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Foreword (to be supplied by DWAF)
Groundwater in South Africa as a whole is under-utilised, although local over-exploitation does occur. Groundwater schemes can be implemented quickly and cheaply, and are in particular effective in conjunctive use and dispersed scenarios. With increasing pressure on scarce surface water resources, and with the priority of supplying potable water to disadvantaged rural and urban communities, it is clear that groundwater will play an increasing important role in South Africa’s economic and social prosperity.

A major obstacle to the realisation of this prosperity is that insufficient information about groundwater is reaching the planners, decision makers, users and other affected parties. In an attempt to rectify this situation, groundwater information locked away in expert’s minds and computer databases is being made available on maps. The first step in this programme at the regional level is the preparation of the “General Hydrogeological Maps” at the scale of 1: 500 000.

The main purpose of the General Hydrogeological Maps is to display in an easily understood format what is known about basic hydrogeological properties. These General Maps represent the synthesis of the most up-to-date data and hydrogeologist’s knowledge. Thus these maps are also very useful in identifying areas where additional data should be collected and further investigations need to be conducted.

Groundwater maps – the best available information for the best possible planning, development and management of a strategic resource – will ultimately benefit all South Africans.

BY EBERHARD BRAUNE

DIRECTOR: GEOHYDROLOGY (2000)

DEPARTMENT OF WATER AFFAIRS AND FORESTRY

PRETORIA

Preface

Groundwater plays an important role in South Africa’s quest to supply all citizens with potable water. This is not only true in the case of remote rural areas where the infrastructure is seriously lacking, but also in areas where evapotranspiration rates are excessively high and cause high losses to the overall water budget. Without adequate knowledge of the groundwater behaviour the planners, decision – makers and users are often misinformed of the true groundwater potential. 

The introduction of the 1:500 000 hydrogeological map series provides a synoptic overview of groundwater occurrence based on information compiled through various studies and drilling programmes. The explanation of the 1:500 000 hydrogeological map of Nossob, i.e. this brochure, has been written to complement the corresponding map as compiled by Mr. E. Van Wyk in 2002. 

The brochure describes groundwater occurrences, as depicted on the map, in the following categories:

· Fractured

· Intergranular

· Fractured and intergranular

· Two – layered.

It further provides the reader with a general sense of the likely hydrogeological conditions that occur. The brochure describes the lithological groupings that were adopted based on similar expected hydrogeological characteristics. The main data sources were the National Groundwater Database (NGDB), Water Management System (WMS), harvest potential figures (Baron et al, 1998) and national scale recharge figures DWAF (2005a). In addition the brochure describes additional hydrogeological information such as the recharge distribution, water level contours, groundwater quality and groundwater development. This brochure is to be read in conjunction with the hydrogeological map, Nossob 2419.

Many groundwater users, i.e. municipal, domestic and private users, within the map area, rely totally on groundwater for their very existence. It is hoped that this map and brochure will serve as a baseline for future studies and exploration projects to eventually improve the knowledge base and confidence of individual users, planners and decision – makers in the optimal utilization of groundwater.
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CGS

Council for Geoscience

DWAF 
Department of Water Affairs and Forestry

EC

Electrical Conductivity

GIS

Geographic Information System

NGDB

National Groundwater Database

PMC

Percent Modern Carbon

WMS

Water Management System

TU

Tritium Units

Symbols and units

ℓ/s

litres per second

m

metre

m/a

metres per annum

m/s

metre per second

m3/a

cubic metre per annum

Ma

million years

mamsl

metres above mean sea level

mbgl

metres below ground level

mg/ℓ

milligrams per litre

mm/a

millimetres per annum

mS/m

milliSiemens per metre
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1. INTRODUCTION

The Nossob map area lies between the latitudes 24° 45’ S and 27° 00’ S and the longitudes 20° 00’ E and 22° 00’ E, mainly in the upper part of the Lower Orange Water WMA with only a small part in the southeast, located in the Lower Vaal WMA. The area is drained by the Nossob, Auob, Molopo and Kuruman Rivers (Figure 1). The Nossob and Molopo Rivers form the northern and eastern boundary of the map area which is also the international border between South Africa and Botswana. To the west the area is bounded by the South Africa / Namibia border. The majority of the map area forms part of the Greater Kalahari region that extends further towards the north, west and east into the neighbouring countries of Namibia and Botswana.
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Figure 1: Extent of the map area with major rural villages

Surface water sources are limited to the headwaters of the Nossob, Auob, Molopo and Kuruman Rivers, which are mainly seasonal in nature, with the lower reaches only flowing in exceptionally wet years (Van Wyk, 1987). Even though the area is arid, rainfall does occur, mainly in the form of summer thunderstorms and plays an important role in recharging the groundwater systems in the area. Therefore the area is very dependent on groundwater to supply water for domestic use and livestock watering. Only rural communities are present in the map area of which Rietfontein has the largest population. There are no major towns except Upington which lies about 200 km south of Askham. Groundwater resources display great spatial variability in quantity, quality and mode of occurrence. This is directly related to variations in climatic and geological conditions that control the region’s hydrogeology.

The availability of water in turn, controls demographic distribution and the type of land-use and economic activities. The area covers approximately 17 775 km2 of mainly open land with a few rural communities nestled in-between sand dunes and/or salt pans. The Kgalagadi Transfrontier Park, previously known as the Kalahari Gemsbok Park, occurs in the northern part of the map area. 
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Further to the south the area is very sparsely populated with only a handful of rural communities that practice predominantly stock farming (cattle and sheep farming). Although some diamond mining took place during 1968 – 1970 near Rietfontein in the southwest, it became uneconomical and difficult due to groundwater ingress (Van Wyk, 1987).

1.2. Map

The Nossob 1:500 000 General Hydrogeological Map forms part of the series of General Hydrogeological Maps for the Republic of South Africa and provides the first synthesis of the general hydrogeology of the area. The map has been compiled from all available information that includes the National Groundwater Database (NGDB), Water Management System (WMS), Department of Water Affairs and Forestry (DWAF) reports, consultants reports and has been supplemented by field visits and information supplied by landowners. The map provides educational value to the reader and an indication of groundwater availability.

Information is provided on a regional scale for the 1: 500 000 hydrogeological map (main map). The map insets are at a scale 1: 1 500 000 and 1: 2 000 000. Therefore whilst the information presents the likely hydrogeological conditions for the region, specific local conditions such as drilling targets, cannot be extrapolated. The latter requires detailed studies that need to be employed at the local level and used conjunctively with the map.

1.3. Brochure

The Map Brochure complements the map sheet by providing a comprehensive description of the map elements and symbols shown on the map sheet. The main geological formations and the individual aquifers typical for that particular formation are discussed. Physical and hydrochemical properties of the aquifers are presented from an analysis of data used in the compilation of the hydrogeological map and the map insets. Further to this, information on recharge has been incorporated to provide the reader with a spatial distribution of likely recharge rates (DWAF, 2005a). Estimations on the harvest potential were based on the national scale Harvest Potential Map (Baron et al, 1998).

2. READING AND UNDERSTANDING THE MAP

2.1. Sources of information and it’s reliability

The information and interpretations used to compile the map and brochure are based on the best available information at the date of publication of the Nossob 1: 500 000 hydrogeological map. Borehole information originates from drilling reports from government drilling programmes as far back as 1900. Additional information was gathered by hydrocensus mapping programmes over the period from 1970 to 2000 that included information from private landowners. This information was integrated with the NGDB. Data analysis and interpretation are based essentially on this database.

2.2. Mapping Methodology

Extensive use was made throughout of the ArcInfo Geographic Information System (GIS) for cartographic compilation, data display and manipulation.

The geology was adapted from the 1: 1 000 000 scale published geological map (CGS, 1984). The published 1: 250, 000 scale geological maps of “Twee Rivieren” and “Nossob” (CGS, 1988) were used for the identification of the geology of the area. Lithologies were simplified and grouped together as lithological types. Geological units are provided with codes, which are explained on the chronostratigraphical column. Lithologies too small to carry a GIS polygon and a formation code have been omitted and the predominant lithology in the area was used. Some lithological boundaries were smoothed out and will not always correspond exactly with those on the published geological map.

A GIS approach was used to display the groundwater occurrence or aquifer types of the Nossob Hydrogeological Map based on data and information obtained from the various data sources outlined in Section 1.2. Conceptual cross-sections were drawn to illustrate the relationship of geology and groundwater occurrence and typical targets favourable for groundwater development. 

Borehole yield data used for the map were obtained from the sources mentioned above. Yield ranges were colour coded and plotted as coloured dots representing different yield ranges superimposed on the 1: 500 000 lithological map. Yield contours were drawn by hand and finalised within GIS. Based on field visits, experience and information provided by landowners, data from well-defined geohydrological areas were extrapolated to areas of data scarcity. It can be seen from the 1: 500 000 scale map that the yield classes and lithological boundaries do not always coincide. 

Data from the WMS were used to compile the 1: 1 500 000 scale groundwater quality map, using the same methodology outlined previously. The map depicts the quality of groundwater with regard to the electrical conductivity (EC) of the groundwater. Intervals shown are taken from DWAF (1999) guidelines for human water consumption.

The 1: 2 000 000 scale inset maps illustrating mean annual precipitation, ground elevation above sea level and distribution of borehole data were entirely GIS generated.

The NGDB does not distinguish between dry boreholes and boreholes with no data. These boreholes unfortunately had to be excluded from the borehole analyses. A general practice by some land owners and drillers in the past was to record boreholes having uneconomical yields as dry, probably also contributed to this problem.

2.3. Legend Explanation

The international legend for hydrogeological maps (UNESCO, 1983) was adapted for South African conditions. The main adaptations to the UNESCO legend were:

· The removal of the division of aquifers between local/discontinuous or extensive, and using only local; and

· The inclusion of fractured and intergranular aquifers as an additional mode of groundwater occurrence.

