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ABSTRACT

Expanding demand has ied to the need to assess groundwater resources in central northern
Namibia. Future development of the region is dependant on locating aquifers with the
potential to support large scale water supply schemes.

In the region to the north and west of Tsumeb are two contrasting aquifers with potential to
fulfil these requirements. The first is the Damara carbonate aquifer and the second is the
Kalahar aquifer.

The Damara carbonate aquifer 1s a fissured, inhomogeneous and leaky to unconfined aquifer.
It has variable recharge from 0% to 4% of rainfall, averaging at 2% of rainfall. The aquifer
charactenstics are variable, being less favourable towards the base of the aquifer. The
inhomogeneity of the aquifer coupled to the variable recharge, mean that in times of
protracted drought, the potential for groundwater abstraction is severely reduced. Current
abstraction is considered to be 14.1*10° m3 p.a. Additional abstracton should be limited to
2.5*%10° m? p.a., because of the recharge characterist'cs. The hydrochemistry indicates the
groundwater to be of the calcium - magnesium bicarbonate type.

Where The Kalahan aquifer is suitable for exploitation, it is confined, homogeneous and
intergranular. Recharge is dependable, being 2% of rainfall and is caused by through - flow
from the unconfined portion of the aquifer. The sustainable yield of this aquifer is considered
to be 2.0¥10° m? p.a. The hydrochemistry of the groundwater confirms the confined nature
of the aquifer, with cationic exchange and mixing occurring. This is evident in the shift from
the calcium bicarbonate type groundwater found close to the recharge zone to sodium chloride
type groundwaters occurring distal to the recharge zone.

The development options are restricted by the variability of recharge to the Damara carbonate
aquifer and the unfavourable hydrcchemistry of the Kalahart aquifer. The former problem
makes an abstraction policy difficult to determine, while the latter means that the groundwater
is unsuitable for general irrigation. Development of the groundwater resources can be
undertaken if the limitations of these aquifers are recognised and planning takes account of
them.
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[. INTRODUCTION

1.1 REPORT PURPOSE

The population in Namibia 1s concentrated in the northern portion of the country and the
increasing expectations of this expanding population has piaced an increased demand on the
current water supply, so there 1$ a need to locate further sources of water to satisfy future
requirements. In addition, there is some potential for irngation to the north and north west of
Tsumeb and this would add to the water demand.

The area to the north and west of Tsumeb has two aquifers, the Damara carbonate aquifer and
the Kalahari aquifer ( Figure 1 ). In this respect this area is unusual, as most of Namibia does
not have aquifers suitable for large scale abstraction. These aquifers could be viable for large
scale abstraction to meet future demand. The groundwater resources of the area should be
evaluated to establish the sustainable vield and how the aquifers can be best exploited. For
this purpose a comparison between these aquifers is warranted.

1.2 SCOPE AND OBJECTIVES

This study addresses the evaluation of the groundwater resources, It describes the natural
conditions prevailing in the area necessary to build up the hydrogeological picture. The
methods used to investigate the arca are discussed and the historical hydrogeological
background is described. The groundwater conditions and the effects of current abstraction
are considered separately. The greater part of the report covers the description of each aquifer.
A comparison of the aquifers potential icads to a possible strategy for abstraction.

1.3 PREVIOUS INVESTIGATION

Evidence of the groundwater potential prior to this study was limited to sporadic and
incomplete information, but the impression was that the area had some scope for
development.

Since 1989 the collection of data has started in a systematic fashion. The background
hydrogeological literature to this specific area is very limited, with no published reports and
only two Department of Water Affairs reports. In addition to these general reports, a certain
amount of unprocessed Department of Water Affairs data was available. In view of the lack
of data, most data had 1o be coliected by the author.

There is no shortage of published data on all other aspects concerning the natural conditions,
such as climate, vegetation and geology, but for detail the original raw data such as rainfall
figures and geological borehole logs have been consulted. An excellent and comprehensive
set of pubiished maps provide a useful medium to plot information.
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.4 GUIDE TO NOMENCLATURE

The location of places described in the text is taken either from farm name and farm number
or the communal area name or National Park name. Boereholes drilled receive numbers
referenced to a 1:50 000 topographic map ( eg. 1817 CC is a map, with a borehole | on i,
hence 1817 CC | ). In addition boreholes drilied or monitored by the Department of Water
Affairs have an extra number with @ WW prefix. Boreholes with a WW prefix usually have
more reliable information.

This report mostly uses the WW prefix borehole numbering system.



(3]

- NATURAL ENVIRONMENT

1 GEOLOGY

F ]

The Tsumeb - Oshivelo area is part of the Owambo basin. In this area a wide suite of rocks
occur 1n terms of lithology and age. The geology of this area is described to show the setting
of the two aquifers. Table 1 gives a summary of the stratigraphic column. The late
Proterozoic Damara Sequence is at the base of the basin and is overlain by Karoo, Cretaceous
and Kalahar sequences. Some intrusive and extrusive rocks are believed to be of Karoo age
{ Figure 2 ).

GEOLOGIC SEQUENCE FORMATION AGE HYDROGEQLOGICAL
AGE OR GROUP { Ma) SIGNIFICANCE
Teruary Kalahan Andoni 2.0
Mukonda - Aquitard
Aquifer
65
Beisch
Mesoroic Cretaceous Nanzi 65 - 140
Karoo Eiendeka 180
Palacoroic Dwyka 400
Proleroroic Damara Mulden 600 - 650G
Otavi 700 - 730 Aquifer
Nosib o0 ]

TABLE 1. Summary of the Stratigraphic Sequence illustrating the major hydrogeological
units.

The Damara Sequence evolved on a rifting rnargin, sedimentation starting at 900 Ma ago with
fluvial sandstones of the Nosib Group ( ed. McG Miller ). This was subsequently foliowed
at 730 to 700 Ma ago with carbonates of the Otavi Group. The Otavi Group carbonates are
dominantly dolomites with some limestones believed to be the result of differences in the
salinity of the environment of deposition. These carbonates are subject to karstification,
Finally between 650 and 600 Ma ago deposition of erosion products of uplift produced the
Mulden Group rocks. During and after the deposition of the Damara Sequence, a period of
tectonism resuited in faulting and folding, followed by a period of erosion. The Otavi Group
of the Damara Sequence contains the Damara carbonate aquifer, one of the primary aquifers
in the area.

The Karoo rocks do not outcrop at surface. The evidence available from boreholes suggest
that the Karoo consists of fluvioglacial units of the Dwyka Group, giving rise to tillites,
sandstones and shales ( McG Miller ). In late Karoo times ( 170 Ma ago ) basalts were
formed, termed the Etendeka Group. Intrusive dykes considered contemporaneous with the
basalt extend throughout the area. Periods of erosion occurred before and after the formation
of the basalts.
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A sequence of sandstones and shales believed to be Cretaceous 1n age and called the Nanz
Formauon is only known from borcholes ( Figure 3 ).

Overlying these sediments 1s the Tertiary Kalahari Group { McG Milier ). These sediments
are entirely continental, ranging from aeolian to fluvial. The aeolian material consists of fine
grained well sorted sands, while the material laid down in a fluvial environment ranges from
gravels to clays and often represents braided stream conditions. The fluvial environment is
seen to dominate most sedimentation, with some reworking of aeolian sand. The fluvial
infilling of the basin in this area is from the high ground in the south. With braided stream
conditions the lithology is seen to be very variable, both vertically and horizontally. Gravels
found at the base of the Kalahari called the Beiseb Formation, possibly of Eocene age, are
overlain by a sequence dominated by sands called the Olukonda Formation. The sedimentation
process was not continuous, as there were periods of erosion in between. These erosional
periods resuit in palacosols and fossil peneplains, which get reworked. In the Olukonda
Formation the primary aquifer is believed to be one such palaeosol. The Andoni Formation
overlies the Olukonda Formation. Calcrete has formed in all sediments of the Kalahari, and
in particular this commonly forms a hard carbonate layer at the top of the Andoni Formation,
locally being karstified. Recent acolian sand covers much of the area to various depths,
especially 1n the north of the area where relic longitudinal dunes are observed.

2.2 STRUCTURAL GEOLOGY

Tectonic activity is evident in ali sequences. The faulting and folding observed in the Damara
sequence is a result of failed continental break up. The result of this is folding with an east -
west sirike, while faults are sub vertical and generally show a north east - south west strike
( Figure 4 ). It is believed that some of these faults formed the conduit for invading Karoo
dolerite ( Figure 2).

Evidence of recent faulting is seen with surface displacement controlling drainage in the
Kalahari, as in the Omaramba Owambo and the southern side of the Etosha Pan. It is
suggested that these may be rejuvenated Karoo or Damara aged faults { Figure 4 ).

2.3 CLIMATE

The climate of the area is important as it controls the amount of water available for recharge
to the aquifers. In detail the climatic aspects that contro! the availability of water for recharge
are rainfall, potential evaporation, humidity, temperature, amount of sunshine and wind.

The area has a continental climate with distinct dry and wet seasons, described as Hot Steppe
according to the Koppen Classification { van der Merwe ). The weather of Namibia is
dominated by high pressure centred over the sub continent which accounts for dry winds
blowing from the south and west off the cold Benguela ocean current. Occasionally in
surnmer this dominant high pressure is replaced by low pressure which results in winds
blowing from the north and north east. This brings in damp air from the Mozambique
Channel which can result in convectional rainfall from cumulonimbus clouds ( Shaw }. The
wet season lasts from Qctober to March. Tsumeb in the south of the area records an average
ralny scason rainfall of 525 mm over @ 74 years period, but an average of onty 438 mm per

7
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rainy season for the last 10 years { Appendix [ ). In the north of the area sowever, at Kakuse,
the average is 468 mm over the last 10 years. It is recogniced that rainiall increases to the
north. However, the localised thunder storm nature of the ra:n which dominates in this area
means that rainfall is variable over very short distances. Tii's makes the interpolation of
rainfall between stations difficuit and liable to error. On a leog term the overall tread of
rainfall distribution is expected to average out, but in any one :uny season only a guide as
to the amount of rainfall can be given. Rainfall variability has be:n measured at 35% around
the mean. The last 10 years data has been selected for particular ..ttention in this report as it
is the most comprehensive. The intensity of rain is dominantly ver - high, but there are some
lighter rain periods. Long term rainfall records in the Grootfontein D strict illustrate the cyclic
variability of rainfall ( Figure 5 ). Cycles of 10 or 11 years duration are apparent since
records began in 1910. These records also show there is no general change in the amount of
rain over this period. The himited evidence available suggests that the mountains to the south
of the investigation area have higher rainfall than anywhere else in the area (up to 100 mm
p.a. more ) ( Seeger ), but this has not been substantiated inside the study area.

Levels of potential evaporation are high, with values of the order of 2700 inm p.a. which far
exceeds total rainfall. Only over very short periods ( measured in days ) does rainfall exceed
potential evaporation, and then there is transpiration to contend with before infiliration could
occur. The implication of this is that recharge is possibly an infrequent event which may not
OCCUTr every year.

Humidity levels in the rainy season are in the range of 70% while in the dry season this drops
to less than 309% ( van der Merwe ). The daily average number of hours of sunshine is 8.8
through the whole year, with the hours varying from the daily maximum amount of 10.3
hours in the dry season down to 6.6 hours in the wet season. The wet season is in the summer
with longer daylight hours but cloud cover is common, so in winter in spite of the shorter
days the sun shines all day and every day.

The temperature of the region is very variable from day to night and through the seasons (
van der Merwe ). The minimum temperature in the coldest part of the year { July ) is 8°C,,
while the warmest month ( October ) records a maximurn temperature of 34°C. Tsumeb
records an average annual maximum temperature of 23°C. Daily diurnal vanations of 13°C
in the dry winter season and 20°C in the wet summer season are normal.

Winds are normally light, not exceeding 6.0 m/s, with still conditions for 25% of the time.
For 25% of the tme the wind blows from the north and north 2ast which is associated with
the wet summer season. The rest of the time throughout the dry season the wind blows from
the south and west.

24 HYDROLOGY

Hydrology is of limited importance in this study area, because of the hot and dry climate and
the soils which are unfavourable for runoff.

The only perennial surface water is restricted to sink holes in the dolomites. The sink holes
reflect groundwater conditions as they are controlied by hydrogeological constraints rather
than surface hydrological effects. These sink holes receive no surface runoff, only direct

10
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rainfall, but are then subject o direct evaporation,

All rivers in this study area are ephemeral. Due to the low rainfall and nature of the soils and
near surface tithology, runoff is very uncommon. Only in exceptional rainfall events is runoff
caused by the saturation of the near surface environment. In most cases runoff is an extremely
localised event caused by one storm. Only very rarely with widespread heavy rain do the
ephemeral nvers flow to their discharge points. In the last 15 years the Omaramba Owambo
has flowed to its discharge point twice. Other ephemeral rivers have flowed, but only locally,
and usually in areas directly underlain by calcrete. All ephemeral rivers are perched up to 20
m above the water level, so any water infiltrating down from these perched nivers could reach
groundwater after allowing for loss through evapotranspiration. Due to the difficulties in
measuring flow in wide shallow river valleys and the exceptonal nature of flood events, no
specific data for surface water flow exist for this area.

2.5 TOPOGRAPHY

The area is bounded in the south by the Otavi Mountains which rise to an elevation of 1600
m am.s.l. These mountains drop rapidly away to a plain sloping gently to the north at
elevations from 1200 m to 1100 m a.m.s.l. At the edge of the plain a few inselbergs occur.
The mountains are composed of Damara Sequence units, dominantly dolomites ( Figure 6 ).
Away from the mountains, the plains consist of Kalahan units. On the fringe of the plains and
in the mountains many karst features are found, but only on the plains are large features
found like sink holes ( Figure 7 ). Some of these have open water, while the rest are sediment
filled. In the north east of the area occur fongitudinal sand dunes rising up to 30 m above the
plain. Ir the north west lies Etosha Pan, which is surrounded by featureless plains ( Figure
8 ).

Valleys in the mountains follow the regional strike of folding, which is east - west, but as the
runoff is effectively zero due to the high levels of evapotranspiration and the surface nature
of the catchment, they are all dry. In the Kalahari two types of valley are seen. Firstly there
are valleys that appear to be structurally controlled by faulting and have a sinuous river
course in a straight valley. The valley can be up to 20 m deep and 2000 m wide. Secondly,
there are apparently random water courses up 10 5 m deep and 100 m wide which form a
dendritic pattern. This form of valley only appears on calcrete covered areas.

2.6 VEGETATION

The variability of vegetation indicates that no general crop coefficient can be determined, so
vegetation cannot be realistically used to generate a figure for evapotranspiration. Because
there is no figure for evapotranspiration, soil moisture deficit and water surplus cannot be
calculated using the Grindley method. Each plant has its own water requirement, some taking
water coming from the unsaturated zone and some from the saturated zone. Only with a
monoculture or different plants with similar evapotranspiration rates can a value be
established.

Detalied below are some of the compiex vegetation changes both on a local and regional
scale.
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FIGURE 6. Karst landscape in the Otavi Mountains.
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FIGURE 7. Typical sink hole in Damara carbonate rocks in the Ouvi Mountains.
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FIGURE 8. Kalahari Plains adjacent to the Etosha Pan.
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The natural vegetation is broadly termed mountain savannah and karstfeld in the southern half
of the arca and forest savannah and woodiand in the northermn half ( van der Merwe ).
However the exact nature of vegetation is determined by the soil and geology. In the
Kalahan, trees grow preferentially on the longitudinal sand dunes while in the dune swreets
grass dominates. On the sandy plain tree savannah dominates.

