike. 

Groundwater was also intersected in 25 infill drill holes installed by the 

Mine, but they are out of this work’s interest. Based on this and the previously 

mentioned information it is therefore assumed that there is a groundwater table 

aquifer developed at the site. However, the exact extent and geohydrological 

significance of the VFZ has not been proven from the relatively limited drilling 

carried out (Mahomed, 2011). 
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3.3.2.2 Groundwater Levels 

Depth to static groundwater level varied from 149.94 to 180.92 mbgl, as 

measured after completion of each borehole. The shallowest groundwater strike, 

in the VFZ, is above the base of the final pit depth, while that in the matrix aquifer 

is closer to the base of the final pit. All static water levels are above the base of the 

final pit. Water level rise above the water strike levels, particularly the deeper and 

stronger ones, is considerable, indicating a minimum pressure head of 25 to 58 m 

(Mahomed, 2011). 

In terms of absolute elevations, groundwater levels at GHDSK1 and 2A are 

at 487.17 and 489.16 mamsl while that in GHDSK6A is at 500.59 mamsl. The 

elevated level at GHDSK1 is attributed to leakage from the evaporation ponds on 

the basis of elevated ECD and its groundwater chemistry. The VFZ runs through 

the plant area and in particular the evaporation ponds in the northern part of the 

plant area.  

According to Kroupa (2012), boreholes GHDSK3A and GHDSK4 have been 

found to be dry in April and October 2011. The only plausible explanation for this, 

given that there is no groundwater abstraction or inflows into the pit, appears to be 

the effects of close-by blasting operations in the pit. The boreholes are situated in 

the matrix rock/aquifer of the graben structure and as such have limited hydraulic 

conductivity and the relatively small scale fracturing in these areas may be more 

susceptible to blast effects. 

3.3.2.3 Yields and Drawdowns 

The blow-out yields obtained during drilling were used as a guide to setting 

yields for the constant discharge tests. Yields and drawdowns obtained from the 

pumping test are summarized in Table 3-3. 
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Table. 3-3 Summary of Pumping test Data (Kroupa, 2012) 

Borehole Yield (l/s) Maximum 
drawdown (m) 

GHDSK1 7.10 5.43 
GHDSK2A <0.10 - 
GHDSK3A 2.11 21.19 
GHDSK4 3.11 20.15 
GHDSK5 7.9 1.25 
GHDSK6A 3.20 19.11 

 

It can be clearly seen that GHDSK1 is the strongest borehole both in terms 

of tested and sustainable yield and also in terms of drawdown. During each test, 

water levels in the non-tested boreholes were measured on a regular basis but 

generally small drawdowns were recorded because the test holes are not aligned 

along the high-transmissive NW-SE trending VFZ. The latter situation arises 

because of limitations on space for siting and drilling of test boreholes due to the 

pit and Plant layout. 

3.3.2.4 Hydraulic parameters 

Apart from groundwater occurrence and levels one of the key parameters 

required for assessment of theimpacts of groundwater on a mine and vice versa is 

estimation of hydraulic parameters, transmissivity (T) and hydraulic conductivity 

(K). These parameters are obtained from analysis ofborehole test data such as the 

test pumping programme carried out at the Mine. Packer testing couldalso be used 

but this method was not employed at Skorpion as the boreholes are fully 

casedbecause of the unstable nature of the rocks. Packer testing enables the K of 

individual fractures andzones of interest within a borehole to be determined 

whereas test pumping only allows bulk T and K values to be determined 

(Mahomed, 2011). 

Transmissivity values were obtained by using the FC, Cooper_Jacob and 

Theis methods of analysing the pumped boreholes.The values so derived are 

likely to be underestimated by up to ~30 per cent because so-called well losses 

(head loss due to restriction on inflow to the borehole caused by borehole 

construction) are neglected. Hydraulic conductivity (T divided by aquifer thickness) 
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was estimated by taking the aquifer thickness as being from the last water strike to 

the static water level and dividing this into T. Hydraulic parameters for pit 

geohydrological boreholes are summarized in Table 3-4. 