The international classification defining the nature of groundwater occurrence was used. For these maps:

· “intergranular” was used for groundwater occurring in porous unconsolidated to semi consolidated lithologies,

· “fractured” for occurrence in fractures, joints and fissures,

· “fractured and intergranular” for occurrence in the weathered zone as well as in joints, fissures and fractures.

3. PHYSICAL ENVIRONMENT

3.1. Physiography

The surface topography of the map area generally decreases in elevation from north to south. The surface elevations for the northern area e.g. Mata Mata and Nossob are 963 and 964 mamsl respectively. The northern parts of the map area coincide with a vast flat land of sand dunes reaching heights of between 15 – 20 m above the dune depressions (Van Wyk, 1987). Further to the south the surface elevations at Loubos and Groot Mier are 914 mamsl and 845 mamsl respectively (Trollope, 1998). The area between Loubos and Klein Mier is characterised by red longitudinal sand dunes reaching similar heights as in the northern areas. In the south the area is characterised by pans of which the Hakskeenpan 10 km east of Philandersbron is the largest (Trollope, 1998).

The south eastern parts of the map area are characterised by the Molopo and Kuruman River valleys, both draining head waters from the Northwest Province’s (i.e. Grootfontein Eye at Mafikeng) and Ghaap Plateau’s (i.e. Kuruman Eye) dolomitic water areas. 

3.2. Climate

3.2.1. Precipitation

The map area falls within the arid zone of Southern Africa with rainfall that varies between 200 – 300 mm (Van Wyk, 1987). Peak rainfall generally occurs between December and April predominantly in the form of thunderstorm activity that extends down to the Kalahari basin. The rainfall is generally of high intensity and short duration, after which the desert transforms into a green oasis with colourful wild flowers all over, albeit only periodically. The highest rainfall months are January, February and March, whilst the lowest rainfall months are between June and September (Van Wyk, 1987). Spatially there is a southerly decrease in rainfall (Figure 2) from about 232 mm at Nossob in the northern part of the map to about 217 mm at Twee Rivieren in the southern part of the map (Van Wyk, 1987). 
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Figure 2: Spatial distribution of Rainfall (mm/a)

3.2.2. Evaporation and Temperature

According to Van Wyk (1987), the evaporation rate exceeds 3000 mm/a, which is more than ten times the mean annual rainfall for the area. In summer, the temperature in the Kalahari basin climbs up to 40 °C and higher. In winter (June to August) the climate is pleasant (i.e. 25 °C during the day), the air dry, and the nights are harshly cold (i.e. less than 5 °C). 

3.3. Surface Hydrology

The area is drained by the Nossob, Auob, Kuruman and Molopo Rivers, which flow southwards towards the Orange River. These rivers can be regarded as ephemeral rivers as high rainfall events may result in flash flooding of several hundreds of kilometres of the river bed, which soon disappear and never get to the Orange River. Major flooding of the Kuruman River following the abnormal high rainfall events during 1974 to 1976 resulted in a six-month continuous flow in the Kuruman River between the Kuruman Eye at Kuruman (approximately 150 km southeast of the south eastern boundary of the map area) and Abikwas Puts (i.e. a pan situated approximately 30 km south of the south western boundary of the map area), a total distance of about 400 km.

The Nossob and Auob Rivers originate in the highlands of central Namibia (Van Wyk, 1987). The Nossob River forms a wide meandering flow path of between 300 – 700 m in width, whilst the Auob River forms a narrow well delineated valley (Van Wyk, 1987).  However, current incision levels of the drainage systems in the surrounding landscape indicate that palaeo-flows in these rivers were of a much higher magnitude. For example, the valley floor of the Nossob and Auob Rivers approximately 5 to 8 m lower than the top of the calcrete terrace alongside the river bed (Van Wyk, 1987) (Plate 1).
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Plate 1: A water point within the Nossob River 
 
(Photo: Conrad, 2005)
4. GEOLOGY

4.1. Introduction

The lithological legend of the map sheet combines a number of stratigraphical units at formation level within the major stratigraphic units at Group or Supergroup level. Although the degree of consolidation varies for different rocks of different geological age, the major assumption is that they have similar hydrogeological properties. One such example is the largely unconsolidated sediments of the Kalahari Group. A summary of the symbols, groupings, rock type and geological age is given in Table 1. 


[image: image3.emf]Symbol on Map Generalised Lithology Stratigraphic Unit 

(Formation)

Group Sequence / 

Supergroup

Age

Pan Sediments

Red sand and dunes Gordonia Quaternary

Calcrete, diatomaceous in places Mokalanen

Red,brownandgreensandstone

withsand-filledbiotubesinplaces;

calcareous grit; conglomerate

Eden

Red to brown calcareous clay Budin

Clayey gravel Wessels

Jd Dolerite Jurassic

Pe

Grey, green and brown shale

(varved in places); sandstone,

arkose, grit

Prince Albert Ecca Permian

C-Pd

Tillite; brown ferruginous

sandstone,gritandconglomerate;

impure brown limestone and

calcarenite

Dwyka Carboniferous

Vv

Massive, purple quartzite;

subordinate grey quartzite

Matsap Volop

Vlu

Massive,greyandwhitequartzite

withhaematitenodulesandlenses

in places; conglomerate, quartz

muscovite schist

Lucknow

T-Qk

Breckhorn Nama Namibian Nn



Red,brownandpurplecross–

bedded sandstone

Karoo

Tertiary

Kalahari

Olifantshoek Mokolian


Table 1: Summary of symbols, groupings, rock type and geological age

4.2. Description of the Geological Units

The map area is mainly underlain by rocks of the Olifantshoek Sequence, Nama Group, Karoo Supergroup as well as the Kalahari Group in chronological order (Figure 3). Note that the Olifantshoek Sequence, i.e. Lucknow and Matsap Formations (Plate 2), only occur over a small part in the south eastern corner of the map area. The majority of the map area, in particular the northern part of the map area coinciding with the Kgalagadi Transfrontier Park, is covered by Kalahari Group sediments which are underlain by either the Karoo Supergroup or the Nama Group depending on the locality, whilst the post – Karoo dolerite intrusions occur in both these latter groups of sediments (Van Wyk, 1987). 

[image: image4.jpg]



Plate 2: Several geological units found on the farm Khuis northwest of Van Zyls Rust.

The photo shows the bluish purple Matsap Quartzites on the foreground, Dwyka Tillite Formation in the middle (typical brownish with large jaspilite and granitic cobblestones) and Kalahari Group sediments building the hill/escarpment in the background. Whitish boulders are typical Mokalanen Formation calcrete. The white layer below the hardpan calcrete (Mokalanen Formation) on the escarpment is sandy-silty Eden Formation sandstone of the Kalahari Group (Photo: E. Van Wyk).
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Figure 3: Lithological Groupings and adopted symbols

4.2.1. Olifantshoek Sequence

The Olifantshoek Sequence outcrops in the extreme east and comprises the Lucknow, Matsap and Groblershoop Formations. The Groblershoop Formation does not outcrop nor has it been intersected at depth in the map area and will not be dealt with here. For further reading on the Groblershoop Formation the reader is referred to CGS (1988) for the explanation of the Geological Map Sheets 2520 and 2620. 

4.2.1.1. Lucknow Formation 

The Lucknow Formation consists of massive grey and white quartzites with haematite nodules and lenses, conglomeratic layers and quartz muscovite schist. It has a high matrix to clasts ratio. The clasts are well rounded and are composed of milky quartz and white quartzite approximately 30 – 50 mm in diameter (CGS, 1988). 

4.2.1.2. Matsap Formation

The Matsap Formation consists of massive purple quartzite with some schistose intercalations and subordinate grey quartzite (CGS, 1988). Outcrops of purplish colour quartzite on the farms Kheis, Middleputs and Malupo in the Molopo River valley represent this formation. Outcrops in this area also represent the most northern extension of the north-south running Korannaberg-Langeberg mountain ranges. Cretaceous subsidence, due to the final deepening of the Kalahari Basin in Central Botswana has caused major “lowering” of the latter mountain ranges towards the central Kalahari Basin.

4.2.2. Nama Group

According to Trollope (1998), the Nama Group appears to have been deposited in a shallow to moderately deep sea environment and at present occurs predominantly in Namibia with only the Breckhorn Formation of the Nama Group outcropping in a small area approximately 5 km northwest of Rietfontein, where it forms part of the eastern limb of a northeast – plunging anticline. East of the Namibian border within South Africa, the thickness of the Nama Group diminishes from 120 m at the border to 50 m further inland on the South African side. It forms the low, but prominent hills trending northeast from the Namibian border. Although no outcrops are found in the northern part of the map area, the Nama Group was intercepted in a borehole 30 km northwest of Unions End along the Nossob River (Van Wyk, 1987). It consists predominantly of red, brown and purplish sandstones, quartzites and flagstones with rare clay – pellet conglomerate and thin micaceous shale horizons (CGS, 1988). 