The commonest trees that are found are Mopane { Colophospermum Mopane ), Mongongo
( Ricinodendron rautanenii ) and Morula { Sclerocarya caffra ) and Acacia species { Palgrave
). Of these Mongongo is only found to grow on sand, while Morula will grow anywhere.
Mopane tolerate all soils and wili grow on calerete,

Coarse and hard grasses such as Blackfoot Brachiaria ( Brachiaria nigropedata ), Wool Grass
( Anthephora pubescens )} and Kalahart Sand Quick ( Schmiditia pappophoroides ) grow in
sandy areas while in the mountain regions bushes such as Leadwood { Combretum imberbe
) grow with grasses like the Armgras species ( Brachiaria species ) ( Miiller ).

Agriculture In the area has recently moved towards arabl farming. This farming 1s localised

and uncommon, but always expanding, Maize 1s the main crop, as dry land cropping
dominates with minimal irrigation.
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3. METHODS USED IN STUDY

3.1 USE OF HISTORICAL DATA

A mass of historical data is available in various places which can be of use in examining the
groundwater potential of the arca. The most useful sources are the Department of Water
Affairs and the Geological Survey of Namibia, while mining houses can supply additional
informanon.

The Department of Water Affairs maintains a data bank of many of the boreholes and wells
in the study area. The records include water quality results, borehole design and construction
details, geological logs, aquifer yields and water levels ( Appendices 2 and 3 ). However the
data bank is not complete. As much data is sourced from outside the Department of Water
Affairs, some of the data has to be weated cautiously. A general picture of an area can often
be established by examining critically this information. A library of old reports and maps
compliment the data bank which can deal with any groundwater related subject pertinent to
that area, ranging from general investigation to hydrochemistry and geophysics. An data
which comes from a known reliable source, purticularly internally sourced information, is
considered to be of greater value than that from unverifiable sources.

The Geologicai Survey has a comprehensive collection of geological reports and maps. These
have been prepared by their own staff or come in from outside professional sources. This
provides a wider geological basis for any investigation. It is essential that the geological
framewaork be well understood 1o make an intelligent assessment of the groundwater resources
of the area.

Information coming from mining houses has provided limited and detailed information on a
range of subjects, normally of peripherat use and take the form of geological borehole logs,
geophysical results and geological maps.

In this report the majority of the hydrological data has not been used elsewhere,

3.2 APPLICATION OF REMOTE SENSING

Remote sensing is used to locate firstly aquifers and secondly drilling targets on an aquifer.
Two forms of remote sensing have been applied to this arca and they are aerial photography
and satellite imagery. These two methods are considered here to be complimentary, as they
work in different ways. Although much can be learnt from remote sensing, it is a remote
reconnaissance tool, and anything that requires further work should be subject to field
inspection.

Aerial photographs used in this area are on a scale of 1:50 000, provide stereo pairs of high
definition and are black and white. The application of aerial photographs is particularly useful
in carbonate areas, as the features causing possible karstification are usually very clear and
sometimes can be seen through thin superficial cover. The 3D effect created through the use
of stereo pairs is an additional valuable feature. Coverage of the area is complete with 66%
overlap of photographs and 33% overlap between lines.

17



Although the area is vegetated. the density of the bush does not restrict the view ot the
ground. [n fact vegetation is ofien seen to pick cut fractures and contacts with larger trees
growing on them. Often there is a subtle change in the type of vegetation caused by the
geology, thus dolomites and sandstone can be separated and calcrete from sand dunes, Often
the colour of the rocks and the landforms themselves can be diagnostic.

Satellite images with a scale of 1:250 000, have the advantage of seeing the area as a whole,
so features can be seen in a regional context. It does not however form 1 stereo pair and has
poorer definition than aerial photographs. Landsat images have been used here with false
colours which show up the surface geology, particularly sand dunes and caicrete. Large scale
structure like large faults can also be seen.

3.3 GEOPHYSICS

A wide range of geophysical surveys have been attempted in the area of investigation for
aquifer delineation and the sclection of drilling targets. The Department of Water Affairs first
used geophysics here in the early 1970’s when initial interest was shown in this area.
Regional geophysical surveys had been undertaken on behalf of the government which had
been intended to arise interest in the mineral potential of the area. Since 1989 the Department
of Water Affairs has undertaken a considerable amount of further regional and local
geophysical surveys.

The types of surface geophysics that have been attempted include resistivity, gravimetric,
electro - magnetic and magnetic. Airborne geophysics in this area is limited to some magnetic
surve /s.

The object of these geophysical surveys has been to locate aquifers. Initially regtonal surveys
have been undertaken to try to locate favourable areas which might prove to be an
economically exploitable aquifer. Having outlined the regional location of the aquifer, local
geophysical surveys are made to locate specific targets for driiling.

Geophysical surveys have been dominantly undertaken in carbonate areas, the object being
to locate features such as fissures, geological faults and contacts which could be preferentially
karstified. Although carbonate rocks are seen to outcrop in many areas, these rocks can be
covered by Kalahari units which get progressively thicker towards the north. These Kalahari
units mask the underlying geology, so geophysics is a useful tool to locate water bearing
features. In addition to these buried features, geophysics i1s also used in areas with extensive
outcrop, but slightly covered by a veneer of sand.

The type of geophysics used in this terrain 1s dependant on what sort of geological contrast
1s to be expected. In most of the carbonale areas the most useful tools were the resistivity and
the elecro - magnetic methods. Their success in this area is caused by the differential water
content between the usually massive carbonate rock and the water filled fissures. The water
filled fissures show up with higher conductivity or lower resistivity. These methods were used
in both regional and local surveys.

The resistivity methods that have been widely applied in carbonate areas use a wide range of
different types of array, spacing and measuring apparatus. The design of any survey is
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dependant on what is required from that survev and what groundwater conditions are
expected. Vertical depth sounding was used to locate the water level and constant separation
traversing { CST ) has been used to locate geological contacts. CST was reguiarly used in
series along profiles to create a resisuvity cross section.

Electro - magnetic methods bave been uscd in field investigatuons where the water levels were
less than 30 m, a depth determined by the type of machine used { EM 34/3 ). This method
is most suitable in locating shallow buried fissures in dolomite.

Gravimetric surveys in theory should also prove useful, but when tried in 1989 the machines
avaitable were not robust enough and were not cost effective. In the early 1970s traverses
were made across the regional geological strike ( 1.e. in a north - south direction ), but these
failed to show any anomalies except when by design they went over sink holes. These
unfavourable results indicated that the method was only useful in small scale detailed surveys.

Magnetics could not be used to find fissures as this method relies on a magnetic contrast,
which does not exist in a solely carbonate terrain. However, in an aeromagnetic survey which
had been carried out on the behalf of the government, some concealed dykes, faults and
basaits were revealed. It has been shown since 1989 that boreholes drilled into the hidden
fault zones had an order of magnitude increase in yields over boreholes in the surrounding
area. It was also initially considered that the dykes were also targets worth investigating.
Magnetic surveys were justified to clarify the ground position of aeromagnetic anomalies.

On the Kalahan plains, geophysics has been attempted, but with much less success than on
the carbonate units. The geology here is dominated by up to 200 m of the Kalahari Sequence
and all surface geophysical technigues employed in this region have not penetrated through
these sediments, thus only features in the Kalahari sediments can be observed. Although the
Kalahari sediments are lithologically complex they have little or no contrast, so no
geophysical method works. Because of this no anomalies have been seen in any of the
surveys undertaken. Attempts with CST to locate a major fault thought to be oriented along
the Omaramba Owambo and changes in the lithology drew a complete blank.

3.4 HYDROCHEMISTRY

Samples of groundwater have been taken from many boreholes in the investigation area.
However, as the majority of these are from farm boreholes where the exact source of the
water 15 often unknown, the result can frequently not be attributable to one aquifer. Because
of this factor, data sourced from farm boreholes has to be teated with caution and should
have a low reliability given to it, except where the borehole design is known and followed
correctly and where the groundwater can only have come from one aquifer which is a
response to the proven depth of the borehole. The most reliable boreholes for sampling are
those drilled by the Department of Water Affairs, as the aquifer being sampled is always
known.

All of the samples have been examined in accordance with widely accepted standards in the
Department of Water Affairs laboratory in Windhoek. Samples have been taken mostly from
production wells whilst pumping, very few from standing boreholes. Samples have been taken
at all times of the year and when samples are compared from one aquifer taken at different
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times, no change of hvdrochemistry is observed. In test pumping, the groundwater is
periodically sampled. In every case no variation bevond normal sampling error has been
reported, |

Broadly the hydrochemistry of the area is determined by the host rock. The hydrochemistry
of the groundwater that occurs in the Damara carbonate aquifer plots in the dolomite and
recent recharge fields of the Piper Trilinear Diagram. Groundwater in the Kalahari units has
a far more variable nature but the actual concentrations of Ca*'and CQOj are less than in the
carbonates. In the Piper Trilinear Diagram the hydrochemistry results of the unconfined
Kalahari aquifer plot in the recent recharge field, while the results of the confined aquifer
show mixing and ionic exchange.

The actual drinking water quality of the groundwater in most of the area is good, according
to WHO standards. The groundwater is suitable for large scale demand, from towns down to
farmsteads and normally requires no processing other than standard chlorination treatment for
large towns.

The only place where groundwater quality 1s seen to get worse is in the west and north west
of the area where the Kalahari aquifer occurs. Here the groundwater is reported to have
elevated levels of sodium and chlorine. The cause of this is considered to be internal drainage
which is situated to the immediate west of this area. The sediments may have a high sodium
and chlorine content which dissolve into the groundwater. This internal drainage currently
forms a saline pan called Etosha Pan.
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4. DAMARA CARBONATE AQUIFERS

4.1 INTRODUCTION

The Damara Sequence carbonate rocks produce fissured aquifers which are caused by
differences in the formation of karst features { Figures 6, 9 and 10 ). These karst features
determine groundwater occurrence. Intergranular effects are minimal and play no significant
role here. The primary mechanisms for karstification seen here are changes in geology, the
nature of the carbonate chemistry and tectonic events.

Contacts between the Otavi dolomites and the Mulden sandstones are considered important
karsafication zones ( Figure 2 ), especially in places subject to dilation caused by folding
which enhances fissure formaton.

The intrusive dykes which are found at various points are thought to have shattered the host
rocks. When dolomite is the host rock, this forms a zone favourable for the development of
karst features,

Limestone bands are occasionally found in the dominantly doiomite outcrop. These horizons
can weather more readily in this terrain and in contact with dolomites can also form potential

zones of karstification.

Tectonic activity after the formation of the Damara Sequence has resulted in folding and
faulting. The faulting 1s readily seen and is an additional important control on karstificadon.
Productive fissures and karstified zones in the Damara Sequence are however not ubiquitous.

As the exploitable aquifers are discontinuous, boreholes are concentrated into favourable
fissured areas. In general there is a trend for boreholes to be deeper in the mountains in the
south, necause of the regional groundwater piezometry of the unconfined dolomites ( Figure
11). A range of depths for the groundwater level of unconfined aquifers are seen in boreholes
to a maximum depth of 100 m. However because of the discontinuous nature of the aquifer
and the actual water strike depth, the actual depth of dnlled borehole is variable, ranging from
30 m to 200 m. Borehole design is determined primarily by the encountered geology and
hydrogeology.

The quality of the groundwater is good according to WHO standards and suitable for
irrigation, with all results showing recent recharge.

Recharge estimates have been undertaken using the aquifer characteristics and hydrographs.
Results indicate recharge to be dependent on rainfall and its intensity, with a maximum
recharge of 30 mm p.a. or 3.6% of rainfall, but a more normal value is 10 mm or 2% of
rainfall. In below average rainfall years there is often no recharge. Average recharge over the
aquifer is considered to be 19*10°m? p.a.

An analysis of long term hydrographs indicate discharge decreases as the groundwater level
1s lowered which would mean that fissuring decreases with depth.

The aquifers have been exploited by commercial farmers, with over 100 wells in the study
area. The majority of these are low yielding as the primary requirement 1s stock watering, but
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there are some wells which are berter yielding and these are used tor imrigation. Large scale
abstraction is concentrated in a few restricted localities and the potential effect of this on the
groundwater levels should be monitored. Abstraction is considered currently to be 14.1%10°
m* p.a. On average, this would allow for a further 4.9%10°m3 p.a. 1o be abstracted.

The assessment of the groundwater resource by the Department of Water Affairs is restricted
to two periods, once in the early 1970°s when 10 boreholes were drilled and since 1989 with
approximatety 30 boreholes having been drilied to date.

4.2 AQUIFER CHARACTERISTICS

The object of the investigation into aquifer characteristics is to prove that these aquifers are
fissured and can show a range of values of characteristics. A total of 7 boreholes have been
test pumped.

The test pumping was spread cut over the whole extent of the aquifer in & variety of karst
structures. One of the tests was not successful due to the unavoidable recirculation of water.

The analysis of these tests assume standard Theis assumptions, including homogeneity,
isotropy, that the aquifer has an infinite extent and uniform thickness. However, the nature
of the karstified dolomitic aquifer is clearly not following these assumptions, so errors are
bound to occur. In this assessment of the aquifer characteristics, each type of karst structure
which has been test pumped is discussed separately. Test pumping in a fissured terrain is
fraught with problems, for if the observation borehole is situated along the stike of the
fracture the drawdown should foilow the Gringanten - Witherspoon type curves as illustrated
in Figure 12a ( Kruseman and de Ridder ). If the observation borehole is away from the
fracture then the drawdown should follow a path on another set of Gringarten - Witherspoon
type curves as shown in Figure 12b. Curve matching was done on the later data when the
observed drawdown foliows the Theis type curve. The drawdown data was processed using
a computer programme called P Test.

4.2,1 Mulden - Otavi contact karstification overlain by Kalahari units.

The boreholes which were tested on the edge of the Kalahari plain to the north west of
Tsumeb are WW 30897, 31486 and 31489. The intended target was the contact zone of the
Otavi dolomites and the Mulden quartzites, but dniling showed the quartzites to be actually
sandstone and fissuring on the contact was not as favourable as had initially been thought (
Figure 13 ). Because of the number of boreholes that had been drilled into this zone, those
boreholes selected for testing were adequately served with observation boreholes. All these
boreholes have up to 70 m of Kalahari sand above the Damara Sequence. All borehole
drilling records indicate that a mixture of groundwaters is present from both the dolomite and
Kalahar units, but the strongest groundwater occurs in dolomite ( over 90% ). Typical
boreholes have the Kalahari units cased out because of the potential of the borehole to
collapse.

The results are tabulated in Table 2. An examination of the drawdown data, plotted in
Appendix 4, show that leaky conditions exist. The confining leaky layer is possibly the
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overiying Kalahari sediments. Appendix 2 contains details of lithology and well design for
the boreholes in this aquifer.

On borehole WW 30897 a longer 168 hour test pump was undertaken to dewater the leaky
conditions. Experience has shown that false aquifer charactenistics can be indicated from a
short test pump. The leaky component can be dewatered in a longer test pump, radically
effecting the assessment of the aquifer characteristics. In this case the aquifer was not
dewatered.

A comparison of the results show that for WW 30897 and 31489, transmissivity is ~150 m
2/d. Storativity for all boreholes range from 0.06 to 0.002 typical of either unconfined or
confined conditions. The test pumping of WW 31486 resulted in a low storativity value of
~(.002, which is typical of a confined aquifer. All other results show storativity values to be
compatble with an unconfined aquifer. The very low transmissivity result from WW 31486
suggest that the aquifer is very poor there and possibly not fissured.

An examnination of the drawdown graphs show that the fissured aquifer type curve devised
by Gringarten - Witherspoon for observation and pumping boreholes along a common fissure
( Diagram 12a ) can be matched. This is particuiarly noticed in Appendix 4, Test Pumps 1,
2 and 3; that is between pumping borehole WW 30897 and observation boreholes WW 30896
and WW 30898.