 

Table. 3-4 Summary of hydraulic parameters (Mahomed, 2011) 

Boreholes Transmissivity*T (m2/day) Hydraulic conductivity K (m/day) 
GHDSK1 80 1.00 
GHDSK2A Yield too low for testing Yield too low for testing 
GHDSK3A 6 0.06 
GHDSK4 7 0.09 
GHDSK5 400 6.00 
GHDSK6A 13 0.13 

*Average of early and late time values from FC method,rounded-off 

 

Transmissivity and K values for GHDSK3A and GHDSK4 are very low but 

within the expected range for the associated rock types and are taken to represent 

“matrix” values. The T and K values for GHDSK1 and 5 are two orders of 

magnitude higher and indicate the likelihood of a major fractured aquifer 

associated with the VFZ. 

The hydraulic parameters obtained indicate that groundwater control 

measures for the fractured aquifer will require active pumping from dewatering 

boreholes while control measures for the matrix aquifer should only require 

passive dewatering or depressurization measures such as inclined drain holes 

(Mahomed, 2011). 
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4 Groundwater and surface water quality 

Groundwater is typically the most important source of water to a pit lake. 

Groundwater inflows provide water as well as chemicals mass additions to the pit 

lake (Castendyk and Eary, 2009). Mass loading associated with groundwater 

solutes can directly affect pit lake water quality. This is especially true if the local 

groundwater system has been impacted by mining operations. Likewise, poor pit 

lake water quality can impact downgradient water resources. Solute transport and 

particles tracking may be used to stimulate both of these interactions (McCullough, 

2012).  

The water quality of a pit lake is a result of many contributing factors 

including but not limited to geology and mineralogy of the host formations, influent 

water quality, concentrating effects of evaporation, geochemical, biological and 

limnologic processes within the lake and anthropogenic impacts (Castendyk and 

Eary, 2009). 

 

4.1 Water quality parameters 

The parameters that may be monitored in pit lakes for the evaluation of 

water quality include: water temperature (Tw), specific conductivity (SC) or 

electrical conductivity (EC), pH, dissolved oxygen (DO), total dissolved solids 

(TDS) and salinity, alkalinity or acidity, dissolved inorganic carbon (DIC) and 

dissolved organic carbon (DOC), major ions, etc. (McCullough, 2012). Water 

quality measurements include the collection of groundwater samples for chemical 

analyses. 

 

4.2 Groundwater quality of the pit lake 

According to Mahomed (2011), electrical conductivity of groundwater 

intersected during the drilling was monitored by means of an EC meter. The 

quality of the groundwater in GHDSK1 and 2A matches the background quality 

indicated by the original three pit geohydrological boreholes, with an EC range of 
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308 to 356 mS/m. However, GHDSK6A has a very elevated EC of about 1 100 

mS/m (field and lab measured). This borehole is located close to the evaporation 

ponds and also has an anomalously high water level. These factors indicate that 

the water table in this area is affected by leakage from the ponds. 

According to Mahomed (2011), groundwater samples were taken at the end 

of each pumping test. However, due to an oversight by the Pumps, these samples 

were not submitted for analysis and were apparently “lost”. Samples were then 

retaken in October and submitted for analysis and the chemical analyses are 

summarized in Table 4-1. Borehole GHDSK3A was reported as being dry at the 

time of the re-sampling which is puzzling as the water level was at 179 m at the 

time of drilling and the borehole is 252 m in depth. GHDSK4 was also reported as 

being dry in April 2011 when water levels were measured in all boreholes prior to 

starting the pumping test. 

Table. 4-1 Summary of groundwater chemical analyses (Kroupa, 2012-edited) 

Borehole 
sample ID 

GHDSK
3 

drilling 

GHDSK3  
test 

pumping 

GHDSK4 
drilling 

GHDSK4 
test 

pumping 

GHDSK5 
test 

pumping 

GHDSK5 
drilling 

GHDSK1 GHDSK6A 

Sampling 
year 

 
2008 

 
2008 

 
2008 

 
2008 

 
2008 

 
2008 

 
2011 

 
2011 

pH 7 8.1 6.7 8.2 8 8.2 7.3 5.2 
EC 
(mS/m) 

334 341 456 346 315 347 384 1108 

Na 449 433 624 545 411 366 434 1626 
K 29 25 37 34 26 25 31 66 
Ca 89 138 162 188 130 158 169 512 
Mg 64 71 110 114 78 70 72 394 
TAL  as 
CaCO3 