4.2.3. Karoo Supergroup

4.2.3.1. Dwyka Formation

The Nama Group of rocks are unconformably overlain by the Dwyka Formation in the south western parts of the map (Trollope, 1998). The Karoo Supergroup is represented in the map area by the Dwyka and Prince Albert Formations. The Dwyka Formation outcrops in a large area around Rietfontein in the southwest of the map, as well as in localised areas in the extreme east coinciding with the Molopo River. It consists predominantly of tillite, brown ferruginous sandstone, grit and conglomerate, impure brown limestone and calcarenite, of predominantly glacial origin (CGS, 1988). The average thickness of the Dwyka Formation increases eastward away from the Nama basement, and it is known to have a minimum thickness of 50 m (Trollope, 1998). The maximum thicknesses are in the order of several hundreds of meters. Thickness in access of 1 000 m has been recorded in the Western Botswana Kalahari Basin, ± 50 km northeast of Gemsbok (see Figure 3). East and north of Rietfontein the Karoo sediments are largely covered by the Kalahari Group. 
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Plate 3: Dwyka Tillite Formation on the farm Vergenoeg (in the Molopo River valley)

Drop stones are clearly reworked and consist mainly of quartzitic boulders originating from the Olifantshoek Sequence. (Photo: E. Van Wyk)

4.2.3.2. Prince Albert Formation

The Prince Albert Formation, which represents the Ecca Group on the map, outcrops southeast of Rietfontein and consists of grey, green and brown shale, sandstone, arkose and grit (CGS, 1988). CGS (1988) has further subdivided the Prince Albert Formation into the lowermost Nossob Sandstone Member, the Mukorob Shale Member, and the upper Auob Member. The Prince Albert formation forms the impressive cliffs above the western rim of the Koppieskraalpan (CGS, 1988). Further east and north of Rietfontein the Prince Albert Formation is covered by the Kalahari Group.

4.2.4. The Kalahari Group

The Kalahari Group covers a large part of the map area except around the rural settlement of Rietfontein in the southwest (CGS, 1988). The Kalahari Group comprises of the Wessels, Budin, Eden, Mokalanen and Gordonia Formations (CGS, 1988). 
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Plate 4: Kalahari Group Sediments 
This photo was taken at a road cutting just south of the Twee Rivieren Gate (Kgalagadi Transfrontier Park), west of the Nossob River. The formation is typical upper Kalahari Group sediments. The white "blobs" are soft, sandy, clay rollstones - generated by fast flowing water over a pan floor/river bed, embedded in calcretized sand. The lower reddish coloured formation is typical of the oxidised top of the Eden Formation. In the Park this layer is mostly greenish (probably a different mineral content). Calcretization is mainly from shallow groundwater capillary action. (Photo: E. Van Wyk)

4.2.4.1. Wessels Formation

The Wessels Formation has no outcrops in the map area (CGS, 1988). It consists predominantly of clayey gravel and represents the basal Kalahari Group, where it has been deposited in the pre–Kalahari palaeo-river channels (Van Wyk, 1987). It has a maximum thickness of approximately 20 m (CGS, 1988). 

4.2.4.2. Budin Formation

Similar to the Wessels Formation, the Budin Formation has no outcrops over the map area and is also restricted to the lower elevations (depressions and drainage channels) on the palaeo-Karoo landscape (CGS, 1988). It consists predominantly of red to brown calcareous clay and has a maximum thickness of approximately 43 m (CGS, 1988). 

4.2.4.3. Eden Formation

The Eden Formation is more widely distributed over the map area and consists of red, brown and green sandstone with sand–filled biotubes in places, calcareous grit as well as conglomerate (CGS, 1988). The sandstone is poorly consolidated whereas the calcareous grit and conglomerate are more consolidated (CGS, 1988). Locally the characteristics of the Eden Formation probably indicates a shallow, fluvial sedimentary environment with occasional wide spread flows (Van Wyk, 1987).

4.2.4.4. Mokalanen Formation

The Mokalanen Formation consists predominantly of calcrete and diatomaceous limestone (fossiliferous) (CGS, 1988). The uppermost portion of the Eden Formation is characterised by calcified horizons representing the so-called Kalahari limestones, which generally occur along river channels and on the perimeters of Kalahari pans (Van Wyk, 1987).

4.2.4.5. Gordonia Formation

The Gordonia formation consists of an accumulation of unconsolidated red aeolian sand that forms longitudinal dunes and covers approximately 90% of the area (CGS, 1988) (Plate 5). The average thickness is 10 – 20 m although it can reach up to 40 m in the northwest (CGS, 1988). The dune sands consist predominantly of quartz and feldspar with minor heavy minerals such as garnet, epidote, sillimanite and andalusite (Van Wyk, 1987). Over the northern parts of the map area there is evidence of a south easterly migration of the dunes, whilst a new generation of dunes with a southerly migration was observed between the Auob and Nossob Rivers in the Kgalagadi Transfrontier Park (Van Wyk, 1987).
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Plate 5: Gordonia Sand Formation in the Mier Area (northeast of Rietfontein) 
This is a redundant water point in the Mier Area. The barren sand dune area is typically a result of overgrazing and high concentration of stock movement around the water point. Unfortunately, these areas are lost to the environment as they seldom get vegetated again. Distances between water points are large and life stock need to walk extremely long distances as potable water sources is seldom found here. (Photo: E. Van Wyk)

4.2.5. Pan Sediments

Pan sediments are highly variable as they represent local accumulations of weathered and reworked material supplied by the surrounding/underlying host rocks. They may consist of brown to white fine–grained sandy sediment derived primarily from dune sand, or occur in pans and rivers as horizontal beds (CGS, 1988). Van Wyk (1987) describes the Kalahari pans as dull, earthy, clay with various accumulations of evaporates (Plate 6). 

Pan sediments, consisting of brown to white fine–grained sandy sediment derived primarily from dune sand, occur in pans and rivers as horizontal beds (CGS, 1988). Van Wyk (1987) describes the Kalahari pans as dull, earthy, clay with various accumulations of evaporates (Plate 6). 
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Plate 6: The contact between the Karoo Supergroup and the Kalahari Group in the Oxford Pan area, southeast of Rietfontein.
The Karoo formations are typically dark bluish shale with minor/thin sandstone horizons (Ecca Group) or a diamictite with occasional dropstones (Dwyka Formation. The Kalahari group formations shown here are probably upper Eden Formation, calcretized extensively with the Gordonia Formation sand cover at the top. This face is on the north western side of the pan. North westerly winds cause turbulence on this face removing all light particles and depositing them again on the south eastern side of the pans, forming large irregular sand dunes – not shown on this photograph. (Photo: E. Van Wyk)

4.3. Structural Geology

The majority of the map area is structurally uncomplicated (CGS, 1988). However, Trollope (1998) suggested that the south western area is structurally more complex than was previously thought, based on interpretations from aerial and satellite photography as well as geophysical surveys. Numerous WSW and SSW lineaments and faults criss-cross each other in the south western parts of the map (Trollope, 1998). The lineaments identified by Trollope (1998) are the Rietfontein, Sannaspoort, Swartbos, Philandersbron and Katnal Lineaments (Figure 4). These lineaments are approximately 50 – 500 m wide and are associated with intense jointing within the Dwyka tillites (Trollope, 1998). The joints are mainly filled with either calcrete or clay (Trollope, 1998). Some lineaments are mylonitized, which is generally a feature associated with intense tectonic activity (Trollope, 1998). There is also evidence of movement along the faults in both directions particularly along the Swartbos and Philandersbron lineament (Trollope, 1998). 

Only the Mokolian (i.e. Olifantshoek Sequence) and Namibian (i.e. Nama Group) rocks are folded (CGS, 1988). The Mokolian rocks have a marked foliation and dip either steeply westward or vertically (CGS, 1988). The Namibian rocks are folded into a northeast plunging anticline (CGS, 1988).
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Further faulting occurs on a minor scale within the northern part of the Nama anticline that is displaced by an east trending fault (CGS, 1988). Smaller faults of possibly the same age cut across the eastern limb of the Nama anticline in an east – west orientation to form numerous valleys (CGS, 1988). Furthermore small normal and reverse faults occur in the Karoo Sequence typically having throws of less than 2 m (CGS, 1988).

Figure 4: Geological Lineaments in the Mier Rural District (after Trollope, 1998) 

4.4. Intrusives

Karoo dolerite occurs in the form of dykes and sills within the Nama Group as well as in the Dwyka and Prince Albert Formations (CGS, 1988). Dolerite occurs as a sill in the Nama Group where it was injected into the eastern limb of the anticline northwest of Rietfontein. Dolerite in the Prince Albert Formation outcrops approximately 15 km southeast of Rietfontein forming the prominent Eierdopkoppies (CGS, 1988). Dolerite in the Dwyka Formation outcrops around Klein and Groot Mier as well as in the southern parts of the Hakskeenpan. In the latter case the dolerite occurs as small curved and enechelon dykes intruded into the uppermost sandy beds of the Dwyka Formation (CGS, 1988). The Karoo Dolerite is approximately 155 Ma old and was influenced by fracture patterns of East African Rift valley (Trollope, 1998). Spectacular outcrops of black dolerite cutting across light coloured pans are evident in the Mier Area, as well as the numerous sills that outcrop in the rural settlements of Klein and Groot Mier (Trollope, 1998). In the northern parts of the map area coinciding with the Kgalagadi Transfrontier Park, the dolerite sills have regional north westerly dips of < 10°. Large parts of these sills have been eroded away and deep valleys are cut into the underlying Karoo sediments (Van Wyk, 1987).