BOREHOLE TRANSMISSIVITY STORATIVITY TEST DURATION REMARKS
{ m¥d ) { HOURS)
WW 30897 142 0.025 T2 From 30896
WW 30857 156 0.01 72 From 30898
WW 30897 125 0.054 168 From 30896
WW 30897 HO 0.023 168 From 30898
WW 11486 38 -43 72 Jacobs Approximation
also used
WW 31489 121 0.002 72

TABLE 2. Results of test pumping on the Otavi - Mulden contact. To determine these values
leaky Thets was used.

The variability of the dolomite 1s underlined by these results, in that fissuring leads to a
productive aquifer in some places and not in others. Addigonally it is shown that the
assumptions for the application of Theis do not hold, and in particular the aquifer is usually
not isotropic, homogeneous or of uniform thickness.

4.2.2 Fissured Carbonate Aquifers as a result of Dyke
Intrusion

The intrusion of dykes into carbonates was believed to fissure the host rock and form a
potentially exploitabie aquifer. Boreholes which were drilled into the dykes and subsequently
test pumped are WW 30893 and 9396 ( Figure 9 ). Borehole WW 30893 has some suitable
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ohservation boreholes. while WW 9396 has no suitable observation wells. Drilling records
show that WW 9396 is drilled only in dolomite, witle WW 30893 has a 48 m thick layer of
Kalahart sediments over it. However in the latter borehole. 90% of the groundwater comes
from the dolomite. In both cases leaky conditons prevail. The Kalahari sediments possibly
cause the leaky conditions in WW 30893, but there is no suggestion as to why WW 9396
should also be leaky. The resulis of the test pumping are summarised in Table 3 and are

detailed in Appendix 4.

BOREHOLE TRANSMISSIVITY STORATIVITY TEST REMARKS
(m ¥d) DURATION
({ HOURS )
WW 9396 292 - 72
W 30493 190 . 72 From pumping weil
under pumping
WW 30893 14 . 72 From Obs. well 30894
under recovery
WW 30893 623 0.012 T2 Obs. weil 30892
under pumping
WW 30893 10.5 .0043 T2 Obs. well 30894
under pumping
WW 30893 R 0.0058 168 Obs. well 30894
under pumping
WW 30893 943 0025 168 Obs. well 30892
under pumpin
! 4

TABLE 3. Results of the aquifer characteristics from the aykes.

The results show that the fissured aquifer has a transmissivity range from 10 to 900 m %/d and
storativity range from 0.004 to 0.025. Results from observation weil WW 30894 indicate that
transmissivity is significantly lower than that from other boreholes, possibly caused by the
inhomogeneity of the fissured dolomite ( Figure 14 ). The drawdown response seen in
Appendix 4, Test Pump 12 would suggest that the pumping borehole and the observation
borehole lie in the same fracture system when compared with the Gringarten - Witherspoon
type curves as iilustrated in Figure 12a. Once again the results show that Theis’s assumptions
have not been fulfilled. The variability of these dyke structures can be underlined by borehole
WW 31510, which was not test pumped. This borehole was drilled into a magnetic anomaly
and confirmed with electrical geophysics, but the borehole was effectively dry.

Due to the leaky conditions borehole WW 30893 was test pumped for a longer period of time,
168 hours. The reasons for this have been discussed before. The attempt to dewater the leaky
component of the aquifer failed, but the results did confirm the aquifer characteristics assessed
on the first test pump.

An attempt to test pump borehole WW 31490 located on a fault failed because the pumped

water could not be dumped sufficiently far removed from the test borehole and recirculation
occurred.
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4.2.3 Fissured Limestone Aquifers

The aquifer characteristics caused by karstification in limestones have been measured in
borehole WW 9734, which has one observation well WW 9736. The limestone is seen 10
outcrop at surface. The conditions observed in the drawdown data indicate the aquifer is leaky
{ Appendix 4, Test Pump 14 ). Again the fissured nature of the aquifer is apparent, as the
good visual correlation between Figure 12a and drawdown graph of Test Pump 14. From this
it would appear that the pumping borehole WW 9734 is in the same fracture as the
observazion borehole WW 9736, The results of this test are shown 1n Table 4. The resuits of
this show that the transmissivity has a value of ~800 m %/d and a storativity of ~0.0065.

BOREHOLY TRANSMISSIVITY STORATIVITY TEST REMARKS
(myd) DURATION
( HOURS )
WW 9734 779.5 0.006% 72 Obs. well
9736
well under
pumping

TABLE 4. Aquifer characteristic results of test pumping Otavi Group limestones.

4.3 BOREHOLE DESIGN AMD CONSTRUCTION

Boreholes in the carbonate zquifers are designed in response to the geology. In most cases
where there is no Kalahari overburden, only a few metres of plain casing are installed at
surface. Due to the problem of potentia! borehole collapse through the Kalahari sands, plain
casing is inserted through these sands. In the exploration phase of this investigation, boreholes
are often drilled to a diameter of 200 mm in the aquifer, but to do this it frequently means
drilling to a larger diameter of 250 mm through the Kalahari to install temporary casing. A
typical design for a borehole with no Kalahari overburden is iilustrated in Figure 15.

Step tests have been undertaken to examine borehole efficiency, the data has been analysised
from four boreholes and the results have been sumtmiarised in Table 5.

BOREHOLE B { hr/m?) C { hr¥m* )
WW 9396 002 0000175
WW 9734 0.047 €.0005
WW 30893 0.01 o018
WW 30897 0.0357 0.00065

TABLE S. Results of Step test analysis, where B represents laminar loss and C represents

turbulent loss and are linked together in the formula s ( drawdown ) = B Q + C Q2
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FIGURE 15. Diagramatic illustration of a typical borchole in the Damam carbonate aquifer,
This particular example is modelied on WW 31488, drilled to a depth of 120 m with a 203
mm diameter ( See Appendix 2 for further detail ).
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The data and graphs can be seen in Appendix 5. The analysis technique used in this case Is
to plot drawdown divided by discharge ( s/Q ) against discharge { Q) for cach of the steps.
The intersect of the straight line drawn through the plots with the y axis ( s/Q ) results in the
value for the laminar loss ( B ). The gradient of the line is the turbulent loss { C ). These
values are linked together in the formula:

s=BQ+CQ*

The results show a range of B values from 0.01 to 0.047, which is a fairly narrow range.
Values of C show that all boreholes except WW 30893 have similar values, but the exception
does show poor resuits.

4.4 HYDROCHEMISTRY

This aquifer shows relatively consistent chemistries which complement the nature of the
aquifer. The most cbvious control on the hydrochemistry is the effect of the dominant rock
type, that is dolomite, which resuits in elevated concentratons of magnesium, calcium and
bicarbonate. All other determinands have low levels of concentration. According o WHO
standards, the groundwater in this aquifer is of the "B’ Standard. The cause of this is the
elevated levels of magnesium and total hardness.

4.4.1 Irrigation Potential

The potential of this groundwater for use in wurigation is dependant on the type of crop grown.
According to the USGS irrigation classification ( Appendix 6 ), the results range from C2 -
S1to C3 - §1, which means the groundwater has medium to high salinity so piants cultivated
should have a moderate to good wlerance of salt but the soil must drain well. The low sodium
content means that the groundwater is suitable for all soils and crops except those very
sensitive to sodium.

The groundwater appears to be stable with a low Corrosivity Ratio of 0.1, The Langelier
Saturation Index of 0.5 would suggest that scaling is possibie. The Ryznar Index complements
the previous comment, with a value of 6.3 which suggests a slight tendency for scaling. The
cause of this scaling is attributed to the elevated concentrations of magnesium and calcium.
An explanation of these factors 1s appended in Appendix 7.

4.4.2 Hydrochemical Analiysis

The concentrations of determinands from selected boreholes are shown tn Table 6. The range
of magnesium and total hardness concentratons are 165 to 379 mg/l and 357 10 64! mg/l and
illustrate the dominance of the dolomite in controlling the hydrochemistry of the groundwater.
Concentrations of calcium are not so high, ranging from 103 to 300 mg/l. This reinforces the
dolomitic nature of the aquifer, where the highest value seen comes from a sample taken from
a borehole drilled into one of the limestone bands. All other determinands have low
concentrations which are attributed to background leveis where no trends can be seen. In
Figure 16 the hydrochemistries are illustrated in the Piper Trilinear Diagram. Anionic
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FIGURE 16. Piper Trilinear Diagram of selected groundwater sampies. The results show that
the plots lie in the recent recharge dolomitic field. Only four of these are detailed in Table

6 ( WW 9396, 9736, 30689 and 30897), the rest are only known in terms of percentage
milliequivalents.
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elements are not seen (o vary, while the cationic determinands show variauons only in the
relative levels of magnesium, In general, magnesium i$ the dominant cation in this carbonate

BOREHOLES
DETERMINAXND
WW 9396 WW 9736 WW 30689 WW 30897

pH 7.3 1.0 §3 72
TDS 578 440 424 686
Suiphate 15 0 6 29
Nitrate 1.0 Trace 0.5 <0.5
Nhtrite <0.1 0 0 <0.1
Fluoride 0.3 0.9 0.4 83
Chioride 6 5 7.0 1G
Tot. Alk. 496 415 330.6 592
Tot. Hard. 522 415 357 614
Sodiom G 6 6 16

Potassium 3 16 2 3
Calcium 300 250 103 235
Magncsium 222 165 254 379
Silicate 19 10 29 30

TABLE 6. Hydrochemistry of the Otavi Group Aquifer. Results are arranged according to
borehole number. Except for pH, all values are in mg/l. Calcium, Magnesium, Total Hardness
and Total Alkalinity are expressed as CaCQj. Silicate is expressed in terms of SiQ,. Nitrate
and Nitrite are expressed in terms of N,

aquifer. The resuitant plot shows the samples to lie in the recent recharge dolomitic field,
which complements the known dolomitic background.

4.5 HISTORY OF GROUNDWATER LEVELS

The Investigation area has had water levels monitored as part of a national survey from 1971,
but only from two automatic water level recorders at Guinas Lake { Figure 17 ) and Otjikoto
Lake.

An expanding and continuing programme of groundwater level monitoring was set up at the
start of the current investigation in 1989. The intention was to employ boreholes with an
approximately 10 km spacing which would give useful information on groundwater gradients
and the individual aquifer water level fluctuations ( Figure 10 ). The most important
considerations 1n borehole selection for inclusion in the monitoring programme were
hydrogeological. The drilling of monitoring boreholes was carried out in 1989 and quarterly
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FIGURE 17. Guinas Lake hvdrograph for the period 1971 to 1990. Rises in the hydrograph
relate to above average rainy seasons. Compare this hydrograph to the hydrograph in Figure

19. Continued onto next page.
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manually read water levels are available from January [990. A complete record of all
groundwater levels can be seen in Appendix 8. [t 1s anticipated that the monitoning network
will be increased with time.

4.5,1 Seasonal Fluctuations

In the dolomite region with generally shallower groundwater levels in unconfined carbonate
aquifers, detailed groundwater records for the last 2.5 years exist. Broadly, the levels are seen
to fluctuate according to the season, a rise in the wet and a falt in the dry. Thus in the 1990
dry season a falt of the order of 60 cm is followed by a rise through the 1990 - 1991 rainy
season ranging from 20 to 110 cm, most of the increase being ~20 cm. Through the 1991 dry
season a drop ranging from 50 to 500 cm is observed. Finally, the 1991 - 1992 rainy season
shows a fall of 50 ¢cm in some places and little change others.

The rainfall is partly responsibie for the groundwater fluctuations in the dolomites where there
are shallow water levels up to 10 m. Records indicate that Tsumeb ( Figur- 18 ) received
~100 mm below average rainfall for 1990 - 1991, and even iess in the 1991 - 1992 rainy
season. These below average rainfall results can be, with the greatest of caution, extrapolated
to the monitoring boreholes. Complete rainfall records are shown in Appendix 1. The problem
is that as rainfall is so variable, recharge is vaniable and the recorded rainfall may not be the
same event that caused recharge. In general, good rains bring a large rise in water levels and
poor ones show no change while isolated high rises in water levels can be attributed to a
single localised storm,

4.5.2 Longer Term Groundwater Fluctuations

The long term groundwater level records from the dolomite aquifer at Mannheim 100 ( Figure
19 ), Guinas Lake ( Figure 17 ) and Otjikoto Lake ( Appendix 9 ) indicate in some periods
no recharge takes place, just a gradual lowering of grounawater levels. The groundwater
levels can nise appreciably in one year with above average rainfall, to lower gradually once
again. A cautious comparison of the Tsumeb rainfall records with these groundwater levels
suggest that every average and above average rainy season provides for a rise in the
groundwater levels of ~4 m, except when the aquifer had its groundwater at a high levei then
a rise of only ~2 m could be expected which would in turn drop quicker than normal. If the
aquifer was at a low level, as seen in the early 1970’s, the groundwater levels rose by 10 m
the first year there was above average rainfall. Groundwater levels dropped slightly through
the following dry season, to go up a further 5 m in the second and also above average rainy
$eason.

Droughts show up with a constantly lowering hydrograph, for example in the Guinas Lake
hydrograph ( Figure 17 ) there is virtually no recharge from 1971 to 1973 and 1980 to early
1989, except a 3.5 m increase in early 1985 and a 1.0 m increase in 1986. Over this latter
time the groundwater level dropped from 9.0 m to 13.5 m, measured from a surface datum.
By taking out recharge this suggests that in 9 years the level dropped by 9 m, or 1.0 m p.a.
In the early 1970’s the groundwater level dropped at a rate of 0.75 m p.a.. However, the
groundwater level was then 18.0 m below surface datum. In 1979 the groundwater levels were
high, only 4.0 m below surface datum but the rate of lowering was 2.5 m p.a. [t is suggested
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that the rate of loss of water is dependant on the groundwater level and the nature of the
aquifer. This would mean that the aquifer has more fissures towards the surface. More
groundwater is discharged when the groundwater level is high than when it is low. Discharge
here includes evapotranspiration and the through - flow down the groundwater gradient. [t has
been noticed elsewhere in similar carbonate terrains that values of conductivity, specific yield
and transmissivity are reduced at depth due to less karstification and this may be present here
and be responsible for this.

4.5.3 Influence of Abstraction on Groundwater Levels

It is important to know what discharge is natural and what is antificial and whether artificial
abstraction has influenced groundwater levels. Artificial discharge in this sense means any
abstraction by man. Individual production wells can show a cone of dewatering whilst in use,
but dewatering here is meant as the non transient lowering of groundwater levels in an aquifer
by excessive pumping which may not rapidly recover.

Abstraction in this area has been going up over the years at an increasing rate, with the
growth in population, the increasing expectations of the population, the mining industry and
farming. Most of the abstraction is limited to a few places where relatively large volumes of
groundwater are pumped out, while that groundwater abstracted over the region as a whole
is minimal.

Pastoral farming aenally dominates the region anc groundwater abstraction for this is limited.
In a similar sized area to the immediate south west of this region it was estimated from field
observation that 0.8*10° m® p.a. was abstracted for this purpose ( Seeger ). It is considered
that a similar quantity is being currently abstracted for the arable farming in the area of this
study, or at least under 1.0%10° m? p.a. It is questionabie whether this low abstraction spread
out over the area could definitely be seen and it 1s unlikely that it could be anyway reliably
measured.

[rrigation is now more often undertaken, but aerially it 1s still fimited to much less than 1%
of the total area. However where it does occur, 1t is concentrated. The areas where significant
irrigation are undertaken are Otjikote and Guinas Lakes and the Ludwigshaven 480 and
Mannheim 100 plots.

Tsumeb is a mining centre, which adversely effects the groundwater regime. Groundwater is
required for the town and is also pumped cut of the mine.

Major abstraction occurs at four places, that is Guinas and Otjikoto Lakes, Tsumeb and plots
on the farms of Mannheim 100 and Ludwigshaven 480, but there is only one proven local
cone of dewatering and this is at Tsumeb. Obviously each place does have an upper
abstraction limit before unacceptable dewatering takes place. Except for Tsumeb, no area is
definitely subject to a cone of dewatering yet. This means that regional groundwater level
contouring can be undertaken over the area as a whole without fear of errors appearing caused
by abstraction. The only place where caution should be exercised is around Tsumeb.