 
80 

 
141 

 
121 

 
114 

 
188 

 
180 

 
172 

 
0 

HCO3 98 172 148 139 229 219   
Cl 670 700 1051 1102 633 680 682 2999 
SO4 512 442 851 656 579 483 922 2880 
NO3 as N 16.9 11.2 10.2 19,4 3 7.6 0.22 0 
F 3 1.4 0.9 0.5 1.4 1.3 1.66 3.9 
COD 895 58 151 83 34 91 27 188 
Cu 0 0 0   0   
Pb 0 0.16 0   0   
Zn 0.62 0.62 0.41 0.41  0.62   

* Concentration values in mg/l 

GHDSK1 shows a high salinity and sodium chloride (sulphate) water type 

with alkaline pH. GHDSK6A shows an acidic pH. This is attributed to seepage of 

process water from the evaporation ponds and leakage of process reagents from 

the Plant area. 



Fredrika Ndeutala Shagama: Water Quality Prediction in the Skorpion Mine 
Pit Lake in Namibia 

 

2013  27 

 

5 Water budget of Pit Lake 

The water budget or water balance is defined as a function of inflow/outflow 

(inputs and outputs to the system) resulting from head differences between aquifer 

and the pit lake. A water budget describes the various components of the 

hydrologic cycle of the area of interest. The general equation for calculating a 

water budget or also known as water balance of a water system is: 

        Inflow = Outflow ±∆Storage 

Whereby,  

• ∆Storage is known to be change in storage. 

• Input: precipitation, surface water, groundwater inflow, and recharge 

from wells. 

• Outputs: evaporation from pit lake surface, groundwater outflow. 

The water budget usually includes the following components: 

• Precipitation (P) 

• Evaporation (E) 

• Surface run-off (SR0) 

• Evapotranspiration(ET) 

• Groundwater flow: in and outflow (GF)  

The water budget is expressed as an equation relating these components: 

∆S= P – E – ET ± SRO ± GF 

For example, if the expression on the right-hand side of the equation is 

positive, storage will increase and the water level in the area of interest will rise. A 

positive change in storage is often termed a surplus, while a decrease in storage is 

termed a deficit. A water budget is calculated for a specified period of time. 

Permanent projects may be evaluated using daily or monthly data, with the 

resulting net surplus or deficit is expressed as a seasonal or annual value (LWMD, 

2010).  
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5.1 Water budget components of Skorpion Mine Pit 

5.1.1 Precipitation 

The Sperrgebiet falls within the west coast winter rainfall region and rarely 

receives more than 100 mm per annum.  The Skorpion Mine lies in the south east 

of the Sperrgebiet and records from nearby Rosh Pinah indicate a mean rainfall of 

68.7 mm per annum that ranges between 25 and 90 mm for 80 % of the time.  The 

lowest recorded annual rainfall was 16.7 mm in 1994/5 and the highest 

precipitation at Rosh Pinah was 98.3mm in 1985/6 (Johnstone et al., 2009).  

The average rainfall data for Rosh Pinah (being the nearest recording 

station to the Mine) recorded for a period of 25 years (1971-1996) is presented in 

Table 5-1. 

Table. 5-1 Rainfall figures for Rosh Pinah (Johnstone et al., 2009) 

Months Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year 
total 

Aver. 
(mm) 

3.7 5.7 7.9 13.6 5.2 7.2 6.6 3.2 5.1 4.2 2.4 4.0 68.8 

Max. 
(mm) 

29.0 42.0 56.0 55.0 23.5 36.3 34.7 16.0 36.9 33.8 17.6 75.6 456.4 

 

Precipitation (average annual rainfall) of 42.9 mm/year recorded at 

Vioolsdrif weather station from 1933 to 2001 (see CD-R, Vioolsdrif_precipitation) 

was chosen for water budget calculation in section 5.2. 

 

5.1.2 Evaporation 

Evaporation rates increase inland from the coast from about 2600 mm to 

3000 mm per annum and are highest between October and January.  Evaporation 

for Sendelingsdrif on the Orange River, 40km south of Skorpion, averaged 2 875 

mm per annum for a 16 year period.  Most (80%) of the total annual evaporation 

occurs during spring and summer (Johnstone et al., 2009). 

5.1.3 Groundwater inflow 

Groundwater inflow is one of the hydrologic water budget components. 