One kimberlite pipe, which intruded into greenish Dwyka tillite approximately 1 km east of Rietfontein is known in the map area. (CGS, 1988). The kimberlite pipe consists of olivine, chrome diopside, garnet and phlogopite with minor amounts of illmenite and diamonds (Trollope, 1998). The kimberlite pipe is approximately 250 m in diameter (Trollope, 1998). Diamonds were mined during 1968 – 1970, but due to the shallow water table and large volumes of water, mining became difficult and uneconomical (Van Wyk, 1987). Kimberlites were intruded across Southern Africa between 120 – 77 Ma ago, although pipes to the west are younger (Trollope, 1998).
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Plate 7: Drilling in the Rietfontein Kimberlite Pipe at Rietfontein.
This is typical Karoo outcrop – flat, with lots of Dwyka dropstones (forming lag deposits) lying around. In this region the basal Karoo Sequence yields large volumes of generally salty groundwater. Rietfontein, however gets its water from the Rietfontein Lineament formed in the Dwyka Formation (Toens and Partners, 1997) only a few kilometres from this site where the groundwater quality is much better, with ECs of between 120 – 150 mS/m. This photo is used to illustrate the high yielding potential of the pre Kalahari formations. . In this area it is mainly lower Karoo Group (Dwyka and Prince Albert Formations) associated with dolerite and occasional kimberlite structures which may yield vast amounts of saline water. (Photo: E. Van Wyk) 
5. HYDROGEOLOGY

5.1. Introduction

Groundwater occurrence is displayed on the map by different colours that represent the principal groundwater modes of occurrence. The different colours describe the nature of the aquifer as well as the likely yields within the main water bearing feature. The nature of the aquifer varies for different lithologies mainly due to the mineralogical and structural history as well as the nature of deformation from external factors. Hence, the lithological groupings described in Table 1 in Section 4, have been re-grouped into fractured, intergranular, intergranular and fractured, and two-layered according to their hydrogeological setting (see Table 2 below).

	Fractured
	Intergranular
	Intergranular and Fractured
	Two – Layered

	Lucknow Formation
	Kalahari Group
	Karoo Dolerite
	Kalahari Group / pre Kalahari formations.

	Volop Group
	
	
	

	Nama Group
	
	
	

	Dwyka Formation
	
	
	Kalahari Group / pre-Kalahari formations.

	Ecca Group
	
	
	


Table 2: Summary of aquifer types for the Nossob Hydrogeological Map

A fractured aquifer can be defined as fractured and fissured bedrock resulting from decompression and / or tectonic action, where groundwater occurs within the fractures and fissures of the rock. An intergranular aquifer can be defined as being generally unconsolidated but occasionally consolidated, where groundwater occurs within the interstices in a porous medium. The intergranular and fractured aquifer occurs largely as a medium to coarse grained igneous rock, weathered to varying thicknesses, where groundwater occurs in the intergranular interstices in the saturated zone and in jointed and occasional fractured bedrock. The two – layered aquifer can be defined as a type of multi – layered aquifer where groundwater is found in both the overlying soft predominantly porous rock and the underlying fractured and/or weathered rock. Examples of the latter aquifer type are found where thinning of the Kalahari Group sediments allow the underlying fractured Karoo sediments to be penetrated through drilling, whilst both the Kalahari Group and Karoo sediments are water bearing. The latter is different from the conventional multi – layered aquifer which generally consists of multi layering of predominantly porous sedimentary rocks separated by an aquitard. In the case of the Kalahari Group formation, the aquifer type should be regarded as a semi-consolidated nature as some of the horizons could be described as having a highly solidified nature (i.e. silcretes and claystones).

From the available data, basic statistical analysis was performed to illustrate the likely occurrence of groundwater within the individual water bearing lithologies. This was done in the form of histograms and Piper diagrams to describe the groundwater yields and groundwater quality respectively. Although an attempt was made to use Stiff diagrams for representation of groundwater chemistry data, the highly variable nature of the data suggested that Piper  diagrams would be more appropriate for the purpose. A Stiff diagram was only used where there were few data points.

5.2. Fractured Aquifers

5.2.1. Lucknow Formation (V/u)

As mentioned in the previous section the Lucknow Formation is limited to a small area in the south eastern parts of the map along the Molopo River (Figure 5). From the available information the Lucknow Formation has been intersected by 14 boreholes, of which 13 had information on groundwater yields. The sample size appears to be too small to make reliable conclusions on likely groundwater yields. However, nine of the 13 boreholes have yields of < 2.0 ℓ/s and 4 boreholes have yields of between 2.0 – 5.0 ℓ/s. It should be noted here that the majority of this borehole information came from a high level investigation completed in the Middelputs area. Where this formation is found under a thicker Karoo and/or Kalahari cover, the yield will probably be much lower and associated with a much higher salinity.

Only 1 borehole in the Lucknow Formation has groundwater quality information. The Stiff diagram of the groundwater of this borehole reveals two distinct water types, i.e. Na – Cl type and Ca – HCO3 type, possibly also indicating mixing of these two end-members (Figure 6). This borehole has an EC of 118 mS/m. 
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Figure 5: Spatial distribution of the Lucknow Formation
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Figure 6: Stiff Diagram of the Lucknow Formation groundwater

5.2.2. Volop Group (Vv)

Similar to the Lucknow Formation the Volop Group also occurs in the extreme south eastern parts of the map area between the Molopo and Kuruman Rivers (Figure 7). Very few boreholes (only 3) exist with yield information to make meaningful conclusions on the likely groundwater yields within the Volop Group. Current available information shows that the yields vary between 0.01 – 0.25 ℓ/s.

Contrary to the groundwater yield information, approximately 68 boreholes have groundwater quality information. The Piper diagram shows a wide variety of water types ranging from a sodium-chloride type, a calcium-bicarbonate type, a mixed type (see Figure 8). The majority of boreholes have ECs of less than 300 mS/m, whilst those boreholes with ECs > 300 mS/m plot close to the sodium-chloride end-member that could relate to ancient deeper seated groundwater. 
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Figure 7: Spatial Distribution of the Volop Group
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Figure 8: Piper Diagram of the Volop Group

5.2.3. Nama Group (Nn)

Only 1 borehole drilled into the Nama Group has a record on borehole yield, i.e. 0.18 ℓ/s. Therefore, not enough is known to make meaningful conclusions on the likely borehole yields within the Nama Group. Groundwater occurrence is limited to the numerous northwest – southeast striking lineaments that coincide with small valleys (Figure 9). However, in the Rietfontein area sub-artesian or artesian conditions might occur in the Nama Group, provided that the largely impermeable tillites and dolerites that overlie the Nama Group can be fully penetrated (Van Wyk, 1987).

On the other hand groundwater quality information is readily available. Trollope (1998) stated that the ECs within the Nama Group are generally less than 150 mS/m. However, when compared with the available data, the ECs range from good (< 150 mS/m) to poor (> 370 mS/m). The latter poorer quality groundwater is probably related to its proximity with the overlying Dwyka Formation tillites. The Piper diagram generally shows a sodium-chloride type groundwater for most samples taken, although there are isolated instances of fresher groundwater that resembles either a calcium-bicarbonate type or a Na – HCO3 type groundwater (see Figure 10). Toens & Partners (1997) suggested that the groundwater sourced from the Nama Group generally has elevated salinity and is not fit for human consumption, which is why it is only used for stock watering purposes especially in the area west and northwest of Rietfontein.

[image: image14.jpg]Figure . Distribution of Nama Group

M —————r

A & 050 10D @ @ @

Noszoké\g

Mata Mata

o5

NAMIBIA

BOTSWANA

In

i
;

Tetfontein

[ #Gemsbok

DRAFT




Figure 9[image: image33.emf]0

10

20

30

40

50

60

70

80

90

100

Percentage

<0.1 0.1-0.5 0.5-2.0 2.0-5.0 >5.0

Yield in l/s

YIELD FREQUENCIES OF BOREHOLES IN THE DWYKA 

FORMATION 

(38 Boreholes analysed)

: Spatial distribution of the Nama Group

Figure 10: Piper Diagram of the Nama Group

5.2.4. Dwyka Formation (C-Pd)

The Dwyka formation is an important source of water to most villages in the south western parts of the map area (Trollope, 1998). The main groundwater targets in that area are the northeast – southwest and northwest - southeast lineaments within the Dwyka Formation (Figure 11). High yielding boreholes of good quality can be found at the intersection of these lineaments, i.e. Rietfontein Spring situated on the intersection of the Rietfontein and Sannaspoort Lineaments (Trollope, 1998) (Figure 4). However the Rietfontein Spring has been subsequently polluted by human and animal waste (Trollope, 1998). Generally, the median yield within the Dwyka Formation is between 0.1 – 0.5 ℓ/s, although borehole yields of greater than 2 ℓ/s are not uncommon (see Figure 12). According to Trollope (1998), the Rietfontein lineament is not fully exploited north of Rietfontein, mainly due to the distance from the village - a recently drilled borehole at the intersection of the Rietfontein and Moutonsput Lineaments has resulted in a blow yield of 4 ℓ/s. For further reading on the different lineaments, the reader is referred to Trollope (1998). 