Current abstraction is not considered to exceed 14.1%10° m? p.a.
P
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Otjikoto Lake

Otjikoto Lake 1s a collapsed sink hole in the middle Damara Sequence doiomites. It possibly
has some structural controf, as a magnetic anomaly passes adjacent to the lake ( Figures 2 and
{0 ). The sink hole 1s partiaily filled with water, approximately 65 m deep from surface, with
a diameter at surface of 100 m and has a bottle shaped cross section, s0 it opens out at depth.
It has shear sides and an uneven bottom. At Otjikoto Lake the Government permitted
maximum abstraction is 1.3*10° m? p.a. but 1t is not necessarily what is in reality abstracted.
The storage of the lake is of the order of 0.4*10° m3. As the quantity of recircuiated
groundwater through the irrigation process is unknown the real loss of groundwater from the
aquifer has not been determined.

The maximum fluctuation of the lake water level is 19.0 m since the explorer Galton
measured it in 1851 ( Brittan ). This can not be definitely attributed to abstraction, although
the circumstantial evidence would indicate that. The groundwater level evidence is not
matched to abstraction quantities and periods. Currently in the recent short term there is no
evidence of a furier substantial lowering of the lake water level ( Appendix 9 ).

The history of lake water levels and abstracuon has not been fully recorded, but an indication
of events can be pieced together. When the explorer Galton in 1851 reponted the water level
at 10 m from surface and the lake iself to be 55 m deep, but he did not indicate from where
these measurements were taken. The 1851 levels were reported again in 1900, and abstraction
started periodically from 1907. In 1910 water from Tsumeb mine was pumped back into the
lake. Major road construction in 1968 led to the need to abstract water from Otjikoto Lake.
As this water was transported away, it could not recirculate back to the lake. This abstraction
is presumably the cause of the lowering of the lake water level to a reportedly all time low
( Brittan ). As soon as absiraction ceased the water levels recovered. In 1978 the lake level
fluctuated from 11 m to 10 m ( Appendix 9 ), showing a complete recovery to the
groundwater levels of 1851.

Groundwater levels monitored in bereholes WW 10318 and WW 9396 show no change which
can be attnibuted to current abstraction from the lake ( Appendix & ). The fluctuations in these
horchole groundwater levels are consistent with the regional groundwater level and are not
in any cone of dewatering caused by abstraction from Otjikoto Lake. If there is currently any
cone of dewatering it is smaller than 2100 m, assuming the aquifer is homogeneous. Any
cone of dewatering would be fairly limited in its extent and over the region as a whole it
would be very small.

Guinas Lake

Guinas Lake is similar to Otjikoto Lake, being a collapsed sink hole in bedded dolomites with
associated structural conwol and pardally filled with water. Guinas Lake is larger than
Otjikoto Lake, having a diameter of 150 m and a depth from surface of 100 m. The most
recent available data from January 1990 shows the water level to be 12.4 m from surface
datum. This would result in a volume of storage in the sink hole of 1.6*10°m3, or about four
times that of Otjikoto Lake. Abstraction has not been so closely monitored for quantity and
when it occurred as at Otjikoto Lake. Records of any sort do not go back as far as those for
Otjikoto Lake. However it is known that water was only used for irrigation, so some
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circulation of the water is considered possible. A figure of abstaction similar to that ot
Oyikoto Lake of 1.3*10® m? p.a. is considered likely, considering the type of crop, area of
irmgation, number of crops p.a. and the nature of the soil.

A study of the lake water levels of Guinas Lake ( Figure 17 ) show that fluctuations in the
level can be virtually all atiributed 1o natural causes, and abstraction is thought to be minimal
and can not be recognised in the hydrograph. Normally the effect of pumping on the
hydrograph is seen as a slight increase in the lowering of the water level and that if pumping
does start after the end of the rainy season the normal decay in water levels should be
increased. This feature has not been recognised here.

It has yet 10 be proven whether there is a cone of dewatering centred around Guinas Lake.
Groundwater level data around the lake is limited to one borehole which 1s 2000 m north of
the lake. This borehole only shows regional fluctuations and nothing which can be atributed
to abstraction from Guinas Lake.

Other Sirnk Holes

Abstraction at other collapsed sink holes as on the farms Hoais 842 and Obab 856 is minimal
as this groundwater is used for a small amount of irigation, stock watering and househoid

supply.

Tsumeb

The Tsumeb area has undergone heavy groundwater abstraction since the commercial mining
of copper started below the groundwater level in 1907 ( Brittan ). The abstraction of water
is considered to have been greater when mining was in operation, in the periods 1907 1o 1933,
1937 to 1940 and 1948 onward ( Lombaard et al. ). Since 1950 production has increased
considerably, and it is suggested that increassd groundwater abstraction follows copper
production. Current abstraction from the mine itszlf is 7.0*10°m? p.a. This mine water comes
from workings up to 1300 1m from surface.

In addition to this, internal Department of Water Affairs records report the town of Tsumeb
abstracts a further 1.0%10° m p.a. This water is derived from boreholes in the town, up to 3
km from the mine shaft. Recorded groundwater !evel data is minimal in the vicinity of
Tsumeb, However the groundwater levels of most of the boreholes for town supply on their
compietion are at 100 to 120 m from surface, which is uncharacteristic of this area as a
whole. To the immediate north of the mine, only 7.0 km away boreholes show that the
groundwater levels are 10 - 20 m. The indication is that a cone of dewatering does exist with
a radius of less than 7.0 km. The exact limits of the cone of dewatering are difficuilt to
determine because there is a lack of suitable monitoring boreholes and the complexities of the
groundwater regime caused by mine grouting. This latter problem results in some artificially
perched groundwater. In terms of the area as whole this cone of dewatering occurs over a
restricted area and so long as its presence is known, it can be ignored, except when
considering the Tsumeb vicinity.
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Ludwigshaven 480 and Mannheim [(X) Farms

Situated between 10 and 15 km north of Tsumeb are two farms, Ludwigshaven 480 and
Mannhetm 100, which together have been divided up into a total of 47 plots since the 1950's.
The farms were underlain by an extensive and high yielding aquifer which when combined
with good soils made the area atractive for irrigation. Scattered over the 33.8 km? of plots
are over 65 boreholes. The area of actual irrigation is constantly changing, but is much less
than 33.8 km?, possibly of the order of 2.0 km2 The current maximum abstraction total for
large scale irrigation is 2.0%10°m? p.a. In addition there is small scale irrigation on a further
10 plots and this accounts for a further 0.2*10¢ m3 p.a. The maximum abstraction is therefore
seen to be 2.2*10° m3 p.a. In practice it is unlikely that this figure is pumped out as the
maxlmum abstraction values are not considered to be reached with normal farming practice.
The actual loss of water from the hydrogeological system through evapotranspiration of the
irrigated crops is less than the total water volume actually abstracted. As the groundwater
level is shallow, ranging from 10 to 20 m and as the soils permit good drainage, recirculation
of the groundwater is considered likely. The net result is that only a proportion of the 2.2*10°¢
m? p.a. maximum permitted abstraction 1s lost from the system. A suggestion is that only
1.0*10° m? p.a. is actually lost.

Groundwater level evidence is restricted to records from one borehole on the farm Mannheim
100 ( Figure 19 ) for the period 1971 10 1981 and from one borehole on Ludwigshaven 480
from 1990 to 1992 ( See Appendix 8, 1917 BB -109 ). The hydrograph for the period 1971 -
1981 maiches closely the hydrograph from Guinas Lake , which is 40 km away. It indicates
similar fluctuations both in order of magnitude and the timing of them, albeit at Mannheim
100 the changes are not so great. An examination of the Mannheim 100 hydrograph shows
no dewatering trend. Although recent data from Ludwigshaven 480 is of a very restricted time
length, the fluctuations in the groundwater fevels of the monitoring borehole are mirrored by
the groundwater levels in the majority of other monitoring boreholes. Those levels which do
not conform with this pattern are presumed to be subject to different rain storms and therefore
different recharge events. In addition, the current regicnal groundwater levels in the area
poriray no anomalous cone of dewatering caused by abstraction.

4.6 RECHARGE

Recharge to the carbonate aquifers takes the form of diffuse recharge, leakage and through -

flow. It has been shown in the Grootfontein area ( Seeger ) that diffuse recharge
preferentially occurs in fractured and karstified areas, the more so when these rocks outcrop
and when there 1s a shaliow water level. Leakage is the result of saturated Kalahari sands
draining into the carbonate aquifer. Through - flow is the movement of groundwater from
areas of high head to tow. The amount of recharge is variable according to the rainfall. It is
considered that the more intense the rain is, the greater the proportion that contributes to
recharge ( Seeger ). Recharge is considered to be 19*10° m? p.a.

When recharge does occur it is controlled by evapotranspiration. As plants have different rates
of evapotranspiration and different densities, the amount of water that is lost to
evapotranspiratdon is virtually impossible to determine. In the very limited arable farming
areas where only one type of plant is grown, it is theoretically possible to get a rate. However
as this farming 1s so limited it would serve no point in getting a regional value.
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The amount of recharge is variable, dependant on the quantity of rain. In this complex area,
the most realistic approach to assess recharge is thought to be one of matching rainfall to the
water levels. It should be remembered that any result will only hold good for the arca
immediately surrounding the monitoring borehoie and should not be extrapolated ( Foster ).
Additionally, the rainfall is known to be both seasonally and locally vanable, so values from
a far removed weather station may not be representative.

The problems with the variable nature of recharge in carbonate aquifers has been recognised
in the Grootfontein area and this has only been resolved by having different abstraction
policies between wet and dry periods ( Seeger ). In the Grootfontein area in dry periods there
has to be a reduction of 50% from the wet period abstraction levels, and this is caused by the
failure of the aquifer to be recharged.

Artificial recharge through very localised urigation shows a groundwater " mound”,
particularly in the areas with more ciay in the unsaturated zone. The water for irrigation is
abstracted from groundwater. Due to the very localised area where it has been used, it 1s
discarded frorn: the regional investigation.

4.6.1 Diffuse Recharge

Diffuse recharge through fissures preferentiaily takes place in areas with fractured Damara
Sequence rocks ( de Fries ). In areas of carbonate rocks of the Damara Sequence, the valleys
are dry and no flow has been recorded even with the heaviest rainfalls. A delay of only a day
or two 1s seen in the response of water levels in unconfined aquifers, depending on the width
of the unsaturated zone.

An estimation of recharge has been made using specific yield and the increase of groundwater
levels through the rainy season. Specific yield ( Sy ) has been assessed from test pumping
results to be 0.01 and hydrographs provide groundwater level data. In 1976 an increase in
groundwater levels of 3 m is observed. This would suggest recharge to be 30 mm. Over this
time rainfall was 850 mm, so 30 mm recharge is 3.5% of rainfall. In average rainy seasons
( S00 mm ) the hydrograph is only seen to increase by 1 m or 2.0% of rainfall. Hydrographs
show that when rainfall is below average there is no recharge. A problem with this estimation
is that Sy probubly gets smalier at depth because fissuring 1s less. This would result in greater
changes in the groundwater level for the same amount of recharge. This is observed in 1974
data with large increases from very low groundwater levels. The Guinas Lake hydrograph (
Figure 17 ) records a 10 m increase and the Mannheim borehole hydrograph ( Figure 19 ) a
6 m increase. It is postulated that Sy could be ~0.003 at the base of the aquifer, while being
~0.01 at the top.

If recharge 1s 2% of the average rainfall of 0.5 m and considering the total area of the
aquifers to be 40 km * 40 km or 1600*10° m?, recharge would be:

Recharge Volume = Area * Rainfall * Recharge %
Substituting in values:

Recharge Volume = ( 1600%10°)( 0.5 )( 2% )
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= 16¥10°m? p.a.

Areas where carbonate outcrop at surface rely on direct recharge and through - flow are seen
to have an immediate lowening of groundwater levels in times of drought.

4.6.2 Leakage

In certain areas recharge is first to the Kalahan sands which then leak down into the
carbonate aquifer. Attempts using 168 hour long test pumping to find out if the Kalahari
sands could be dewatered failed, so assuming that leakage occurs over a large enough area
and down to the fissured carbonate aquifer, recharge to the aquifer could be considered
limidess so long as the Kalahan sands leak. This assumption Is not comrect as rainfall and
hydrographs suggest a limit. Protracted droughts ( Figure 5 ) may result in the total
dewatering of the Kalahari sands, caused by evapotranspiration upward and leakage
downward. Groundwater levels would drop, possibly into the carbonate aquifers. Long term
recharge 1s variable, being good in above average rainfall years and poor to non existent in
times of drought.

4.6.3 Through - Flow Estimation and Discharge

In addition to direct diffuse recharge and leaking aquifers, there is an element of through -
flow. Groundwater moves down the groundwater gradient from the Otavi Mountains in the
south to the Kalahari plains in the north ( Figure 10 ) and as the carbonate aquifers are in the
middle they will gain from the mountains and lose to the plains.

The quantity of through - flow can be estimated using Darcy’s Law {( formula 1 )
Q=Aki

where
Q = Through - Flow
A = Cross section area of aquifer
1 = Gradient
k = Hydraulic conductivity

Area (A ) is determined from the strike length of the aquifer { 40 000 m ) muldplied by the
aquifer thickness ( 30 m ), so A is 1.2%10° m? Gradient i is derived from the piezometric
map ( Figure 10 ) and equais 0.004. The assessment of a realistic value for hydraulic
conductivity ( k ) requires three assumptions. The first assumption that only 10% of the
average test pumping transmissivity ( T ) value be used. This is because test pumping T -
values are of a point, not the aquifer as a whole. Experience has shown that 10% of the test
pumping value of T is a realistic for the aquifer. The second assumption is that T does not
vary through the aquifer. The third assumption is that the aquifer thickness is constant, that
there is no variation in groundwater levels. The last two assumptions are not strictly valid.

Hydraulic conductivity ( k ) is determined as follows in formula 2;
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where

!

b = Aquifer thickness
T = Transmissivity
k = Hydraulic conductivity

The aquifer thickness from borechole records is considered to be 30 m. Transmissivity from
individual boreholes 1s ~500 m?%d, so for the aquifer this represents 50 m#/d. Substituting
these values in formula 2 means that

k = 0.00002 m/sec
Substituting A, k and 1 in formula :
Q= ( 1.2*10°)( 2*%107%)( 0.004 )
Q = .096 m¥sec
or 3*10°m3 p.a.
This result is a guide as to the order of magnitude of through - flow.

However in times of drought there is a general lowering of groundwater levels, but the drop
is greater in the mountains ( Seeger ). This means the relative head difference i1s not so high,
so the gradient ( i) is iess, therefore through - fluw is less ( Figure 11 ). In addition, the
carbonate aquifers have a lower conductivity at depth as there is less karstification, so there
is a further drop in the amount of through - flow. It is further complicated as the through -
flow out of the area may not be reduced by the same rate as the input, because the
groundwater levels fall in the carbonate aquifers to the Kalahari sands at a similar rate. The
Kalahan sands do not suffer & lowering of conductivity with depth, because the monotonous
intergranular sands have the same conductivity at tower levels. As there is no change in head
difference and conductivity, there is no reduction in flow, so the Kalahari aquifer is able to
drain the carbonate aquifers at a constant rate irrespective of the groundwater level.
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5. KALAHARTI AQUIFER

5.1 INTRODUCTION

An extensive mostly confined and sometimes free flowing artesian aquifer dipping to the
north west occurs in the north west corner of the Grootfontein District and into the Qwambo
Region and the Etosha National Park ( Figure 20 ). It consists of an ancient calcretized
erosion surface which has become brecciated. Particularly north of Oshivelo, the calcrete
material appears to have been reworked as borehole logs indicate the aquifer consists of a grit
containing small pebbles of calcrete ( Figure 21 ). This unit is considered to be a palaecosol
and is overlain by a usually greer coloured laminated clay of variable thickness, which forms
the aquitard ( Figure 22 ). The geological logs of all the boreholes show the same pattern
throughout the aquifer and aquitard { Appendix 3 ), that is, the clays are up to 12 m thick and
the aquifer is up to 11 m thick. There is also evidence from logs that the aquitard and aquifer
get thicker to the north and west. The partial free flowing conditions are a reflection of
topography and the pressure head built up in the aquifer ( Figure 23 ).