Groundwater inflow (Q) for the Skorpion Pit was calculated using Dupuit equation 
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(steady-state flow) and also estimated from the conceptual model developed in the 

section 5.2. The values obtained from analytical equation were compared with the 

value obtained from the model to see how close the estimated value is to the 

observed value and also to determine closeness of the conceptual model to the 

real situation of study area.  

The area of the potential water table in the pit shell is not constant as it 

depends on its elevation, so different areas of the water table were calculated for 

different elevations. Basic built-in regression analysis was used to get an equation 

for relation between water table area and elevation (Figure. 5-1).  

The hydraulic conductivity value K used in the analytical equation was 

derived from the numerical model (highest hydraulic conductivity value), which is 

0.0000224 m/s and the radius of influence R was calculated using Kusakin's radial 

flow equation.  

              = 575. . √ .  

Where s is drawdown and H is the active depth. Drawdown is equal to h in 

this case (34.5 m). The input values used in calculating groundwater inflow are 

shown in Table.5-3. 
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Table. 5-2 Water table area and cumulative values (author, 2013) 

Class Area (m2) Cumulative 
420 - 430 6109,32 6109,32 
430 - 440 9854,39 15963,71 
440 - 450 10422,05 26385,76 
450 - 460 13522,08 39907,84 
460 - 470 23666,75 63574,59 
470 - 480 21371,06 84945,65 
480 - 490 31404,13 116349,78 
490 - 500 26179,62 142529,4 
500 - 510 24927,68 167457,08 
510 - 520 33914,31 201371,39 
520 - 530 27963,79 229335,18 
530 - 540 31586,36 260921,54 
540 - 550 33505,32 294426,86 
550 - 560 31998,62 326425,48 
560 - 570 31327,68 357753,16 
570 - 580 31614,85 389368,01 
580 - 590 33301,04 422669,05 
590 - 600 34938,5 457607,55 
600 - 610 34354,24 491961,79 
610 - 620 35530,42 527492,21 
620 - 630 42019,84 569512,05 
630 - 640 59645,36 629157,41 
640 - 650 78415,6 707573,01 

 

From the values in Table.5-2 a graph of water level drop vs. water table 

area was plotted (Figure. 5-1).  

 
Figure. 5-1 Graph of Water level drop vs. water table area (author, 2013) 
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The analytical equation was derived from Dupuit's radial steady-state flow, 

and it was limited to Dirichlet's boundary condition (boundary of first kind) on a 

stable active depth of 69 m, i.e. H is constant.  

Table. 5-3 Values used in analytical equation (author, 2013) 

Parameters Values and units 
H 2h=69.0m 
K 1.93 m/day 
h  34.5 m 
R 229515.7 m 

 

 Groundwater inflow (Q) to the pit was calculated as follow, with respect to 

the graph equation in Figure 5-1: 

= . . ( − ℎ )
− ( . ( ) . ( ) ) 

= 3391.566	 /  

Where, H: active depth (m) 

            h: water table elevation at a specific point, equivalent to x in the 

graph equation (m) 

            R: radius of influence (m) 

             K: hydraulic conductivity (m/s) 

 

5.2 Water budget calculations 

The water budget of the Skorpion Mine Pit was calculated using the inflow 

components (precipitation P and groundwater inflow Q) and the only outflow 

component (evaporation E). The water budget of the Pit Lake is calculated from 

the equation below: 

∆S = (Q + P) − E 

Where Q: groundwater inflow, P: precipitation  

                                                E: evaporation 
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The Q value used in the water budget calculations was calculated from the 

regression equation, P was calculated based on the mean annual rainfall 42.9 

mm/year (section 5.1.1) and E value was calculated from the value given in 

section 5.1.2 (2875 mm/year). The Pit surface area in 839400 m2 (Kroupa, 2012). 

Precipitation rate value was then multiplied by Pit surface area (839400 m2) and 

evaporation rate value was multiplied by water table area 443094.5 m2 (Value 

estimated from basic built-in regression analysis equation, Figure 5-1) to obtain 

same units used in the water balance equation below. 

 

∆S = 3391.566	m
day + 98.65825 mday − 3490.128 mday 

∆S = 0.096	m /day 

 

 

5.3 Numerical modeling  

A pit conceptual model was developed using a numerical modeling code 

MODFLOW-2005 to model the groundwater flow in the study area. GMS v8.3 was 

selected to create the conceptual model, prepare input files for MODFLOW and to 

view the model results. The model was used to develop groundwater rebound 

predictions and inflow rates in the open pit. 