A wide range of EC and water types can be found in the Dwyka Formation as is shown by the Piper diagram (see Figure 13). The poorer quality groundwater (i.e. > 370 mS/m), generally plots close to the sodium-chloride type groundwater, whereas the better quality groundwater (i.e. < 70 mS/m) plots closer to that of calcium-bicarbonate type (possibly recently recharged groundwater). Groundwater of moderate quality (i.e. 70 mS/m – 370 mS/m) generally resembles mixed type groundwater. Trollope (1998) suggests that the nature of the lineaments could also contribute significantly towards the occurrence of groundwater, and highlighted that the Swartbos lineament which is highly mylonitized have exceptionally high salinity and ECs of between 1,380 – 6,700 mS/m. According Toens & Partners (1996) the Swartbos Lineament Aquifer is unsuitable for human consumption due to its high salinity, i.e. EC >1,380 mS/m. On the other hand, the Katnal Lineament Aquifer generally has good quality groundwater with ECs between 58 – 175 mS/m (Toens & Partners, 1996).
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Figure 11: Spatial distribution of the Dwyka Formation
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Figure 12: Yield frequencies within the Dwyka Formation
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Figure 13: Piper Diagram of the Dwyka Formation

5.2.5. Ecca Group (Pe)

Most water interceptions within the Ecca Group in the northern part of the map area have occurred close to the contact of the Auob and Nossob Sandstone Members (Van Wyk, 1987), where it occurs beneath the Kalahari Group. Sub-artesian conditions often develop once boreholes intercept the latter sandstone members, resulting in a pressure head of > 30 m (Van Wyk, 1987). The median groundwater yield within the Ecca Group is between 0.5 – 2.0 ℓ/s (see Figure 15).
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Figure 14: Spatial distribution of the Ecca Group
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Figure 15: Yield frequencies within the Ecca Group


Figure 16: Piper Diagram of the Ecca Group

Similar to the Dwyka Group, the Ecca Group shows a wide variety of ECs and water types. The poorer quality groundwater (i.e. EC > 370 mS/m), generally plots close to the sodium-chloride type, whereas the better quality groundwater (i.e. EC < 70 mS/m) plots closer to the calcium-bicarbonate type end-member. Groundwater of moderate quality (i.e. EC between 70 mS/m – 370 mS/m) generally resembles a mixed type groundwater (see Figure 16). It must also be noted that the better quality groundwater (i.e. EC < 70 mS/m) can also have a mixed type groundwater, possibly indicative of active cation – exchange processes related to depth and / or proximity to the overlying Kalahari Group.
5.2.6. Karoo Dolerite

The spatial distribution of the Karoo Dolerite is shown in Figure 17. Over the majority of the map area (particularly in the northern areas) the Karoo Dolerite occurs as sills below the Kalahari Group. The median borehole yields are generally between 0.5 – 2.0 ℓ/s (Figure 18). 
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Figure 17: Spatial distribution of the Karoo dolerite

Groundwater quality varies depending on the hydrogeological setting (Figure 18). Generally, the groundwater associated with the contact zones of the Karoo Dolerite and the Kalahari Group resembles a water type similar to the Kalahari alone, although stratification in groundwater quality may occur within the system (Van Wyk, 1987). The dolerite sills in particular can act as impermeable barriers between the saturated Kalahari Group sediments and the underlying Karoo aquifers (Van Wyk, 1987). However, Van Wyk (1987) stated that groundwater quality associated with contact of Karoo Dolerite and Karoo sediments generally produces brackish to saline groundwater between 3,050 – 5,100 mS/m.
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Figure 18: Piper Diagram of Karoo Dolerite groundwater

Also associated with the Karoo Dolerite is an isolated occurrence of a kimberlite pipe east of Rietfontein. Toens & Partners (1997) reported a high yielding borehole of 20 ℓ/s drilled on the contact of a kimberlite pipe and Karoo sediments in the vicinity of Rietfontein with EC greater than 2000 mS/m, which is probably sourced from the deeper seated Nama Group in this area.
5.3. Fractured and Intergranular Aquifers

5.3.1. Karoo Dolerite (Jd)

Over the map area the Karoo Dolerite has mainly been associated with either a fractured type aquifer or two layered aquifer where it occurs with the Kalahari Group (see Section 5.5). However, in a small area in the south western parts of the map area between Klein and Groot Mier as well as southeast of Philandersbron, the Karoo Dolerite also hosts fractured and intergranular type aquifers. The dolerites (mainly sills) are extensively weathered and fractured on the upper contact zone with the Dwyka Formation and Ecca Group respectively. Southeast of Philandersbron the dolerite sill forms part of the pan systems. Very few records have borehole yield information that can be used to make meaningful conclusions on groundwater yields. However, borehole yields between 2.0 – 5.0 ℓ/s have been reported by Van Wyk (1987). 

Similar to the groundwater yields, the groundwater quality data are also very sparse. Therefore not enough is known to make meaningful conclusions. However, due to its very limited spatial extent it is not seen as a major aquifer.
5.4. Intergranular Aquifers

5.4.1. Kalahari Group (T-Qk)

The spatial distribution of the Kalahari Group is shown in Figure 19. The main water strikes are found within the lowest formations of the Kalahari Group, i.e. Wessels, Budin and occasionally the Eden Formations (Van Wyk, 1987). The Wessels Formation is limited to thin deposits in palaeo-drainage channels and groundwater quality is usually saline due to its close proximity with the saline Karoo interface (Van Wyk, 1987). The Budin Formation is more widely distributed over the map area, and consists of sand and gravel layers, but is generally characterised by low permeability due to the presence of clay (Van Wyk, 1987). The Eden Formation is potentially a good aquifer, although it is sometimes found above the regional groundwater table and therefore not saturated. Variable yields and water types are found in the Kalahari Group. 

The regional groundwater table is likely to have a strong influence on the occurrence of groundwater by effectively contributing to the saturated thickness. Therefore, areas with considerable saturated thickness are likely to have elevated groundwater yields. This has been confirmed by Toens & Partners (1997) particularly in the southern areas in the vicinity of Groot Mier and Klein Mier, where a number of low yielding wells occur that penetrate the Kalahari Group, but can only be fitted with a hand pump, wind pump or small solar pump, primarily due to the limited saturated thickness. In the northern parts of the map area the saturated thickness varies from 0 m in the east along the Nossob River to 40 m close to the Namibian border in the west. From the available groundwater data the median groundwater yield of the Kalahari Group is between 0.5 – 2.0 ℓ/s (Figure 20).
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Figure 19: Spatial distribution of the Kalahari Group

The general groundwater quality varies both laterally and vertically from fresh to saline (Figure 21). According to Van Wyk (1987) the salinity can increase two or more fold within a metre in depth or laterally. The Piper diagram shows a wide range of water types that occur in the Kalahari Group (see Figure 21), which possibly reflects the strong stratification within the Kalahari Group. The groundwater types vary from 1) calcium-bicarbonate type (recently recharged groundwater type) 2) sodium-chloride type groundwater to 3) mixed type of calcium-bicarbonate and sodium-chloride type groundwater. Such variability in groundwater quality is possibly related to the prevailing recharge conditions, e.g. the boreholes situated in the Nossob and Auob Rivers appear to be more actively recharged through occasional flood recharge during high rainfall events and thus have lower ECs.

Generally the ECs correlate well with the water types. The poorer quality groundwater (i.e. > 370 mS/m), plots close to the sodium-chloride type groundwater, whereas the better quality groundwater (i.e. < 70 mS/m) plots closer to that of the calcium-bicarbonate type. Groundwater of moderate quality (i.e. 70 mS/m – 370 mS/m) generally resembles mixing of fresh and poorer groundwater. However, even for the better quality groundwater (i.e. < 70 mS/m), there is also evidence of cation – exchange processes occurring with Ca being replaced by Na. 
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Figure 20: Yield frequencies within the Kalahari Group

[image: image19.emf]Value < 150.00

150.00 < Value < 370.00

Value > 370.00

No Value

 

 SA drinking water- humans

Cl+NO3

SO4

T.Alk Na+K

Mg

Ca Anions Cations

Electrical conductivity

Piper Diagram


Figure 21: Piper Diagram of the Kalahari Group

5.5. Two – Layered Aquifers

Two layered aquifers commonly occur where the relatively thin Kalahari Group overlies the fractured Karoo dolerite sills and fractured Karoo sediments. This occurs over the northern and north eastern parts of the map area, as well as the south western parts northeast of Rietfontein. Karoo Dolerite (sills) and the associated Karoo sediments occur as topographic highs within the palaeo topography (Van Wyk, 1987) and can therefore be more easily penetrated through drilling particularly in areas where there is thinning of the Kalahari Group. Groundwater occurrence is mainly associated with the contact zone of: 

1) The fractured Karoo Dolerite with the Kalahari Group sediments 

2) The fractured Karoo sediments and Kalahari Group

3) A combination of (1) and (2)

Groundwater quality varies depending on the hydrogeological type setting as mentioned above. Generally, the groundwater associated with (1) and (2), resembles a water type similar to the Kalahari alone, although stratification in groundwater quality may exist within the system as fresher groundwater from the overlying Kalahari Group mixes with the more brackish Karoo sediments and Karoo dolerite (Van Wyk, 1987). 

6. Regional Groundwater Levels

The depth to groundwater table is a useful indicator to predict optimal drilling depths of future boreholes. Generally the depth to groundwater is strongly influenced by the topographical conditions coupled with the hydrogeological setting. Figure 22 shows the graph of the depth to groundwater per lithological grouping. Water levels associated with the Dwyka Formation (C - Pd) have noticeably shallower median depths of < 10 mbgl. Water levels associated with the Kalahari Group have median depths of approximately 60 mbgl, which generally confirm the thick sand cover and possibly also reflect predominantly unconfined conditions within the Kalahari Group. Water levels associated with the Karoo dolerites have median depths approximately 30 mbgl, whilst those for the Ecca Group are approximately 57 mbgl. 
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Figure 22: Graph showing depth to groundwater per lithological grouping

A groundwater level contour map was also compiled to give an indication of the minimum drilling depths (see Figure 23). The general groundwater flow direction is from north to south although small mounds and depressions also exist. Most of these depressions, by contrast, could indicate local abstraction.

The groundwater depths have been converted to groundwater elevations (Figure 24). The general flow direction over the majority of the map area is from north to south, whilst there is westerly groundwater flow between the Molopo and Kuruman Rivers. Generally, there is also an active groundwater flow in the Kalahari Group, whereas one can expect retarded, slower groundwater flow in the underlying Karoo sediments, indicative of a stagnant system (Van Wyk, 1987). In addition to that the groundwater gradient is much flatter in areas that coincide with thicker Kalahari Group and can be attributed to the high transmissivities and storativities within the Kalahari Group.
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Figure 23: Groundwater Level Contour Map (mbgl).
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Figure 24: Groundwater elevation (mamsl) contour map.

7. Regional Groundwater Quality

7.1. Trends

According to Trollope (1998), the changes in water quality, especially EC and nitrates, are seasonal and minimal. The lower values in EC and nitrates generally occur after the summer rains possibly due to a dilution effect of fresher rainwater on the older groundwater. Similar trends are observed in the micro – biological analyses, except for samples taken close to contamination sources such as septic tanks, pit latrines, waste or dump sites that would inevitably show signs of point source contamination. 