The aquifer forms a remarkably planar form as 1t dips. This has been established after
investigating all the aquifer intersecuons and expressing these intersections in heights a.m.s.6L
( Figure 20 ). The depth of the aquifer increases to the north west, increasing from ~35 m in
WW 21625, to ~70 m in WW 16903 and up to 160 m in WW 2731, An examination of

. borehole dnlling records shows that all one hour long blast tests produce similar yields with
14 results of 50 m¥hr. Because of the nature of the aquifer, it has relatively good aquifer

characteristics and is a favourable target for exploitation.

A total of only 20 boreholes have been drilled into this aquifer since 1924. The reason for the
limited development is a result of the problem of water quality and the cost of installing
casing to seal off unconfined aquifers overlying the confined. Only 9 boreholes occur inside
the potable zone and only 3 of these have been test pumped.

A saline zone in the aquifer occurs quite abruptly, to the west of the 17° E line of fongitude.
The cause of this salinity 15 an internal drainage basin which influences the groundwater
quality in most of the Kalahan sediments, so the only potable portion of the Kalahari aquifer
lies to the east of the 17° E line.

Transmissivity has been determined from test pumping and from this through - flow recharge
has been estimated.

5.2 ASPECTS CONCERNING AQUIFER ORIENTATION

A contour map of the elevation of the aquifer ( Figure 20 ) shows that it forms an inclined
plane which has been interpreted to represent a regional erosion surface. This map is made
by plotting groundwater strike depths, the strike depths being derived from drilling records,
on a topographic map.

The south easterly extent of this aquifer has not been yet established, although extrapolating
the contour lines of the aquifer intersection depths back would indicate that the outcrop area
is some 10 km south east of WW 21625. This would suggest that recharge for this aquifer
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FIGURE 22. Cross section showing the Kalahar Aquifer between Oshivelo and Ogjikoto
Lake. The recharge area for this artesian aquifer is indicated.
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FIGURE 23. Borehole WW 30956, Free flowing artesian well situated to the north of the
Etosha Pan. See Figure 20 for location.
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is directed through the unconfined poruon of the aquifer ( Figure 22 ). Due to the
complexities of resolving the original rock from its relatively recent calcretized form, the
outcrop has not been found. The more recent calcretizaton may significantly change the
hydrogeological characteristics of the aquifer, this being discussed in Aquifer Characteristics.

5.3 AQUIFER CHARACTERISTICS
3.3.1 Agquifer Characteristics in the Confined Portion

Pump testing confirms that the aquifer is confined and intergranular. The confined portion of
the aquifer has a reputation as providing a reliable borehole yield and pump testing proves
this, with transmissivity being ~400 m?/d. This aspect has made it the aquifer for exploitation
in the Namutoni area which requires relatively large volumes of water, Because 1t forms such
a locally important aquifer, the nature of the aquifer and its characteristics must be ascertained

to establish what are the constraints on the abstraction of groundwater.

Three test pump analyses have been assessed in this aquifer. In none of these tests were
observation boreholes available, so no values for storativity can be determined. The tests were
carried out on boreholes WW 16903, 30362 and 30718 { Figure 20 ). The results of these test
pump analyses are summarised in Table 7 and detailed in Appendix 10. The aquifer
transmissivity varies over a restricted range between 300 and 500 m?#d. This would suggest
a certain uniformity for the aquifer, an interpretation which is supported by evidence from the
geological borehole logs ( Appendix 3 ).

The test pump at Gshivelo on borehole WW 16903 was carried out when the borehole was

completed in 1987, This borehole was initally blow tested for one hour and showed a rate
of 50.0 m¥hr. The main test pump was for 24 hours at a rate of 28.4 m%hr and showed a
transmissivity ( T ) of 300 - 400 m 2?/d. An analysis of the recovery data showed similar

results. The pumping data was measured over 1440 minutes, initially

BOREHOLE TRANSMISSIVITY TEST REMARKS
( m¥d ) DURATION
{ HOURS )
WW £6903 131 24
WW 30362 475 72
WwW 30718 431 72

TABLE 7. Summary of results of the aquifer characteristics of the confined Kalahari aquifer.
Values of transmissivity were assessed using Jacobs Approximation, the drawdown data and

graphs are in Appendix 10.

every minute with longer intervals later, while the recovery data records show that full
recovery took 4 minutes with readings every minute. Although the test pump is not of
sufficient duration, for it should have run for 72 hours, the indication of the transmissivity is
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consistent with subsequent test pumping.

The geology of WW 16903 comprises of a combination of light green coloured sandy clays
and sands of the Andoni Formation down to a depth of 67 m when (1.5 m of clay is observed
to overlie 6 m of the aquifer, that is from 67.5 - 73.5 m, which is possibly of the Olukonda
Formation ( Appendix 3 ). In other boreholes, up to 1.0 km away from the tested borehole,
the clay aquitard is recorded to be 1.0 m thick but with a blue ¢olour and the palaeoso! to
~ range from 6.0 to 7.4 m thick. This results in an average thickness ( b ) for the aquifer of 6.8
- m. Caution must be exercised in evaluating this data as although it is all derived from
* Department of Water Affairs, the data was not collected by a hydrogeologist. In spite of that
~ the order of magnitude of the thicknesses of layers is considered correct. If a thickness of 6.8
m is assumed, the hydraulic conductivity ( k ) of the aquifer, given T/b = k, is 7*10 m/s.
* This places the aquifer in the range of clean sands to the lower end of gravels according to
. the classification of Freeze and Cherry p.29. This value is considered realistic given the
~ lithological characteristics of the aquifer.

. The test pumping of WW 30362 and 30718 confirm the short duration test pump 1zsult from
MW 16903, Recovery in these two boreholes was too quick to be accurately measured by
“hand. The geology seen irn these boreholes mirrors that observed in WW 16903, except that
. *he overlying Andoni Formation is only ~35 m thick.

‘Given the similarities of the aquifer in terms of blast test yields and lithology, the
- haracteristics of the confined portion are thought to remain relatively constant.

- .3.2 Aquifer Characteristics in the Unconfined Portiocn

The aquifer characteristics of the unconfined portion of the aquifer should also be considered.
. otest pumping has been undertaken in the unconfined portion of the Kalahari aquifer where
- «charge may ‘take place. However, WW 31491 may give an indication as to these
characteristics aithough this borehole lies outside the possible recharge area. The results are
immarised in Table &. Drliing records show that WW 31491 only records groundwater
..rikes in the Kalahari units. The results of WW 31491 are typicul results for the unconfined
Kalahan aquifer, being considerably less than the confined aquifer and the fissured dolomite
i uifer. These results compliment the dnlling records.

: BOREHOLE TRANSMISSIVITY STORATIVITY TEST REMARKS
: ( md ) DURATION
{ Hours)
[g WW 31491 ! 235 0.0028 72 l

TABLE 8. Summary of results from the unconfined portion of the aquifer.

A cautious comparison with the results from the confined portion suggests that there is an
o er of magnitude reduction in transmissivity in the unconfined aquifer. This is accounted
fc  with the alteration of the geology by relatively recent calcretization in the unconfined
aquifer.
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magnesium. All other components have low concentrations.

5.5.1 Irrigation Potential

The potential of this groundwater for use in irrigation is mixed. The analyses of WW 21625
and WW 16903 show the irrigation classificaton of the USGS ( Appendix 6 ) to be C3 - S1,
which means that although suitable for most plants on most soil types, due to the high sodium
content a harmful concentration of sodium could occur in most soils. The groundwater from
borehole WW 32617 is C3 - 53, which means that this water is only suitable for salt tolerant
plants and can cause harmful sodium concentrations in most soil types. Special soil
management should therefore be undertaken when using groundwater from any of these
boreholes. To the west of the 17° E longitude line the groundwater gets more saline, so the
problem seen in WW 32617 is exacerbated in the west, although flood irrigation has been
attempted in southern Owambo. In addition, the stability of the groundwater is questionable
for the groundwater in borehole WW 32617 has Corrosivity Ratio of 0.8 which means there
is potentiat to corrode steel. This has implications in borchole design and in surface
infrastructure. The Langelier Saturation Index of 0.4 would suggest scaling is also possible
and the Ryznar Index value of 7.2 suggests that although stable, the groundwater might have
corrosive tendencies. These stability assessments are valid here as the pH of the sample lies
in the range of 7.0 to 8.0. An explanation of these factors is appended, in Appendix 7.

5.5.2 Hydrochemical Analysis

The concentrations of the determinands are shown in Table 10. The dominant ¢control on the
hydrochemistry from WW 21625 to WW 16903 and WW 32617 is cationic exchange. The
result of this can be seen on the Piper Trilinear Diagram ( Figure 24 ). Calcium izvels drop
and sodium levels increase from WW 21625 in the south to WW 32617 in the north. At the
same time chloride leveis remain constant.

In borehole WW 32617 situated directly north of Oshivelo and still outside the influence of
internal drainage, the sodium content of the groundwater is seen to more than double to ~310
mg/l in comparison to groundwater at Oshivelo in WW 16903 and Namutoni Gate in WW
21625, Concurrently, the calcium levels drop from ~150 mg/l in WW 16903 to0 ~50 mg/l in
WW 32617, The conservative nature of the groundwater is seen in the fact that the chloride
content remains constant at ~130 mg/l in ali these places. Sulphate in the groundwater is seen
to increase slowly northward through the area as the aquifer gets deeper, increasing from 84
mg/l at Namutoni Gate to 140 mg/l at borehole WW 32617.

More analyses are plotted on the Piper Trilinear Diagram than are shown in Table 10, as
some analyses are only known in terms of percentage mille equivalents.
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TDS ( mg/h) TDS { mg/)
1 - WW 2731 6712 5 - WW 16903 898
2 - WW 8140 2866 6 - WW 21625 975
3 - WW 16609 1645 7 - WW 30709 1125
4 - WW 32617 1110

FIGURE 24. Piper Trilinear Diagram of selected groundwater samples from the confined
aquifer. The plots illustrate the base exchange and mixing of the groundwater. These samples
are derived from Table 10. For comparison, a groundwater sample ( WW 30709 ) in the
unconfined portion of the aquifer is also plotted.
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BOREHOLES
DETERMINAND
W WY WW 16609 WW 32617 WW 16503 WW 21625
2731 8140
pH 8.0 1.6 4.4 ERY 7.5 8.3
TDS 6712 2866 1645 g 898 975
Suiphate 648 406 209 140 106 84
Nitrate 0 0 0 20 4.0 0
Nitrite 0 0 0 0.1 0 a
Fluoride 3.7 27 1.9 1.5 1.5 1.2
Chloride 300G 900 438 163 125 115
Tot.Alk. 750 680 560 496 496 596.2
Tot. Hard. 120 220 340 146 472 613
Sodium 2440 930 482 310 153 119
Potasstum 50 21 18 15 5 3
Calcium 35 &0 102 47 142.5 243
Magnesium 85 160 218 99 329 37
Sillcate 32 48 25 22 40 32

TABLE 10. Hydrochemistry of the Confined Aquifer. Results are arranged according to the
depth to the top of the aquifer, deepest on the left and the shallowest on the right. Except for
pH, all values are in mg/l. Calcium, Magnesium, Total Hardness and Total Alkalinity are
expressed as CaCQ,. Silicate is expressed in terms of Si0,. Nitrate and Nitrite are expressed
in terms of N.

Mixing is the dominant feature controiling hydrochemistry from WW 21625 to WW 2731 (
Figure 24 ). The effect of the internal drainage basin is noticeable immediately samples are
examined to the west of the 17° fongitude line. The chloride levels rapidly rise, going up from
150 mg/l at WW 21625 to over 450 mg/! in the groundwater in borehole WW 16609 which
is 16 km to the west. A further 17 km to the west at borehole WW 8140 the chloride content
of the groundwater is 900 mg/l and 14 km still further to the west the level reaches 3000 mg/l
at borehole WW 2731, This conservative element is seen to increase due to the effect of salt
trapped 1n the sediments dissolving inio the groundwater. Concentration of sodium mirrors
that of chloride, but not quite to the same proportions and sulphate even less so ( Table 10
). Calcium and magnesium drop together to low concentrations to approximately one third of
WW 21625 and WW 16903 values. This change in cations would indicate that ionic exchange
is still taking place.

The hydrochemistry of the unconfined portion of the aquifer as seen in WW 30709 ( Figure
25 ) shows a degree of similarity with the closest confined aquifer borehole WW 21625. Ail
the determinands between the two are of the same order of magnitude.
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FIGURE 25. Hydrochemistry of WW 30709, a borehole in the unconfined portion of the
Kalahari aquifer.
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5.6 HISTORY OF WATER LEVELS

The confined aguifer shows a gradual constant increase in groundwater levels of 10 cm,
followed by a drop of 2 cm through the eight months for which data is available. These
changes are trrespective of rainy and dry seasons ( Table 11 ).

Measurement Date Static Water Levei
20-08-1991 11.88
22-10-1991 11.82
22-01-1992 11.78
23-04-1952 11.8¢

Table 11, Changes in static groundwater level in borehole WW 32617,

These results confirm that the portion of the Kalahari aquifer at WW 32617 is confined, as
the rainy and dry seasons do not directly influence groundwater levels. Changes in the
groundwater level only show the trend of change of head at that particular time.

5.7 RECHARGE AND DISCHARGE

It is considered that the confined poruon of the Kalahari aquifer is recharged from the
unconfined portion by through - flow. The unconfined aquifer is thought to be situated
between Namutoni Gate and Otjikoto Lake ( Figure 22 ). If recharge to the confined portion
of the aquifer is from the unconfined portion, so long as there is groundwater in the
unconfined portion there will be recharge to the confined aquifer. One check on this
hypothesis is to check on the groundwater levels in the confined aquifer. The & month long
data set from WW 32617 shows that the groundwater level is changing irrespective of the
onset of the dry season. This means that recharge to the confined portion is occurring. It
would suggest that there 1s no direct diffusion recharge caused by rainfall, which confirms
that the aquifer must be confined at WW 32617, The discharge mechanism is possibly
through very slow leakage.

5.7.1 Recharge to the Unconfined Portion of the Aquifer

The problem is to know where the diffuse recharge area 1s. The hydrochemistry of the
groundwater at WW 21625 suggests that this borehoie is the closest confined aquifer borehole
to the recharge area. The hydrochemistry does indicate that WW 21625 has a close similarity
to the unconfined Kalahar aquifer as seen in WW 30709 ( Figure 20 ). The hydrochemistry
of a groundwater sample from the unconfined aquifer from borehole WW 30709 has been
plotted on the Piper Trilinear Diagram ( Figure 24 ). This sample is fairly representative of
the hydrochemisty of the groundwater in what is considered the recharge area for the
confined aquifer.
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Recharge to the groundwater in the unconfined aquifer in this terrain is difficult to assess.
except possibly on the large scale. Direct diffuse recharge 1s thought to be the dominant
recharge mechanism with recharge from flood events in ephemeral streams playing a minor
role.