5.3.1 Conceptual Model 

Conceptual model development is a fundamental step in the development 

of a pit lake water quality prediction (Castendyk and Eary, 2009). The conceptual 

hydrogeologic model is the most important step in groundwater model process, 

which forms the basis for developing a numerical model (Hesch, 2009).  

To assess the groundwater inflows into the Skorpion pit below the regional 

water level of 420 to 470 mamsl and simulate the groundwater flow within the 

mining area, a conceptual groundwater model was developed (Figure 5-1) based 
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on the available geological, hydrogeological information and geohydrological 

exploration drilling studies carried out in the study area from 2008 to 2011. 

For the modeling purpose, two-layers were assigned to the aquifer. The 

upper layer was set as convertible and lower layer was set as confined. The input 

values used in conceptual modeling are presented in Table 5-3. 

 

Table. 5-4 Hydraulic parameters assigned to the model (Mahomed, 2011) 

Hydrostratigraphic 
Units 

Depth 
(mamsl) 

Kh (m/d) Kv (m/d) Sy (-) Ss (m
-1) 

Rosh Pinah, Obib and 
Nama outside of the 
graben 

water table to 
300 

0.075 0.0075  
 
 
 
 

0.021 

 
 
 
 
 

0.00021 

300 to 0 0.0075 0.00075 
0 to -500 0.00075 0.000075 

Graben Water table to 
0 

1.0 0.75 

300 to 0 0.1 0.075 
0 to -500 0.01 0.0075 

Fault (Valley fault) Water table to 
-500 

4.5 4.5 

Fault (NE) of mine Water table to 
-500 

3.0 3.0 

 

 

5.3.2 Boundary conditions 

The conceptual model active boundary was applied in the northern-west 

part of the pit model, which allows entry of flow in the pit- see Figure 5-1. The 

remaining boundaries of the model were assumed to be no-flow boundaries. The 

boundaries of the model area were derived from the surface water catchment 

boundaries. It was assumed that groundwater elevations mimic surface 

topography- see Figure 5-2 (surface elevation of boreholes vs. groundwater 

elevation). 

Groundwater recharge due to rainfall enters the aquifer as direct pit lake 

surface recharge.  
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Figure. 5-3 Graph of surface elevation vs. Groundwater elevation
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representing the degree of linearity, is high (0.73).  The figure has a considerable 

degree of uncertainty as the collar height elevations of the boreholes have not 

been surveyed. This data was obtained from eThekwini Municipality in 2009 based 

on interpolation of 2 m surface contour elevations. 

5.3.3 Conceptual model results  

The model was developed as a steady state model. The main aim of model 

development was to estimate the groundwater inflow to the pit. The inflow value 

calculated by the numerical model was 160 m3/day. The value estimated by the 

model is smaller compared to the values obtained from Dupuit's analytical 

equation in section 5.1.3, Table 5-2. This shows that the value from the model is 

close to the real situation of the pit, because the value obtained from analytical 

calculations is too high for the Pit inflow, since the study area does not receive 

much water from precipitation, which could lead to such high pit lake recharge 

(groundwater inflow).    

The Pit Lake has no groundwater outflow, due to high evaporation potential; 

more water is lost through evaporation.  The water budget (balance) result shows 

that, to maintain the balance between inflows and outflows of the Pit, total inflows 

should at least be 3490.224 m3/day to approximate evaporation rate of 3490.128 

m3/day. 
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6 Pit lake water quality prediction using geochemical equilibrium 

modeling 

The water quality of pit lakes is often determined by acid mine drainage. 

The system is complex because flow processes in the groundwater and lake as 

well as chemical and biological water quality processes influence each other and 

this why the best way to predict the water quality in a pit lake is by using 

geochemical equilibrium modeling. 

According to Castendyk and Eary (2009), water quality in a pit lake is also 

determined by the proportional amount and chemistry of each type of water and 

flows into the pit lake in combination with in-lake hydrochemical processes that 

may add, subtract, or redistribute chemical species in the water column. 

Additionally, the amount of water lost from the pit lake system by either 

evaporation or outflow into surface or groundwater also affects water quality. 