Toens & Partners (1990) suggested that there is strong correlation between fluorides, nitrates and total dissolved solids (TDS). Generally the concentrations of fluorides and nitrates decline from north to south, although there are local peaks in the vicinity of Klein Mier, Groot Mier and Loubos, possibly related to human and animal impact. In addition, Toens & Partners (1990) depicted a correspondence between low EC and [HCO3-] dominance and vice versa. Further to this, Toens & Partners (1990) concluded that the various types of groundwater encountered in the area can be interpreted in terms of various dilutions of the same composition, with the addition of sodium chloride. Hence, the mobility of groundwater rather than the lithology of the aquifers seems to control the quality of groundwater in the map area (Toens & Partners, 1990).
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Plate 8: The Vrysoutpan.
The pan was probably formed by combination of massive game gatherings and wind erosion, but also having a shallow water table (<1.0m). Water is super saturated with salt (99% Na and 85% Cl with SO4), resulting in these massive deposits of salt. This pan is probably the only active discharge point of the Karoo Group aquifers of the Kalahari Region. The pan is used for mining/evaporating salts for various uses (agriculture, domestic and manufacturing of ammunition). The groundwater is simply pumped from a couple of boreholes spaced over a small area in the far centre of this photo, into evaporation ponds and the process then produces very clean, extremely white salts. This pan produces salt on a continuous basis as it acts as a regional groundwater discharge system. (Photo: E. Van Wyk).

7.2. Contamination Sources

Groundwater is the sole source of water supply to most, if not all the rural villages in the mapped area. In the south western parts of the map area groundwater levels are shallow and communities have been relying on hand dug wells for domestic water supply. Over the years the inadequate sanitation, waste facilities and even agricultural activities have resulted in severe contamination of the wells. For example, Trollope (1998) noticed animal carcases and empty insecticide containers in the Rietfontein Spring during a site visit. In addition, pit latrines in the area were often situated close to boreholes and wells and some even penetrating the aquifer (Trollope, 1998). As a result of these undesirable municipal and agricultural practices, the nitrate and fluoride concentration often exceeds the maximum allowable SABS standards for drinking water and stock watering particularly in areas situated close to rural villages. Toens & Partners (1997) reported that a high incidence of gastroenteritis have been diagnosed within the communities of Groot Mier and Klein Mier that was possibly related to the prevailing drinking water quality.

Educational programmes could play a vital role in empowering the communities and subsequent pollution prevention. The 2020 Vision for Schools project that was rolled out in the Northern Cape in the mid 1990s could provide an ideal platform for additional educational programmes to be launched. Typical educational programmes can include:

· The occurrence of groundwater as part of the broader water cycle

· Groundwater as the only source of potable drinking water

· Pollution of the subsurface

· Groundwater pollution prevention methods

· Groundwater monitoring and management

7.3. Aquifer Vulnerability to Pollution

The depth to groundwater table is often a good indicator of aquifer vulnerability. Theoretically, aquifers with shallow groundwater tables are highly vulnerable to pollution, whereas aquifers with deeper groundwater tables are generally less vulnerable. The basic principle involves the natural attenuation of pollutants in the subsurface. 

However areas with high loading facilities such as waste sites, pit latrines and dense cattle farming can also be highly vulnerable to pollution. Such areas mainly coincide with the larger rural communities such as Loubos, Klein Mier, Groot Mier, Rietfontein, Philandersbron and Welkom. 

8. Springs

Springs are very rare within the map area, and are limited to:

1) The Rietfontein Spring in the southwest, which has been supplying the rural village of Rietfontein with drinking water for decades (Trollope, 1998). The Rietfontein Spring is a result of two intersecting lineaments (see Figure 4), i.e. Rietfontein Lineament and Sannaspoort Lineament (Trollope, 1998).

2) Northeast of Loubos within a local depression, i.e. Hakskeenpan. The spring is a result of the water table surfacing at the contact of the Kalahari and Karoo sandstone horizon (pers. comm. Van Wyk, 2005).

9. Groundwater Recharge

Groundwater recharge is highly variable over the map area. Maximum recharge occurs in the north western corner of the map area with approximately 7 mm/a (Figure 25). From the northwest there is a significant decrease in recharge towards the southern and south western parts of the map area. Large parts of the map area receive no regular recharge at all (DWAF, 2005).

Verhagen (1984) conducted an isotopic and chemistry study over the southern and south eastern parts of the map area in the vicinity of the confluence of the Molopo, Nossob and Kuruman Rivers. Two areas were selected to compare the mode of recharge to the Kalahari Group i.e. groundwater in the shallower Kuruman River bed as well as groundwater within a deeper Kalahari trough (depth of up to 120 m) which contains good quality groundwater. According to Verhagen (1984) the results indicate the following: 

· Active recharge occurs in the Kuruman River bed which is generally associated with flooding of the Kuruman River bed setting: Active recharge occurs in the river bed and is generally associated with flooding of the Kuruman River. A freshwater lens was identified that is laterally and vertically restricted possibly as a result of a semi-impervious clay layer. This freshwater lens has a chemical and isotopic signature that is different to the surrounding and underlying saline water. In addition to that, the freshwater lens has an evaporation signal which probably relates to the shallow groundwater levels. The freshwater lens represents relatively young groundwater. Due to the limited extent of the freshwater lens, such aquifers require careful management to maintain groundwater quality

· Groundwater in the deeper Kalahari trough setting: 14C values of 75 – 77 PMC indicate recent recharge, whilst there appears to be no ageing in the groundwater away from the river. δ18O values are highly uniform and different to those found in the river bed aquifer and lighter than the mean present day precipitation, which suggests that the groundwater does not represent remnants of earlier pluvial climatic conditions. No evidence of major storage of infiltrated river water was observed in the trough area and elsewhere, and groundwater levels are maintained predominantly by local rainfall recharge

Toens & Partners (1990) depicted high radiocarbon (14C > 80 PMC) and tritium (3H ~ 10 TU) concentrations in areas where the Kalahari Group is thin or absent (i.e. south western parts of the map area), whilst much lower 14C and declining 3H concentrations were observed in Kalahari Group covered areas (i.e. northern parts of the map area). According to Toens & Partners (1990), the high 14C and 3H concentrations indicate rapid recharge in the south western parts of the map area (when compared to the remainder of the map area) mainly in the form of rainfall recharge. On the other hand, the lower 14C and 3H concentrations found in the Kalahari covered areas indicate much slower recharge (Toens & Partners, 1990).

There seems to be no significant lateral groundwater movement in either of the two study areas (Verhagen, 1984). The contrasting water qualities of the two settings might suggest earlier wetter periods, which could have resulted in leaching of the Kalahari sediments in the deeper trough area and temporarily set in motion a regional drainage system (Verhagen, 1984). 

There also seems to be no correlation between salinities and flow pattern (inferred from piezometric gradients) or 14C concentrations. The salinity seems to be generated by a stagnant groundwater regime and controlled by surface conditions and vertical transmissivity of the Kalahari Group (Toens & Partners, 1990).
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Figure 25: Groundwater Recharge Map of the Area (Source: DWAF, 2005)
10. Groundwater Development

10.1. Existing Utilisation

The current groundwater use is largely limited to rural villages for domestic supply and stock watering. The available records on groundwater use for the rural villages of Loubos, Rietfontein, Klein Mier, Groot Mier, Philandersbron and Welkom indicate that a total amount of approximately 130 000 m3/a is being used by these rural villages (pers. comm. Van Dyk, 2005). On the other hand DWAF (2005) provides an estimate of approximately 3.5 Mm3 per annum for the total groundwater use for quaternary catchments D42A, D42B, D42C and D42D (Table 3). However, only a small area of quaternary catchments D42C and D42D occur in the map area which reduces this volume provided by DWAF (2005) (Figure 26). According to DWAF’s Water Authorisation and Management System (WARMS) database, the only registered user in the map area is the South African National Parks Board who is registered to use 21,600 m3/a or 0.02 Mm3/a. This figure corresponds well with the total groundwater use for G42A according to Table 3. Hence, the total groundwater use for the Nossob Hydrogeological map area is estimated between 0.5 – 1.0 Mm3/a.

	Quaternary
	Area (km2)
	Total (Mm3)
	Rural (Mm3)
	Municipal (Mm3)
	AgIrrig (Mm3)
	AgLive (Mm3)
	Mining (Mm3)
	Industry (Mm3)
	Aqua (Mm3)

	D42A
	10273
	0.02
	0.00
	0.00
	0.00
	0.02
	0.00
	0.00
	0.00

	D42B
	3197
	0.11
	0.00
	0.03
	0.00
	0.08
	0.00
	0.00
	0.00

	D42C
	18096
	2.55
	0.00
	0.00
	0.00
	2.55
	0.00
	0.00
	0.00

	D42D
	16209
	0.80
	0.00
	0.14
	0.00
	0.46
	0.21
	0.00
	0.00

	
	
	3.49
	
	
	
	
	
	
	


Table 3: Groundwater Use per sector for the quaternary catchments in Nossob Hydrogeological map area (DWAF, 2005)
The estimated groundwater use volumes provided are relatively small when compared to other areas in South Africa. It must be noted that within the majority of the map area groundwater is the sole source of water for human and animal consumption. Therefore groundwater is strategically a very important source for the livelihood of this area.
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Figure 26: Quaternary Catchments within the Nossob Hydrogeological map area

10.2. Development Potential

Theoretically, the development potential of the map area is great. Calculations of the Utilisable Groundwater Exploitation Potential (UGEP) suggest that an amount of 7.5 Mm3/a is currently available on a sustainable basis. This volume is slightly misleading since most water users (i.e. domestic and small scale farming) are concentrated around the rural villages which are sometimes located a few hundreds of kilometres apart. Most of the map area is covered by semi – desert dunes that are not inhabited by humans – from a groundwater development point of view these areas may well be excluded due to the large distances. In addition, due to the lateral and vertical variability in groundwater quality, the development potential is extremely limited to the fresher lenses of groundwater that overlie the saline more stagnant groundwater. However, with cheaper modern day desalination methods becoming more popular the use of the more saline groundwater cannot be ruled out. For further reading on the sustainable yields for Loubos, Rietfontein, Klein Mier, Groot Mier, Philandersbron, the reader is referred to Trollope (1998) & SRK (2004). 
10.3. Borehole Siting

Borehole siting deals with the locating of favourable hydrogeological features since elevated borehole yields are usually associated with such features. Various techniques exist, of which remote sensing and geophysical methods are the most commonly used. These two methods are very often used in conjunction to further optimise the borehole siting. However, neither one of the two methods can be applied without a good understanding of the regional geology and hydrochemistry. 