One approach to measure the potential recharge of the confined portion 1s to assess recharge
in the unconfined part of the aquifer. The aquifer recharge area is considered to be 20 km
along strike and 10 km along dip. The dismibution of boreholes in the confined aquifer
determines the strike length. The dip length is computated from the gradient of the confined
aquifer superimposed on the gradient of topography. The unconfined recharge area therefore
covers an area of ~200 km?2. Assuming there 1s ~0.5 m rainfall and a suggested recharge rate
of 2% of rainfail, gives a result for recharge of 2.0*10° m¥yr.

It is considered that in areas covered by thick ( +8 m ) layers of aeolian sand in the
unsaturated zone there is little likelihood of direct diffusion recharge { de Vries ).

The role of ephemeral streams in recharge has not been estabhished. The flooding of
ephemeral streams and subsequent infiltration to groundwater is so unpredictable that no
quantity can be placed on the amount that goes to recharge. The quantity of water in the
rivers is variable, as are the length of time the river flows, the depth of river water and the
permeability of the niver bed. To collect data on this is difficult, due to the periodic nature
of a flood event,the usually localised flow and the short duration of a flood. In spite of all
these problems and without much firm proof, most authors believe that flood events in
ephemeral streams contribute to recharge in Kalahari areas.

In the Kalahari areas where there are only bedded units, diffuse flow is thought to be the
mechanism for recharge. The effect on unconfined groundwater levels in the area is to see a
rapid rise through the course of the rainy season and a drop through the dry.

5.7.2 Through - Flow Estimations

An estimate of theoreucal through - flow can be miade. It is unciear whether or not there is
actual movement of groundwater through the aquifer, but based on test pump results and
geological data an assessment of what could pass through can be made. To do this a number
of assumptions have to be made. The first concerns the aquifer, that it is of uniform thickness
and extends for a certain width, in this case 20 km, and that groundwater moves through all
of the aquifer at equal rate. The second assumption is that the conductivity value derived from
the test pump is correct. To assess through - flow the vertical cross section area of the aquifer
perpendicular to the theoretical flow direction is needed, here called A. The width of the
aquifer is 20 km multiplied by the thickness of 6.8 m equals the area { A ), therefore A
equals 136 000 m2 Conductivity ( k ) is 7*10 “m/s and gradient ( i1 )} is the piezometric
gradient, which is 0.0007. Through flow ( Q } is given by the straight application of Darcy’s
Law, that is:

Substituting, this results in:



Q = (7*107)(136 000N0.0007)

Q=007 m¥s
or 2.2*10° mi/yr

This value will increase if the 20 km width or the thickness increase.

The through - flow volume of 2.2*10°m¥yr can be spread over the recharge area, that is the
~200 km? area of the unconfined aquifer. This equals 11 mm of water over the whole area.
The average rainfall from Operat ( Figure 18 ) is 500 mm, so 11 mm of recharge equals 2.2%
of rainfall. The 2% of rainfall going to recharge suggested in paragraph 5.7.1 equates well
with the 2.2% resuit derived from through - flow estimations.

The through - flow of 2.2%¥10° m¥yr is relatively close to that derived from the direct diffuse
recharge quantity of 2.0* 10°m%yr. The correlation of these figures may suggest that recharge
to this aquifer may be of this order of magnitude.

5.7.3 Discharge

No discharge point has been found for the aquifer. The possibility exists that the groundwater
is lost through very slow leakage into the overlying sediments, as the confined groundwater
is under pressure.

5.8 SUSTAINABLE YIELD

The sustainable yield is controlied by recharge in the unconfined portion of the aquifer and
through - flow. The aquifer covers a large area, the vast majority of it is of no use to man due
to its high salt content, but even so the potable portion covers at least 260 km ? and could
cover a great deal more towards the north. It is considered that there is a considerable stored
volume of water in this aquifer, but without a figure for storativity this cannot be assessed.

There is no sign that the aquifer is under ary stress with current absaction.

Considering that recharge and through - flow calculations generate a similar result of ~2.0*10°
m?/yr, it is considered prudent to suggest that a total sustainable yield should be fimited to
~2.0%10°'m?¥yr. It may be better to start abstraction at a fairly conservative rate and measure
the response. It would probably not be a good thing if the unconfined aquifer became
dewatered caused by over abstraction in the confined aquifer. It would certainly have political
consequences and probably hydrogeological ones as well,

5.9 ABSTRACTION

In only one place is the confined, partially free flowing antesian aquifer pumped to any
degree. The Namutoni Camp in the Etosha National Park and a privately owned hotel
complex both abstract groundwater from this aquifer at Namutoni Gate from boreholes WW
21625, WW 30362 and WW 30718. Current combined abstraction is estimated at 0.3*%10°* m?
p.a. with no evidence of the aquifer being swressed. Wells in the Etosha Natonal Park are
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used for watering the game and the controlled pumping from these installations 15 minimal.
In southern Owambo, some wells arc used for stock watering. However most goes to waste,

but the quantity is not known.

5.10 ASPECTS OF THE RELATIONSHIP BETWEEN AQUIFERS

The interaction of the confined aquifer found from Oshivelo to Namutoni and other
unconfined aquifers should be clarified. Because of the need to try and find what relationship
exists between them, it was conjectured that lithological differences and faulting occurred
between the aquifers. A geophysical survey using a Constant Separation Traverse profile was
taid out between these 1o test the theory, but nothing could be identified in the results. It is
questionable whether this technique is applicable in this terrain, as it is unlikely to pick up
tithological and structurai differences as there is no contrast of resistivities. Geological
faulting has been recognised in the area by the Geological Survey ( Figure 4 ) and the author
from remote sensing and field investigation. It is also uncertain what, if any, role faults play
in localising aquifers in this crea. The complex lithology of the area is also unlikely to be
resolved with resistivity.
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6. AQUIFER COMPARISON AND DEVELOPMENT OPTIONS

6.1 AQUIFER COMPARISON

The Damara carbonate aquifers and the Kalahari aquifer differ in many aspects. The aquifers
both show potential for development. The differences or similarities between these aquifers
are of practical concern only when they effect water supply. Aspects which concern the
development of these aquifers are sustainable yield, aquifer characteristics and water quality.

The Damara carbonate aquifer is unconfined or leaky, fissured with secondary porosity,
discontinuous and recharge is linked closely to rainfall. The groundwater, however is of good
quality, albeit slightly hard. Where suitable for expioitation, the Kalahari aquifer is confined,
partially free flowing artesian, continuous and intergranular. Recharge of the confined portion
of the aquifer is linked to recharge in the unconfined portion. The groundwater has variable

quality.

These aquifers have in common the potential for large scale abstraction. In practice individual
boreholes should have a sustainable yield potential of at least 30 m¥hr for 10 hours a day,
or not under 300 m¥d. The sustainable yield is linked to the amount of recharge.

In terms of the use to which the groundwater is put, there appears to be little difference
between the two of them as they are both of the WHO * B ’ standard. Therefore for use as
drinking water there is no difference.

The immgation potential of the Kalahari aquifer groundwater is not high, because the
groundwater may prove corrosive and have an undesirable saline content, This may result in
the shortening of the life of infrastructure and the build up of NaCl in the soil, while the type
of crop grown must be tolerant of sali. The Damara carbonate aquifers do not suffer from
these problems, but do introduce a problem of hardness. The elevated levels of this
determinand wiil result in the scaling of infrastructure over time. Hardness does not effect the
type of crop grown or concentrate in the soil, so long as there is good drainage.

The recharge to the confined portion of the Kalghari aquifer is determined by the amount of
recharge in the unconfined portion of the aquifer. It has been estimated that recharge to this
aquifer is ~ 2.0%10° m¥yr. It is considered prudeat to restrict abstraction to this figure, at least
at the beginning. Should more information become available a reassessment can then be
made.

Recharge to the Damara carbonate aquifers is variable, depending on the amount and intensity
of rain. It is considered that recharge can vary from 0% to 4% of rainfall. In periods of
drought there may be no recharge while in above average rainfall recharge could be 4%. If
an average of 2% is taken, then diffuse recharge of 4.0%*10° m3/yr is possible. This does not
take into account through - flow, which is difficult to assess. An estimate of through - flow
is 3*10° m¥/yr.

The aquifer characteristics of the confined portion of the Kalahan aquifer appear 10 be

relatively constant which would indicate that the aquifer has a certain degree of uniformity.
In practice this uniformity means that predictable performance of boreholes can be expected.
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The Damara carbonate aguifers have been shown to be fissured and this inhomogeneity causes
problems in the development of the aquifer. The success of a borehele depends on the
intersection of water bearing fissures and this can lead to unsuccesstul boreholes. The depth
of intersection of a water bearing fissure is often unpredictable. A successful borehole will
show favourable characteristics, with transmissivity ~5(0 m?¥/d.

The design of a well field 1s determined according to whether the aquifer 1s confined or not.
Well fields in confined aquifers should consist of one or two lines of boreholes drilled normal
to the flow direction. In the case of the Kalahari aquifer,the lines should be oriented south
west - north east. The unconfined and leaky Damara carbonate aquifer allows a scattering of

boreholes over the extent of the aquifer.

The expioitaton of either or both of these aquifers depend on the guantity of water required
and purpose to which this groundwater will be put. The advantages and disadvantages of the
development of these aguifers are however mentioned in Development Options.

6.2 DEVELOPMENT OPTIONS
The development of these aquifers can be summarised as follows:

Development of the Damara carbonate aquifers
Advantages

1. Good drinking water quality.

2. Suitable for irrigation,

3. Possibly has more groundwater available than the
Kalahari aquifer.

4. Unconfined and leaky aquifer allows for a scattering
of boreholes in well design.

Disadvantages

. Abstraction quantities could be negatively influenced
by drought.

2. Unpredictable depth of intersecting water bearing
fissures makes budgeting of drilling costs difficult.

3. Risk of dry boreholes.
4. Pumping costs may be high, due to deep groundwater
levels.

Development for the Kalahari aquifer
Advantages
1. Good drinking water quality.

2. Predictable depth of intersecting aquifer makes
budgeting of drilling costs easy.
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X Pumping costs should be relatively low, caused by
shallow groundwater levels.

4. Resource 1s more dependable than the Damara carbonate
aquifer.

Disadvantages

I. Unsuitable for general irrigation.

2. Borehole design is costly.

3. Possibly has less sustainable yield than the Damara
carbonate aquifer.

4. Well field limited in design.
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7. CONCLUSIONS

In the arca of this study there are two conwasting aquifers with potenual for large scale
abstracuon. The groundwater 1s required to meet future demand, due to 4n expected growth
in the populaton and possible increased irrigaton.

The first aquifer is the Damara carbonate aquifer whose characteristics are variable, with
transmissivity ranging from 10 m%/d to 900 m%*d and storativity ranging from 0.002 to 0.05.
These results are typical of discontinuous, fissured and unconfined or leaky aquifers.
Drawdown plots illustrate the fissured and sometimes leaky nature of the aquifer.

The hydrochemistry is typical of recent recharge dofomitic groundwater. The dominant cations
are calcium and magnesium, and the dominant anion is bicarbonate. This hydrochemistry
means that the groundwater is suitable for drinking water and is suitable to irrigate some

Crops.

Studies of hydrographs show that recharge is variable, periodic and infrequent. However, an
attempt has been made to quantify recharge. The total potential recharge in favourable
conditions is of the order of 19%10° m?® p.a. The current abstraction rate is considered to be
14.1*10° m® p.a., thus a surplus apparently exists of 4.9%10°m? p.a.

Caution should be exercised in using this surplus figure as it assumes recharge to be an
annual event. If recharge does not take place, the aquifer is vulnerable to over exploitation
if abstraction continued at 4.9*10° m3 p.a. This is of particular concern as the aquifer
characteristics are not so favourable in the lower portions of the aquifer, where groundwater
levels may fall on account of over abstraction. Initially, a more conservative abstraction
regime is considered desirable. A figure of 50% of surpius is thought to be reasonable, thus
giving a pumping rate of 2.5*%10°m? p a. Any abstraction programme should remain flexible.

The second aquifer is the Kalahari aquifer whose characteristics show the homogeneity of this
aquifer, with the transmissivity falling inside a narrow range between 300 m?/d and 500 m?/d.
Hydrographs, borehole logs and drawdown graphs confirm the confined, intergranular and
continuous nature of the aquifer.

The hydrochemistry of the groundwater shows signs of ionic exchange and mixing. Outside
a saline zone, the groundwater is seen to have good quality. However the groundwater is
unsuitable for irrigation because of the ionic exchange and mixing.

Recharge to the confined aquifer is dependable, because it relies on through - flow from its
unconfined portion. Therefore recharge has been equated to sustainable yield. The sustainable
yield of this aquifer is ~2.0%10° m? p.a. Current abstraction is limited to ~0.3*10°m? p.a., so
there is a surplus of 1.7%10° m? p.a. available for further abstraction. In practical terms
abstraction could increase by 2*10° m? p.a.
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APPENDIX 1.

Monthly rainfall figures for three meteorological

stations in the study area.
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1592/04/02 DEPORTMENT OF WRTER AFFAIRS -~ SURFALE WATER SYSTEM PAEE : |

BTATION N ¢ OPERET PESITION LATITUDE & (863 deg S
STATION MMBER ; 1108/333 POSITION LONGITUGE @ 17.20 deg E
SUB-CATCHMENT ¢ 2720 DATE STATION OPENED & 1924-12-01

TYPE OF STATICN : Rain

REZORT HAME : raira MONTHLY RAINFALL SUMMAR™

SEASON acT NOV C JRN FeB FAR AR HAY JUN UL AS SEP TOTAL

1584/5% 1 1 23.0 83! 2.8 E5.% é.0 =25.4

1985/85 6.0 259 8.0 61,5 180.5 116.5 {7.0 7.3 4710

1986/87 5.3 415 4.3 59.0 112.0 49,5 20.0 3.0 339,90

1987/83 25,5 29.0 1000 175 130 14,0 5.3 5318

1988/29 45,5 1898 175 BB 465 76,0 5.5 0

1989/%0 £.0 .0 150.5 43.5 1260 248 250.5

1990751 {2.5 1.5 12.0 l { 1 1 1 1 i i { 97,0



APPENDIX 2.

Borehole completion forms and Geological

bor hole logs for the Damara carbonate aquifer.
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APPENDIX 3.

Borehole completion forms and Geological borehole

logs for the Kalahari aquifer.
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APPENDIX 4.

Test Pumping results from the Damera carbonate aquifer,



T

= 141 .7n2/d S = B.249E-81

.81

i RIS 1058 1288 189903
(c) H.S.I. 1991
TIME (minutes)

Test Pump 1. Test pump of WW 30897, as recorded in observation borehole WW 30896,
situated 20 m away. Pumping rate 12.78 Is. Test duration 72 hours.



TEST PUMP OF WW 30897, AS RECORDED IN OBSERVATION BOREHOLE
WW 30896, 20 m AWAY. PUMPING RATE 12,78 I/s.
TIME DRAW TIME DRAW TIME DRAW
( Mins ) DOWN { Mins) DOWN ( Mins ) DOWN
(m) {m} {m)
| : 0.14 50 : 0.59 720 : 1.56
—————————————— e s R S
2 : 0.17 75 : 0.65 960 : 1.71
—————————————— R B el e
3 : 0.20 90 : 0.72 1440 : 1.86
-------------- MR NS P S
4 : 0.22 105 : 0.76 1920 : 1.95
—————————————— e s il sl bbbt
5 : 0.25 150 : 0.89 2400 : 2.02
—————————————— s e e e R LD T
7 : 0.28 210 ; 1.00 2880 : 2.06
—————————————— e e T e bRt D
10 : 0.32 300 : 1.14 3360 : 2.08
—————————————— e s St e e e
20 : 0.42 360 | 1.21 3840 : 2.12
—————————————— T e e Bt e
30 : 0.49 480 : 1.36 4080 : 2.13
“““““““““““ A0t et e Al e
40 ! 0.54 600 ! 1.47 4320 : 2.14

DATA SHEET TO ACCOMPANY TEST PUMP 1.




WW 30898, 156 m AWAY. PUMPING RATE 12,78 I/s.