 

6.1 Methodology 

Geochemical equilibrium in the Pit Lake was carried out within a 

geochemical model PHREEQC for Windows. PHREEQC is often used for pit lake 

predictive studies because of the ease with which it can be used to mix water and 

specify equilibrium controls (Eary, 1999). 

6.1.1 Water quality data 

Geochemical modeling was carried out based on single collections of 

groundwater samples from three of the five boreholes i.e. GHDSK3A, 4 and 5, and 

their complete chemical analyses are presented in Table 6-1 (the values given in 

the table are averages of pumping tests and drilling from Table 4-1). The  chemical 

analyses for borehole GHDSK 1 and 6 were incomplete, and that is why they were 

excluded from model. The model also used different  groundwater inflows into the 

Pit (Table 6-2), evaporation and precipitation rates of the study area. Data are 

summarized in Table 6-3. For modeling purposes, an average temperature of  25 ° 

C was chosen for the study area. 
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The first model calculated with a typical anoxic environment for conditions in 

the saturated zone. In the second stage, the water chemistry was given in 

equilibrium with the atmosphere (pCO2 =10-3.5 and pO2 = 10-0.699) characteristic for 

the water output to the surface in the Pit environment.  

 

Table. 6-1 Groundwater chemistry values used in PHREEQC (Kroupa, 2012-edited) 

Borehole ID GHDSK3A GHDSK4 GHDSK5 GHDSK1 GHDSK6A 
pH 7.55 7.45 8.1 7.3 5.2 
EC(mS/m) 337.5 401 331 384 1108 
Na 441 584.5 388.5 434 1626 
K 27 35.5 25.5 31 66 
Ca 113.5 175 144 169 512 
Mg 67.5 112 74 72 394 
TAL as CaCO3 110.5 117.5 184 172 0 
HCO3 135 143.5 224   
Cl 685 1076 656.5 682 2999 
SO4 477 753.5 531 922 2880 
NO3 as N 14.5 14.8 5.3 0.22 0 
F 2.2 0.7 1.35 1.66 3.9 
COD 476.5 117 62.5 27 188 
Cu 0 0 0   
Pb 0.16 0 0   
Zn 0.62 0.41 0.62   

*concentration values in mg/l 

 

Table. 6-2 Values used in calculating groundwater inflows for geochemical modeling 

Parameters H(m) h(m) s(m) R(m) Inflow  Q 
(m3/day) 

1 100 50 50 1360.7 47520.0 

2 100 75 25 680.3 19200.0 

3 100 90 10 272.1 12110.0 

K= 0.0000224 m/s 
  
ro = 516.9 m 
  

 

The groundwater inflows in Table 6-2 were calculated for different 

drawdown values using Dupuit's radial flow equation (steady-state): 

= . .( )
	    

Where; K is hydraulic conductivity, H is active depth of the water table , h is 

water table elevation at a specific point, R is radius of influence (equation in 
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section 5.1.3) and ro is fictitious radius of Pit, =  ,whereby F is Pit surface 

area 839400 m2 (value from section 5.2). 

 

Table. 6-3 Geochemical model input values (author, 2013) 

Parameter Value Unit 
Q1 47520.0 m3/day 
Q2 19200.0 m3/day 
Q3 12110.0 m3/day 
Evaporation 5151.5 m3/day 
Precipitation 96.6 m3/day 

 

Groundwater around the Skorpion Mine, which is due to low precipitation as 

the source of Mine water in the area was described as a sodium-chloride water 

type. 

Based on geochemical modeling, it was revealed that in the anoxic 

environment of the saturated zone, groundwaters are not supersaturated with 

respect towards any mineral. When these waters come into equilibrium with the 

atmosphere, they will become supersaturated with respect to dolomite, smithsonite 

and cerussite (Table 6-4). 