Remote sensing primarily deals with air photo interpretation. In recent years improved high resolution aerial photography and satellite imagery have been used with a large degree of success. Geophysical methods measure the physical properties of the earth’s material, such as the density, electrical conductivity, magnetic susceptibility and electrical potential. Therefore, different geophysical techniques can be used depending on the nature and properties of the rock type.

It is highly recommended that proper borehole siting is conducted prior to drilling new boreholes in the map area to improve the success rate of new borehole. Furthermore, borehole siting should also take into consideration the proximity to potential contamination sources such as pit latrines, septic tanks, waste and dump facilities and animal kraals and feedlots, as these pollution sources can adversely affect the usefulness of the borehole and aquifer. 

It is therefore envisaged that future borehole siting in the fractured rock aquifer concentrate on the geological faults / lineaments. This is especially the case in the south western parts of the map area where the most successful boreholes have been drilled on the numerous NE – SW and E – W lineaments (with the exception perhaps of the Swartbos Lineament). With the high resolution aerial photography it might become possible to map these features in more detail and perhaps identify new water bearing features not mapped yet. 

Future optimal borehole siting in the Kalahari Group is confined to the trough areas (palaeo drainage channels) and dried up river beds as described by Verhagen (1984) since fresher groundwater quality is expected in such areas.
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Plate 9: Drilling in the Kgalagadi Transfrontier Park in the northwest of the Nossob Hydrogeological map area.
Groundwater is extensively used for stock watering purpose. In this photo the driller and his team (notably absent) received an unexpected visit by one of the Park’s residents. (Photo: DWAF, Northern Cape Region)

10.4. Resource Evaluation

Resource evaluation involves evaluating the quantity and quality of water available from an aquifer. The quantitative evaluation of the aquifer will ultimately determine the sustainable pumping rates at which a borehole/s can be pumped, which in turn, increases the lifespan of the borehole/s. Pump testing is usually required to determine the sustainable yield of a borehole. Groundwater quality, on the other hand, can only be determined by chemical and biological laboratory tests. 

Since 1992 the Mier Municipality has used the services of geohydrological consultants to evaluate the status of aquifers at the rural communities of Rietfontein, Vetrivier, Philandersbron, Loubos, Klein Mier, Groot Mier and Welkom. The data collection at these locations has been conducted by the Mier Municipality (previously Mier Transitional Council) and includes water levels, abstractions, rainfall, EC, nitrates and fluorides analytical results. For further detail the reader is referred to SRK (2004). 

10.5. Groundwater Management

Groundwater management is particularly important in a desert region such as the Nossob 1:500 000 map area which is heavily dependent on groundwater for its existence. It involves:

1) The measuring and collection of water levels, borehole abstraction, rainfall, and water chemistry to enable the estimation of various dynamic hydrogeological and such as recharge, transmissivity, storativity.

2) The analysis and interpretation of the measured data gathered in (1).

3) Setting up of management guidelines. 
The objective is long term sustainability that includes the protection of the aquifer against over – abstraction and contamination, as well as limiting the impacts of abstraction to what is deemed permissible by society.

Groundwater management can occur on two broad scales, i.e. regional (catchment) and local scale (well field). On a regional scale the concept of the Reserve as part of the National Water Act (Act 36 of 1998) has particular relevance (although not only on a regional scale), which is defined as the minimum quantity and quality of water (or groundwater in this case) required to satisfy basic human needs that are served by the resource as well as to protect the aquatic ecosystems associated with the resource. For all catchments the human and ecological reserve must be determined prior to the issuing of a license to use water. DWAF is currently tasked to determine the Reserve, which is basically used as one of the tools to manage the national groundwater resources. 

On a local scale, the individual users are responsible for the prevention of over-abstraction and contamination of their resource. This can be done by following the recommendations of a hydrogeologist and following a borehole monitoring programme. Basic borehole monitoring usually includes:

· Water level measurements (weekly / monthly / quarterly)
· Abstraction measurements (daily / weekly / monthly), which implies that production boreholes must be equipped with flow meters

· Daily rainfall measurements (where possible)

· Groundwater sampling (either annually or bi – annually).

The above information can be used for long-term management of the resource, and for adjusting the sustainable pumping rates where required. Generally, the pumping rates need to be reduced if a declining trend in the water level is observed. Conversely, pumping rates can also be increased if the water levels are stable over a period of several years or even improving. Optimal pumping rates are especially important since over-abstraction could result in the migration of poorer quality groundwater from deeper down or laterally to the pockets / lenses of fresher groundwater, particularly within the Kalahari Group. Further with regard to the groundwater quality, it is anticipated that the EC will be at its lowest just after a rainfall event (although it might show an initial increase as a result of leaching of evaporates deposited on the surface) due to the dilution of older groundwater with fresher rainwater. On the other hand the EC is likely to display a peak with prolonged droughts and / or when impacted by a contaminated source. In the latter case, speedy mitigation measures can be implemented to eradicate or control the contamination that would have devastating consequences if not acted upon. 

SRK (2004) highlighted the need for improved monitoring of groundwater resources in the Mier area. Although monitoring devices are installed at those localities given in section 6.4, there are sometimes gaps in the monitoring records of 1 year or more (SRK, 2004). This complicates the calculation of sustainable pumping rates and recharge. This situation warrants the need for dedicated municipal personnel to conduct monthly groundwater monitoring rounds at pre – selected sites and for all data to be maintained in a reliable database to prevent data from getting lost.

11. Recommendations for further work

· The establishment of integrated monitoring networks at representative locations. Monitoring must include groundwater level, groundwater quality, rainfall and evaporation to provide more accurate determinations of recharge and for improved groundwater management

· Groundwater quality monitoring that includes sampling of the aquifer with depth. Therefore, future exploratory drilling must consider either the drilling of nested boreholes or single boreholes with packers to allow for sampling at pre – defined depths of the aquifer

· A reliable database on groundwater abstraction needs to be maintained wherever possible and driven by the Local Authorities

· The establishment of a groundwater management plan that outlines the roles and responsibilities of the relevant role players

· Future borehole siting must occur further away from potential contamination sites

· Continued public awareness on groundwater protection must be initiated to prevent vandalism of boreholes and dumping of contaminants in the proximity of boreholes and shallow wells.
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APPENDIX A


[image: image27.emf]Town/Area Project/Title Rep. No. Year

Northern Cape A preliminary assessment of the hydrogeology of the Northern Cape 960058 1996

Northern Cape

A summary of groundwater and environmental investigation carried out by T & P in the 

Northern Cape

960074 1996

Groot & Klein Mier Groot and Klein Mier Water Supply - Business Plan 960087 1996

Groot & Klein Mier Ontwerp en konstruksie van watersisteem – RDP 1998

Northern Cape Community Water and Sanitation study (CWSS) Northern Cape Province 960100 1996

Tweerivier CMIP - Tweerivier Water Treatment - Technical Report 980175 1998

Welkom Opgradering van Welkom (Mier) se waternetwerk 1999

General A layman's introduction to groundwater 960071 1996

Northern Cape

Report on the 1997 schools water & environmental programme in the NC and NW 

Provinces

970140A 1997

Northern Cape

Northern Cape Water Awareness Programme - Report on the status of the 2020 vision 

project

980167 1998

Northern Cape Schools water & environmental awareness programme - Northern Cape (2020 vision) 980179 1998

Klein Mier & Groot 

Mier

Grondwaterondersoek vir watervoorsiening aan Klein Mier & Groot Mier

970127 1997

Mier

Hydrocom Databank : Disk I : Hidrologiese data van die Mier/Rietfontein gebied ingesamel 

tot en met Januarie 1993

57 1993

Mier Preliminary report on the hydrogeological exploration programme  73 1994

Mier

Motivation report for the villages of Rietfontein, Phlandersbron, Loubos , Klein Mier, Groot 

Mier & Welkom

960090 1996

Mier Geohidrologiese data vd Mier/Rietfontein gebied 39 1991

Philandersbron

Results of the pump tests conducted at Philandersbron and Loubos in the Mier Rural Area 

during November 1992

59 1993

Rietfontein Verslag oor die geologie en geohidrologie van Rietfontein (Mier Gebied) en omgewing 7 1990

Rietfontein

Verslag oor die geohidrologiese evaluering van die besoedeling van die waterbronne by 

Rietfontein, Gordonia

12 1990

Welkom

Mier rural area : The status quo with regard to the supply and quality of water to the village 

of Welkom 61 1993

Witbank Witbank groundwater investigation 980155 1998

Witbank Plase Verslag oor die geohidrologiese en geologiese ondersoek uitgevoer op die Witbank Plase 20 1991