TEST PUMP OF WW 30897, AS RECORDED IN OBSERVATION BOREHOLE |

TIME DRAW TIME DRAW TIME DRAW
{ Mins) DOWN { Mins ) DOWN ( Mins ) DOWN
(m) (m) (m)

120 \ 0.01 960 | 0.27 3360 ; .76
—————————————— D L T L T
150 i 0.02 1200 ! 0.35 3600 I 0.79
—————————————— i e D
180 l 0.03 1440 ) 0.40 3840 ; 0.82
-------------- B U Sy
210 \ 0.03 1680 : 0.46 4080 : .84
—————————————— O e MU SR
240 : 0.04 1920 \ 0.51 4320 X (.87
—————————————— T T T et SIS S

300 | 0.05 2160 i 0.56 i
—————————————— e B e e R
360 : 0.06 2400 | (3.61 :
—————————————— T e e e T
480 : 0.10 2640 | 0.65 l
—————————————— e B T Ty
600 i 0.14 2880 | (.69 I
-------------- 4—------—u«m——-4—-------—-“—~—t-———-_-n--.“—-——————-—---«--u---«—f--——-----__“
720 : 0.18 3120 ! 0.72 !

DATA SHEET TO ACCOMPANY TEST PUMP 2.
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Test Pump 3. Test pump of WW 30897, as recorded. in observation borehole WW 30896,
situated 20 m away. Pumping rate 8.34 I/s. Test duration 168 hours.



!
TEST PUMP OF WW 30897 AS RECORDED IN OBSERVATION BOREHOLE
WW 30896, 20 m AWAY. PUMPING RATE 8.34 I/s.
TIME DRAW TIME DRAW TIME DRAW
( Mins ) DOWN ( Mins ) DOWN ( Mins ) DOWN
{m) (m) (m)

i X 0.14 50 X 0.43 600 : 0.86
—————————————— s S T B
2 ; 0.16 60 ; 0.44 720 ; 0.98
—————————————— e s e ey EEETERELLEEEES
3 : 0.18 75 ; 0.47 960 : 1.08
—————————————— s i e e T
4 | 0.19 90 ; 0.50 1440 : 1.22
~~~~~~~~~~~~~~ i L e B D DL
5 : 0.20 105 : 0.52 1920 ; 1.29
—————————————— e e e B R et
7 : 0.23 150 : (.58 3120 : 1.47
~~~~~~~~~~~~~~ e e e e MR RS E TS
10 : 0.26 210 : 0.64 4080 : 1.54
—————————————— o e e e e e b
20 ; (.32 300 : 0.72 5040 : 1.57
—————————————— i e e S DL LT
30 i 0.37 360 | 0.76 6000 t 1.58
—————————————— 4—--—--—---—---—--------—-----——’-————----—~---——————————--——----f—-——————-—-”—-

40 L 0.40 480 L 0.86 :

DATA SHEET TO ACCOMPANY TEST PUMP 3,
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Test Pump 4. Test pump of WW 30897, as recorded in observation borchole WW 30898,
situated 156 m away. Pumping rate 8.34 I/s. Test duration 168 hours.



TEST PUMP OF WW 30897 AS RECORDED IN OBSERVATION BOREHQLE
WW 30898, 156 m AWAY. PUMPING RATE 8.34 /s,
TIME DRAW TIME DRAW TIME DRAW
{ Mins ) DOWN { Mins ) DOWN ( Mins } DOWN
{m) (m) {m)
360 | 0.0 6000 : 0.57 !
—————————————— T e e e T
480 : 0.01 7200 i 0.64 '
-------------- fommm s e e
600 i 0.01 7920 I 0.69 |
b e e T e
720 : 0.03 9120 I 0.75 |
—————————————— R e e i b
1440 ; 0.10 10080 1 0.80 ;
______________ +...- ""'”"""""""““""""""“"‘”"""+"“"“““'""““"""‘"""“’f‘""""""""""
1680 ; 0.12 i (
—————————————— L e e st
1920 : 0.15 : :
~~~~~~~~~~~~~~ e S e L e b
2880 | 0.27 | |
—————————————— e e e R R R LR EEE,
3600 : 0.35 : :
""""""""" ittty Heletatts il e et Sl St
5040 : (.49 ! :

DATA SHEET TO ACCOMPANY TEST PUMP 4.
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Test Pump 5. Test pump of WW 31486, as recorded in pumping well
Test duration 72 hours.

N

. Pumping rate 5.55 Us.



Transmissivity = 4,318342
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(c) H.S.I. 1991 TIME (ninutes)

Test Pump 5. Test pump of WW 31486, as recorded in pumping well. Pumping rate 5.55 I/s.

Test duration 72 hours.




TEST PUMP OF WW 31486, AS RECORDED IN PUMPING WELL.
PUMPING RATE 5.55 I/s.
TIME DRAW TIME DRAW TIME DRAW
{ Mins ) DOWN { Mins } DOWN { Mins } DOWN
(m) (m) (m)
1 | 6.19 40 1' 36.15 |
-------------- e B, T m——
2 : 11.24 : |
—————————————— T T T SR ——
3 : 15.21 : ;
—————————————— T B T
4 ; 18.88 : :
-------------- T s T T S E—
5 : 20.88 ) |
—————————————— i e T T bkl T TR S P PR
7 | 25.12 : |
—————————————— LT et T Rt R
10 v 2672 : :
—————————————— T R p—
20 | 31.65 : :
—————————————— fommmm e ]
25 : 35.13 : ;
“““““““““ s e St
30 ' 36.10 : |

DATA SHEET TO ACCOMPANY TEST PUMP 5.
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Test Pump 6. Test pump of WW 31489, as recorded in observation borehole WW 31485,
situated 154 m away. Pumping rate 1.75 I/s. Test duration 72 hours.



{_’r{as*r PUMP OF WW 31489 AS RECORDED IN OBSERVATION BOREHOLE
WW 31485, 15.4 m AWAY. PUMPING RATE 1.75 I/s.
TIME DRAW TIME DRAW TIME DRAW
( Mins ) DOWN ( Mins } DOWN ( Mins ) DOWN
(m) (m) (m)
] .’ 0.04 4() | 0.27 480 | (1.46
fomm e il LR L E DD i e e
2 : 0.06 50 .' 0.29 720 .’ 0.49
o= m e R e SESTESEEELETT A CTTEREELLEEE e il o m e
3 ! 0.07 60 : 0.31 1200 : 0.50
—————————————— e S T e i R ittt
4 : 0.08 75 i 0.32 '.
-------------- o m e et e e S L e
5 : 0.10 90 : 0.35 :
—————————————— o o = e
7 t 0.12 120 : 0.38 '
—————————————— e S s et e b A
10 : 0.15 150 ; 0.41 |
-------------- s M s S s
15 X 0.19 180 : 0.42 |
—————————————— e e R AL LR,
20 i 0.21 210 1 0.44 :
e NPt It R R FREERELE
30 ! 0.25 300 ! 0.46 :

DATA SHEET TO ACCOMPANY TEST PUMP 6.
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Test Pump 7. Test pump of WW 9396, as recorded in pumping well. Pumping rate 14.0 i/s.
Test duration 72 hours. Storativity value is incorrect.



TEST PUMP OF WW 9396, AS RECORDED IN PUMPING WELL.

PUMPING RATE 14 Is.
TIME DRAW TIME DRAW TIME DRAW
( Mins) DOWN ( Mins ) DOWN ( Mins ) DOWN
{m) {m) {m)
1 : 0.13 960 : 1.08 |
-------------- R e i B b EECEEEE DRSS
2 : 0.72 1440 : 1.10 :
—————————————— e H e e T e
3 : 0.79 1680 : 1.11 |
—————————————— e B s T
4 : 0.94 2160 ; 1.12 :
-------------- s e il R bl L L L ETT
5 : 0.95 2640 : 1.13 i
-------------- R B D T
7 : 1.05 2880 | 1.14 :
—————————————— Rt B e e LR LTS
105 ; 1.03 4080 : 1.15 :
—————————————— e e R e it
360 I 1.04 : I
—————————————— e e AR D A CTY
600 ; 1.06 : :
—————————————— 1\---«---a--------—-——-———---—-———-———f———-—---n--—-------------——--—-—-----t----—-——-————-———-
720 : 1.07 | :

DATA SHEET TO ACCOMPANY TEST PUMP 7.




Pansmissivity = 189.9296
5]

3.043

5.638

3.144

12. 132

15.24

15 .288

o

£1.336 b

1 19 199 18098 16¥99

(c) H.S.I. 1951 TIME (minutes)

Test Pump 8.Test pump of WW 30893, as recorded in pumiping well. Pumping rate 8.0 Is.
Test duration 72 hours.



TEST PUMP OF WW 30893, AS RECORDED IN PUMPING WELL.

PUMPING RATE 8 I/s.
TIME DRAW TIME | DRAW |  TIME DRAW |
( Mins ) DOWN (Mins) | DOWN ( Mins ) DOWN
(m) (m) {m)
1 : 8.1 40 : 19.01 600 L 20.50
—————————————— i e et
2 | 17.12 50 : 19.54 720 L 20.56
~~~~~~~~~~~~~~ e e e b s L RS EES
3 : 17.65 60 ) 19.91 960 : 20.71
-------------- e e e et D e P
4 : 17.80 75 : 19.93 1440 L2077
—————————————— e et R M
5 : 17.97 50 : 19.99 1920 L 20.80
—————————————— R e R S R
7 : 18.20 105 : 20.04 2400 L 21.30
—————————————— e e e S St it
10 . 18.35 150 : 20.14 2880 L2230
—————————————— o e e e e e e e e
15 | 18.55 210 : 20.28 3360 Vo 22.33
—————————————— T e e et e
20 : 18.63 300 : 20.30 4080 L 22.64
““““““““““““ S s S e H s e
30 : 18.80 480 ; 20.45 4320 f 22,86

DATA SHEET TO ACCOMPANY TEST PUMP 8.
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| PUMP TEST OF WW 30893, RECOVERY DATA OF OBSERVATION
! BOREHOLE WW 30894, PUMPING RATE 8 I/s.

e RESIDUAL Ut RESIDUAL ! | RESIDUAL
DRAW DRAW : DRAW
DOWN DOWN DOWN
(m) (m) | (m)
4320 f 12.85 72 | 7.10 2.0 | 0.03
~~~~~~~~~~~~~~ e e e T e
2160 ; 12.85 48 : 5.12 1.0 : 0.0
—————————————— e el o
1440 : 12.79 36 | 2.90 :
~~~~~~~~~~~~~~ i R i S RSt
1080 | 12.78 20.5 : 0.60 :
—————————————— e e el bbbl te b b LT
824 | 12.69 14.4 : 0.33 |
~~~~~~~~~~~~~~ e s T B iy
617 | 12.49 9.0 ; 0.24 :
~~~~~~~~~~~~~~ T e e R
432 : 12.40 7.2 : 0.23 :
—————————————— i e S
216 : 11.05 6.0 : 0.23 :
—————————————— o o o e
L 44 : 9.80 4.5 : 0.22 :
------------- P e ko e T ST ST s e e
108 ; 8.40 3.0 : 0.04 !

DATA SHEET TO ACCOMPANY TEST PUMP 9.
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T = 623 .9n%/d o = B.121E-61

B e

18 , wp 1R 000

(c) H.5.1. 1991
TIHE (nivutes)

Test Pump 10. Test pump of WW 30893, as recorded in observation borehole WW 30892,
situated 100 m away. Pumping rate 8 I/s. Test duration 72 hours.