Table. 6-4 Average saturation indices (SI) of groundwater around Skorpion Mine in anoxic 
environment and after reaching an equilibrium with the atmosphere (author, 2013) 

Mineral Anoxic environment SI (Log 
Q/K) 

Equilibrium with the 
atmosphere SI (Log Q/K) 

Dolomite -0.024 0.087 
Cerussite -0.092 0.031 
Smithsonite -0.095 0.012 
Calcite -0.113 -0.019 
Aragonite -0.225 -0.035 
Fluorite -0.431 -0.074 
Gypsum -0.481 -0.080 

 

The model was further modified with groundwater inflows to the Pit Q1, Q2 

and Q3 and evaporation. Results are summarized in Table 6-5. 
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Table. 6-5  Calculated saturation indices (SI) for various groundwater inflows in the Pit 
(author, 2013) 

Mineral Q1 SI (Log Q/K) Q2 SI (Log K/Q) Q3 (Log K/Q) 
Dolomite 0.022 0.077 0.098 
Cerussite 0.009 0.054 0.056 
Smithsonite -0.023 0.011 0.026 
Calcite -0.041 -0.017 0.015 
Aragonite -0.069 -0.037 -0.001 
Fluorite -0.104 -0.075 -0.043 
Gypsum -0.163 -0.094 -0.048 

 

6.2 Geochemical modeling results 

The results show that in the case of high groundwater inflow into the Pit 

(Q1), it will greatly reduce the super-saturation of water to dolomite and cerussite 

and on the contrary, unsaturation increases to other minerals. This is probably, 

because of prevailing groundwater inflows over evaporation and longer alignment 

of partial equilibrium mineral-water-atmosphere. 

In the case of low groundwater inflow to the Pit (Q2), it corresponds to the 

saturation indices state, where groundwater comes into equilibrium with the 

atmosphere. The composition of the water in the Pit is partly influenced by 

evaporation, but the amount of groundwater inflow is still sufficient to prevent 

massive formation of evaporites on the Pit base. 

When groundwater inflow into the Pit corresponds to Q3, the saturation 

indices of all minerals will greatly increase. In this case, it demonstrates effects of  

evaporation and in Skorpion Mine water it results in precipitation of  mainly calcium 

carbonates, zinc and lead and partially hydrated forms (e.g. hydrocerussite). This 

situation will lead to precipitation of a significant amount of evaporites on the Pit 

base, whereby it leads to a change in chemical composition and other water 

parameters (e.g. decreasing pH-value, increasing acidity, etc.) in the Pit. 
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7 Discussion and recommendations 

The conceptual model was developed on insufficient data, especially on the 

boundary conditions (as it was only assumed that groundwater elevations mimic 

surface topography and the boundaries of the model area were derived from the 

surface water catchment boundaries). The data presented could at least provide a 

closer picture of the model, which could have been fully developed with the 

necessary data. As for the analytical calculations of groundwater inflow into the 

Pit, the real solution can only be obtained from reliable data that were not available 

at the time this thesis was written. 

Geochemical equilibrium modeling was done based on complete 

groundwater chemical analyses of three boreholes (section 6.1.1). The results 

may not be reliable for current use, because the data used in modeling were 

collected between 2 to 5 years ago prior to the development of this thesis. For 

better evaluation of Pit Lake water quality, it is very important that the Pit Lake 

geochemistry is monitored regularly, because it is likely to change due to 

evaporation (seasonal climate changes) and change in groundwater influx, to 

mention but a few. The water quality of the Pit is greatly affected by evaporation. 

In other words, the more water is flowing out of the Pit Lake than inflows (case of 

Q3 in geochemical results), the high the solute (minerals) concentration, leading to 

the formation of evaporites, and eventually change in Mine water chemical 

composition and other parameters, as mentioned earlier in the results. When this 

happens, the Pit water quality will obviously be poor. 
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8 Conclusions 

The objectives of the thesis were to develop a conceptual model of the 

Skorpion Mine Pit and predict the water quality of the Pit Lake using geochemical 

equilibrium. Although insufficient data were available, a conceptual model was 

developed based on the little data and information, and it demonstrates a general 

situation, which can be expected.  

The water quality of the Pit Lake was predicted using geochemical 

equilibrium modeling, and on the basis of the results from geochemical model, it 

can be reasonably concluded that the Pit Lake water quality is very poor. This 

water poses potential risks to human health, because the levels of elements 

present in the water either exceeds or is below the drinking water quality 

standards of Namibia as stated in  Walmsley and Tshipala (2009). Not only does 

this water pose potential risks to humans, but also to the environment, as this 

water may be released into the environment through seepage into the local or 

regional groundwater system. The water quality will generally improve with time, 

and this will probably happen at the end of the Mine life, when dewatering process 

ceases, groundwater inflows will be in equilibrium with evaporation losses. 
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