Witbank Plase Geohidrologiese data van die Witbank Plase gebied ingesamel tot en met Okt 1991 36 1991

Witbank Plase Verslag oor die boorprogram uitgevoer in die Witbank Plase Gebied van 4 - 7 Okt 1991 45 1992

Witbank Plase Field notes on a visit to the farm Witbank Farms to locate potential sites for groundwater 51 1992

Witbank Plase Hidrologiese data van die Witbank plase gebied ingesamel tot en met Januarie 1993 57 1993

Witbank Plase

Veesuipings : Verslag oor die tweede hidrogeologiese ondersoek en daaropvolgende 

boorprogram - uitgevoer gedurende 1993 – 1994 72 1994

Mier

Opsomming van die grondwaterbestuursprojek in die landelike gebied van Mier - Junie 

1994

71 1994

1994

-

2000

Pella En Mier

Opsomming van die grondwaterbestuursprojekte in die landelike gebied van Pella en Mier - 

Feb 94

68 1994

Philandersbron

Mier Rural Area Resource and water distribution management plan for the village of 

Rietfontein, Philandersbron and Loubos

84 1995

Noordkaap

Opsomming van die grondwaterbestuursprojekte in die landelike gebiede van Leliefontein, 

Komaggas, Rietpoort, Steinkopf, Richtersveld en Mier - Mei 1993

60 1993

Noordkaap

Opsomming van die grondwaterbestuursprojekte in die landelike gebiede van Leliefontein, 

Komaggas, Rietpoort, Steinkopf, Richtersveld en Mier - Augustus 1993

62 1993

Northern Cape

Groundwater health hazards of selected settlements in the province of the Northern Cape. 

Report to DWAF.

1998

Klein Mier & Groot 

Mier

An assessment of the current status of water and sanitation at Klein Mier & Groot Mier

81 1995

Waste Site Investigation & Permitting

Mier

Progress Report No. 1 - preliminary assessment of the status of solid waste and 

sewerage disposal sites in the Mier Rural Area

1994

Catchment and Regional Groundwater Assessments

Civil Engineering

Education & Training

Groundwater Assessment & Development

Pollution

Sanitation & Effluent

Groundwater Monitoring & Management

Namakwaland/Mier

Progress Reports 1 - 27 : (1994 - current) : Management of water systems and 

groundwater resources in the rural areas of Namaqualand and MIER - PANC - Contract 

NC/B/0008

27-Jan


Table 4: Summary list of some of the available technical geohydrological reports for the Nossob Hydrogeological Map

Karoo Supergroup / Kalahari Group geological contact





“Africa's first formally declared trans-border conservation area, the Kgalagadi Transfrontier Park, on the border of South Africa and Botswana, was officially launched on 12 May 2000 by South African President Thabo Mbeki and Botswana President Festus Mogae. The combined land area of the Kgalagadi Transfrontier Park is +/- 38,000 km² of which 28,400 km² lies in Botswana and 9,600 km² lies in South Africa. Transfrontier parks, border parks or transboundary conservation areas are protected areas that straddle international boundaries. The Kgalagadi Transfrontier Park is such a protected area in the southern Kalahari Desert” (http://www.sa-venues.com/game-reserves/bw_kgalagadi.htm).








Pan sediments











� GEOSS – Geohydrological and Spatial Solutions International (Pty) Ltd, Stellenbosch.


� DWAF, Directorate: Hydrological Services, Pretoria.


� Note the river terrace / bank in the background which is roughly 5 m higher than the river bed and consists mainly of calcrete.


� Blue-hatched polygons on the map are the pans in the map area.





� Digitised Lineaments indicating their approximate positions 


� These reports have been written by Toens & Partners. The reports are obtainable from Mr. Des Visser (tel: 021 – 659 3060).
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_1205825551.xls
Sheet1

		Symbol on Map		Generalised Lithology		Stratigraphic Unit (Formation)		Group		Sequence / Supergroup		Age

				Pan Sediments

		T-Qk		Red sand and dunes		Gordonia		Kalahari				Quaternary

				Calcrete, diatomaceous in places		Mokalanen						Tertiary

				Red, brown and green sandstone with sand-filled biotubes in places; calcareous grit; conglomerate		Eden

				Red to brown calcareous clay		Budin

				Clayey gravel		Wessels

		Jd		Dolerite								Jurassic

		Pe		Grey, green and brown shale (varved in places); sandstone, arkose, grit		Prince Albert		Ecca		Karoo		Permian

		C-Pd		Tillite; brown ferruginous sandstone, grit and conglomerate; impure brown limestone and calcarenite		Dwyka						Carboniferous

		Nn		Red, brown and purple cross – bedded sandstone		Breckhorn		Nama				Namibian

		Vv		Massive, purple quartzite; subordinate grey quartzite		Matsap		Volop		Olifantshoek		Mokolian

		Vlu		Massive, grey and white quartzite with haematite nodules and lenses in places; conglomerate, quartz muscovite schist		Lucknow
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_1205912899.xls
Sheet1

		Town/Area		Project/Title		Rep. No.		Year

		Catchment and Regional Groundwater Assessments

		Northern Cape		A preliminary assessment of the hydrogeology of the Northern Cape		960058		1996

		Northern Cape		A summary of groundwater and environmental investigation carried out by T & P in the Northern Cape		960074		1996

		Civil Engineering

		Groot & Klein Mier		Groot and Klein Mier Water Supply - Business Plan		960087		1996

		Groot & Klein Mier		Ontwerp en konstruksie van watersisteem – RDP				1998

		Northern Cape		Community Water and Sanitation study (CWSS) Northern Cape Province		960100		1996

		Tweerivier		CMIP - Tweerivier Water Treatment - Technical Report		980175		1998

		Welkom		Opgradering van Welkom (Mier) se waternetwerk				1999

		Education & Training

		General		A layman's introduction to groundwater		960071		1996

		Northern Cape		Report on the 1997 schools water & environmental programme in the NC and NW Provinces		970140A		1997

		Northern Cape		Northern Cape Water Awareness Programme - Report on the status of the 2020 vision project		980167		1998

		Northern Cape		Schools water & environmental awareness programme - Northern Cape (2020 vision)		980179		1998

		Groundwater Assessment & Development

		Klein Mier & Groot Mier		Grondwaterondersoek vir watervoorsiening aan Klein Mier & Groot Mier		970127		1997

		Mier		Hydrocom Databank : Disk I : Hidrologiese data van die Mier/Rietfontein gebied ingesamel tot en met Januarie 1993		57		1993

		Mier		Preliminary report on the hydrogeological exploration programme		73		1994

		Mier		Motivation report for the villages of Rietfontein, Phlandersbron, Loubos , Klein Mier, Groot Mier & Welkom		960090		1996

		Mier		Geohidrologiese data vd Mier/Rietfontein gebied		39		1991

		Philandersbron		Results of the pump tests conducted at Philandersbron and Loubos in the Mier Rural Area during November 1992		59		1993

		Rietfontein		Verslag oor die geologie en geohidrologie van Rietfontein (Mier Gebied) en omgewing		7		1990

		Rietfontein		Verslag oor die geohidrologiese evaluering van die besoedeling van die waterbronne by Rietfontein, Gordonia		12		1990

		Welkom		Mier rural area : The status quo with regard to the supply and quality of water to the village of Welkom		61		1993

		Witbank		Witbank groundwater investigation		980155		1998

		Witbank Plase		Verslag oor die geohidrologiese en geologiese ondersoek uitgevoer op die Witbank Plase		20		1991

		Witbank Plase		Geohidrologiese data van die Witbank Plase gebied ingesamel tot en met Okt 1991		36		1991

		Witbank Plase		Verslag oor die boorprogram uitgevoer in die Witbank Plase Gebied van 4 - 7 Okt 1991		45		1992

		Witbank Plase		Field notes on a visit to the farm Witbank Farms to locate potential sites for groundwater		51		1992

		Witbank Plase		Hidrologiese data van die Witbank plase gebied ingesamel tot en met Januarie 1993		57		1993

		Witbank Plase		Veesuipings : Verslag oor die tweede hidrogeologiese ondersoek en daaropvolgende boorprogram - uitgevoer gedurende 1993 – 1994		72		1994

		Groundwater Monitoring & Management

		Mier		Opsomming van die grondwaterbestuursprojek in die landelike gebied van Mier - Junie 1994		71		1994

		Namakwaland/Mier		Progress Reports 1 - 27 : (1994 - current) : Management of water systems and groundwater resources in the rural areas of Namaqualand and MIER - PANC - Contract NC/B/0008		27-Jan		1994

								-

								2000

		Pella En Mier		Opsomming van die grondwaterbestuursprojekte in die landelike gebied van Pella en Mier - Feb 94		68		1994

		Philandersbron		Mier Rural Area Resource and water distribution management plan for the village of Rietfontein, Philandersbron and Loubos		84		1995

		Noordkaap		Opsomming van die grondwaterbestuursprojekte in die landelike gebiede van Leliefontein, Komaggas, Rietpoort, Steinkopf, Richtersveld en Mier - Mei 1993		60		1993

		Noordkaap		Opsomming van die grondwaterbestuursprojekte in die landelike gebiede van Leliefontein, Komaggas, Rietpoort, Steinkopf, Richtersveld en Mier - Augustus 1993		62		1993

		Pollution

		Northern Cape		Groundwater health hazards of selected settlements in the province of the Northern Cape. Report to DWAF.				1998

		Sanitation & Effluent

		Klein Mier & Groot Mier		An assessment of the current status of water and sanitation at Klein Mier & Groot Mier		81		1995

				Waste Site Investigation & Permitting

		Mier		Progress Report No. 1 - preliminary assessment of the status of solid waste and sewerage disposal sites in the Mier Rural Area				1994
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