1

;5 TEST PUMP OF WW 30893, A5 RECORDED IN OBSERVATION BOREHOLE |

WW 30892, 100 m AWAY. PUMPING RATE § I/s.
TIME DRAW | TIME DRAW TIME ; DRAW
( Mins ) DOWN ( Mins ) DOWN { Mins ) DOWN
(m) {m) (m)
35 : 0.01 480 ; 0.13 3840 + 0.22
60 : 0.02 600 : 0.14 4080 | 0.23
~~~~~~~~~~~~~~ e e
105 | 0.03 720 : 0.15 4320 : 0.24
—————————————— I e e it T
120 : 0.04 960 : 0.16 |
—————————————— e e i e
150 : 0.05 1200 : 0.16 ;
~~~~~~~~~~~~~~ e e S e
180 i 0.06 1440 : 0.17 :
—————————————— R e e e Sl lttt
210 i 0.07 2400 : 0.18 .’
~~~~~~~~~~~~~~ e it e s Bt
240 : 0.08 2640 | 0.19 :
—————————————— e e e i
300 ; 0.10 3360 : 0.20 :
““““““““““““““ e s el el Hnl il St
360 ! 0.11 3600 ! 0.21 i

DATA SHEET TO ACCOMPANY TEST PUMP 10.
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TEST PUMP OF WW 30893, AS RECORDED IN OBSERVATION BOREHOLE |

WW 30894, 20 m AWAY. PUMPING RATE 8 Us.
TIME f DRAW TIME DRAW TIME DRAW |
( Mins ) DOWN ( Mins ) DOWN ({ Mias } DOWN
f {(m) | (m) (m)

7 : 0.01 105 : 2.30 960 : 11.97
—————————————— o e o e e e e s o
10 | 0.03 150 : 3.29 1440 ; 13.05
—————————————— i et i i e

15 | 0.10 180 : 3.93 2160 : 13.46
~~~~~~~~~~~~~~ T T T e Ty
20 : 0.18 210 : 4,52 2400 : 13.52
~~~~~~~~~~~~~~ R o e e e Tt
30 | 0.39 | 240 : 4.63 2880 '. 13.64
—————————————— +—-——————-—«-—-————- ---——-——-------«--—-+~———-----------——»----------—-——--f—-—-—--———--———-‘
40 | 0.64 300 : 6.11 3600 : 13.69
—————————————— e S i Eai e
50 : 0.89 360 : 7.07 4320 : 13.78
—————————————— e S e S R

60 : 1.16 480 .’ 8.67 :
—————————————— e e e e it
75 : 1.55 600 | 9.87 :
""""""""" R e e el et Sl
90 ! 1.94 720 ! 10.70 ;

DATA SHEET TO ACCOMPANY TEST PUMP 11.



T = 11.5a%/d S = 9.583E-82

199

i

Lat

19 199 1298 190982 1239902

(c} H.§.1. 1991
TIME (minutesz)

Test Pump 12. Test pump of WW 30893, as recorded in observation baorehole WW 30894,
simated 20 m away. Pumping rate 9.34 I/s. Test duration 168 hours.



168 HOUR TEST PUMP OF WW 30893, AS RECORDED IN OBSERVATION
BOREHOLE WW 30894, 20 m AWAY. PUMPING RATE 9.34 l/s.
TIME DRAW TIME DRAW TIME DRAW
{ Mins ) DOWN ( Mins ) DOWN ( Mins ) DOWN
(m) (m) (m)

7 : 0.01 75 | 1.34 960 ! 11.79
-------------- B e Supethrs A U R
10 \ 0.04 90 | 1.65 2160 | 12.42
~~~~~~~~~~~~~~ i B e
15 | 0.10 105 : 2.03 2880 l 12.40
—————————————— LT, (T RIRNPEPR RN SSPRI ARSI SRS
20 : 0.18 120 ? 2.45 4080 : 12.40
—————————————— o m o e e
25 : 0.26 150 ; 3.04 5040 ! 12.51
—————————————— D T e T T EEI RN
30 X 0.35 18O | 3.59 6000 : 12.65
~~~~~~~~~~~~~~ e e T e aiiuiets mIEEEELERERERT
35 | 0.47 240 : 4.79 1009 : 12.67
—————————————— e e e e

40 : 0.55 360 | 6.74 ;
—————————————— I e e Nt bR SR
50 | 0.77 480 ! 8.33 |
““““““““““““ e e S E e St
60 ! 1.00 600 ! 9.51 :

DATA SHEET TO ACCOMPANY TEST PUMP 12.
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Test Pump 13. Test pump of WW 30893, as recorded in observation borehole WW 30892,
situated 100 m away. Pumping rate 9.34 I/s. Test duradoen 168 hours.



i 168 HOUR TEST PUMP OF WW 30893, AS RECORDED IN OBSERVATION
I BOREHOLE WW 30892, 100 m AWAY. PUMPING RATE 9.34 I/s.

TIME | DRAW TIME DRAW TIME DRAW
( Mins ) DOWN ( Mins ) DOWN ( Mins ) DOWN
(m) (m}) (m)

7 : 0.01 720 : 0.12 3880 l 0.11
—————————————— e R et LTS EE TP
90 ; 0.01 1200 : 0.13 9600 | 0.12
o e L LT SRR LR PR T B e el e
105 : 0.02 1440 : 0.14 10080 | 0.12
—————————————— o m s m e e m b e

150 ; 0.03 2160 i 0.15 \
—————————————— e e e e ]
180 | 0.04 3360 ; 0.14 l
—————————————— T B L
240 ! 0.05 3840 | 0.13 X
-------------- R T et e R Pt
300 | 0.06 4560 ! 0.11 ;
—————————————— e R e
360 | 0.07 4800 I 0.12 i
—————————————— e e et T
480 I (.09 5520 \ 0.11 i
““““““““““““““ e et Sttty ittt sttt
600 : 0.11 6480 ; 0.12 |

DATA SHEET TO ACCOMPANY TEST PUMP 13.
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Test Pump 14. Test pump of WW 9734, as recorded in observation borehole WW 9736,
situated 247 m away. Pumping rate 9.9 I/s. Test duradon 72 hours.
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APPENDIX 3.

Step Test results from the Damara carbonate aquifer.
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APPENDIX 6. USGS Classification for Irrigauon Water.

I TR DRSO ue uoed ration with
MOSY orops on moat soirls wiuh Lautiz L rihood thet 5o
salinaty will develop. Come Lcaching i1s reguared, hub
thisz occurs undir normal irrination pracTices exXceedt in
301ls of waxsremely low pormecabiliity.

FEDIUL~SALINITY WATLR {CZ) can be used if a moderate
amount of 1leaching occurs. Plants with moderate salt
tolerance can be grown in moot cascs without special
practices for saliniwy control.

HIGH-SALINITY WATER(C3) cannot be used on soils with
restricted drailnage. Even with adcquate dralnage,
special management for salinity conirol may b¢ reguired
and plants with good salt tolerance should be selected.

VERY HIGH BALINITY WAT R {(C4) is not suiltalble for
irrigation under ordinary conditions, but may bé used

ocecaslionally under very special circumstances., The solls

must Lo permeable, drainage must be adequate, irrigation
water must be appiied in excess to provide considerable
leaching, and very salt-tolerant cropa should be selected.
SODIUM,

The classification of irrigation wat.rs with regpect to

SAR is based primarily on the effcct of exchangeable sodium
on the physical condition of thu soil. Sodium—-sensitives

plants may, howevor, suffoer injury as a result of sodium
accumulation in plant tissuce whon cxchangeable sodium

values are lower than those ef{cetive in causing dcterioration

of the physical cendition of the soil.

LOW-30DIUM WAT R (31) can bs usud for irrigation 2n almost
all soils with 1ittle danger of the development of harmful
levels of exchangeable sodium. However, sodium-sensitive
erops such as stone-fruit troes and avocados may acvumnulate

injurious concentrations of gsodium,

MEDIUM-3CODIM WATDR (32) will present an appreciabie sodium
hazard in fipe-textured soils nmaving high calion~cxchange-
capacity, c¢spucially under low-leaching condaitions, unlces

gypsum 1s present ia the soil. This water may be uzned

on coarse-textured or organic solls with good permeacility.

HIGH-GCDIUN WATLR (83) may produce harmful levels of

excnnngeable sedium in most soils and will rgquire spuclel
5011 management -~ geod drainage, high leaching, and organic

matter additions. Gypsifcrous seils may not develop
harmful levels of exchangeable sodium from such watcrs,
Chemical amendments may be roequired Tor replacement of
exchangeable sodium, except that amendments may not Le
feasible with waters of very high salinity.

VERY HIGH SCDIUM WATLR (34) is generally unsatisfactory
for irrigation purposes cucept at low and perhaps medium
salinity, where the solution of calcium from the soil or
use of gypsum or other amendments way make the usc of
these waters fevasille.

Jometimes the irrigation water may dissolve sufficicnt

calcium from calcarcous soils to degrensc the rodiwm hazard

appreciruily, and this chould by taken into account in ihe
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APPENDIX 7. Cxplanation of the Langetier saturauon Index. Ryvznar Index and Corrosivity

Rauo.

Methods for determination or stability

Various methods are applied in practice for rhe determination and
control of stabildity; for example the Langelier saturation index and the
Rvznar stability index,

Langelier catwraiion naey

The over- and undersaturation of water with respect to calcium carbonate
may be indicated by the following saturation index:

Langelier saturation index = actual pli-pHs.

A positive value is dindicative of scale-forming properties, while a
negative index indicates that the water has corrosive properties and can
dissolve calcium carbonate,

In practice, however, the index may be considered merely as an indica-
tion of a tendency, not of a capacity, to resist change. Water with
high concentrations of calcium and carbonate ions has a better chance of
resisting change in its composition than water containing low concen-
trations of these fons. This property is known as its buffer capacity.
Soft water has a low buffer capacity and will consequently undergo
change more readily than water with a high buffer capacity, although
both may have the same saturaiion index.

Ruznar stability index

In order to exclude the possibility of interpreting a positive satura-
ticn index as indicating non-corrosive tendencies in cases where the

water actually has corrosive properties, Ryznar proposed an empirical
stability index:

Ryznar stability index = 2 pHs - pH.

This value 1is pesitive in all cases, and is interpreted as follows:
between values of approximately 6,5 and 7,5 the water is fairly stable
chemically with regard to CaC0s., Values below 6,5 indicate scale-
forming properties, while values above 7,5 are indicative of corrosive
tendencies.

Corrosivity ratto

Even the stability indes dces net give the caomplicte picture concerning
deposition {(&Caie JOIMmctavn? and Loriesion. baocuse other factors alee
influence the process. it is known that the relecse of air bubbles with
rising temperature, as well as high concentrations of chloride and
sulphate, causes corrosion. On the other hand bicarhonate (or alkalin-
ity), even in the ahbsence of calcium, will counteract corresion of iron
at pH values of abcut 7 ta . These faclore zie used to deternane the
corrosivity ratic,



mmol/f C1 + 2(wmol/f SO0, )
2 (mmoli/f aikalinity as CaCl,y)

Corrvosivity ratio =

The corrosivity ratio applies only to water {n the pH range 7 to 8,
which also contains dissolved oxygen. Values below 0,2 and {n the
presence of dissolved oxvgen, indicate that the water does not have
corrosive properties. Higher ratios are indicative of increasingly
corrosive tendencies.

Ceneral rules which mav be applied to cgtablish the chemical stabilicy

of water as regards scale-forming or corrosive properties are set out in

Table [6. i

TABLE 16. Method of estimating the approximate chemical stability of
water

Tendency for corrosivity or

Ryznar index scale formation

>8,5 highly corrosive
7,5 to 8,5 slightly corrosive
6,5 to 7,5 chemically stable
5,5 to 6,5 slightly cepositing or

scale-~forming

highly depositing or

<5,5 scale-foraing

Solving water conditioning problems using the midified Caldwell-
Lawrence diagrams

The conditioning of water for domestic drinking and industrial purposes
is usually concerned with adjusting pH and alkalinity, as well as the
calcium and magnesium content of a water, to values which will minimize
corrosior in mild steel and cast iron pipelines and aggression in
cement-lined and asbestos-cement pipelines. It should also preduce a
vater which 1s not too hard for domestic use and will not readily
encrust warm water fictings. To achieve these 'conditioned' states,
chemicals are added to the raw water to make it saturated or slightly
eversaturated with respect to calcium carbonate. The MCL diagrams may
be used to predict the chemical dosages reguired to obtain this condi-
tion.

Hodified Caldwell-loawvimee diagrame graphicaily gorerent eguilitria
interrelationships between alkalinity, acidity, pH and¢ calcium in a plot
vith the parameters acidity and (Alk.-Ca) as co-ordinates. Acidity is
defined as:

- - -
Acidity H o+ HCO; 4+ H:CO4 - OB 5 and alkalinity as

2 x CO, + HCO3 + on - 1

Mkalinity



APPENDIX 8.

Groundwater levels for the Damara carbonate aquifer.
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APPENDIX Y.

Static groundwater levels for Otjikoto Lake for the period 1971 to 1992.
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APPENDIX 10.

Test Pumping results from the Kalahan aquifer.



Tansmissivity = 331.8934
B

~d
DR

Ly
S|

(c) H.S.1. 1991 TIME (minutes)

Test Pump L. Test pump of WW 16903, as recorded in pumping well. Pumping rate 7.92 I/s.
Test duration 24 hours.



:

TEST PUMP OF WW 16903, AS RECORDED IN PUMPING WELL.

PUMPING RATE 7.92 I/s.
TIME DRAW TIME DRAW TIME DRAW
( Mins ) DOWN ( Mins } DOWN ( Mins } DOWN
(m) {m) {m)
1 '. 10.81 30 i 13.75 210 | 13.88
Fom s m s o e B R EGaRRE B
2 : 12.59 40 : 13.79 240 | [3.88
—————————————— o e e e e e e e
3 | 13.32 50 : 13.80 300 : 13.92
-------------- T e s T
4 : 13.49 60 : 13.81 360 : 13.92
—————————————— o e e e e e s e
5 : 13.52 75 : i3.82 480 ; 13.93
—————————————— o e e e e e o e S e
7 | 13.52 90 | 13.78 600 : 13.99
—————————————— i R e T
10 : 13.54 105 i 13.80 720 : 14.07
—————————————— o e s o = s st
15 : 13.66 120 | 13.82 960 .’ 14.15
—————————————— R e e R Y
20 ; 13.70 150 ; 13.84 1200 .' 14,19
-------------- 4'“"“__“""““""“"""“f“_"“"""“"“—"“““_"i"'“"""'""”
25 ! 13.74 180 ! 13.87 1440 ! 14.25

DATA SHEET TO ACCOMFANY TEST PUMP 1.




Transmissivity = 475,.3823
A

s

LZ

rn

=]

1 19 1849 1988 RRNATSIY

(c) H.S.1. 1991 TIME (minutes)

Test Pump 2. Test pump of WW 30362, as recorded in pumping well. Pumping rate 11.4]
I/s. Test duration 72 hours. WW 30362 is located 500 m south east of WW 21625,



TEST PUMP OF WWw 30362, AS RECORDED IN PUMPING BOREHOLE.
PUMPING RATE 11.41 1/s.
TIME DRAW TIME DRAW TIME DRAW
( Mins ) DOWN ( Mins ) DOWN { Mins ) DOWN
(m) (m) (m)

1 '. 5.27 40) i 6.43 600 X 6.86
T s e SRR SRR o
2 X 5.86 50 \ 6.48 720 : 6.86
—————————————— s Ea D s e
3 | 5.97 60 : 6.53 960 : 6.87
—————————————— T T S e S T
4 : 5.99 75 | 6.54 1200 I 6.88
—————————————— T T B T B s T
5 l 6.03 30 ; 6.57 1680 | 6.93
—————————————— D T e e .
7 ? 6.07 105 | 6.59 2160 : 7.03
—————————————— T e T e LRI PR
10 | 6.10 150 ? 0.65 2640 i 7.15
—————————————— T T e T E T SIS
15 : 6.23 210 : 6.71 3120 : 7.23
—————————————— i B T e e
20 I 6.28 300 ? 6.77 3600 f 7.30
““““““““““““ e e Sl Nt St
30 ! 6.34 480 ! 6.85 4320 ! 7.50

DATA SHEET TO ACCOMPANY TEST PUMP 2.




3]

Transmissivity = 431.6998

1)
i1
s

Fi
gl
Lu
=)

1 14 128 39 10908

(c) H.§.1. 1991 TIME (minutes)

Test Pump 3. Test pump of WW 30718, as recorded in pumping well. Pumping rate 13.88
I/s. Test duration 72 hours. WW 30718 is located 2000 m east of WW 21625.



PUMPING RATE 13.88 Us.

TEST PUMP OF WW 30718, AS RECORDED IN PUMPING WELL.

TIME DRAW TIME DRAW TIME DRAW
( Mins ) DOWN ( Mins ) DOWN ( Mins ) DOWN
(m) (m) (m)
1 | 481 40 | 594 600 | 651
pemmm——————— T e e et
2 L 511 50 . 597 720 1 654
—————————————— dh e s e e e e e e ]
3 L 532 60 | 601 960 | 657
—————————————— T B O EEREEE e
4 538 75 L 6.16 1200 | 660 |
—————————————— e e s ta T S
5 L 5.41 90 | 621 1680 | 6.64
oo s L LnETEEE SEEESEER R  GanEREEEES SR Armmm e
7 L 542 105 | 625 2160 | 665
bt from e o L  ERGRETEEEEEEE ST REERREEL e
10 | 564 150 | 630 2640 | 666
—————————————— e e T TR EE TIPS
15 | 567 20 1634 | 3120 | 667
—————————————— Rt e i e e e R e B
20 | 576 300 | 640 3600 | 6.69
-------------- s e e
30 ! 585 480 | 6.47 4320 | 671

DATA SHEET TO ACCOMPANY TEST PUMP 3.




~1

'.'
o
i
1
N E
L 1 £ e A vl - e ——
L. SR R L
A i BT T
e . i!o(lvi- ._.{.j‘
OTRAYT L ey e - .
AR NPT FE Lo

Test Pump 4. Test pump of WW 31491, as recorded in observation borehole WW 30901,
situated 21 m away. Pumping rate 6.25 I/s. Test duration 72 hours.



TEST PUMP OF WW 31491 AS RECORDED IN OBSERVATION BOREHOLE
WW 30901, 21 m AWAY. PUMPING RATE 6.25 I/s.
TIME DRAW TIME DRAW TIME DRAW
( Mins ) DOWN ( Mins) DOWN ( Mins ) DOWN
(m) (m) {(m)

11 | 0.67 91 : 1.83 1441 : 3.94
—————————————— s S I e e L
16 : 0.80 106 : 1.97 1921 : 3.97
—————————————— o e e e e e e e e e e e ]
21 I 0.90 121 : 2.14 2641 i 3.98
-------------- RS WUy U0y P
26 : 0.99 i51 | 2.50 3121 : 3.98
—————————————— e At B

31 ; 1.07 211 : 2.87 :
-------------- o e e e e e e e e
36 | 117 301 ; 3.14 :
-------------- L e e R
41 ; 1.22 481 : 3.45 :
—————————————— i R i il Sb LS B D R RS
51 : 1.35 602 : 3.60 ;
—————————————— i e e T AT E LS
61 : 1.47 721 : 3.68 :
""""""""" S Skttt Sty it St
76 ! 1.65 961 : 3.82 !

DATA SHEET TG ACCOMPANY PUMP TEST 4.



APPENDIX 11.

Step Test results from the Kalahai aquifer.



s/()

1.0 4

0.9 1

0.8 -

0.7 -

0.6 1

0.5

0.4

0.3 -

0.2 1

0.1 -

prammey

1)

15 20 25 30

Q wé/hr

STEP TEST
W 16903

s/Q) apainst ()

Q0 Q
038 350
035 100
0.43 150
0.50 200
0.5t 250

$ 18 In metres
Q is in m¥hr

s = 0.34 Q + 0.0055 ()



s/

0.13
.12
0.1t

0.10

.09

0.08 1

0.07

(.46

.05

0.04

.03

3.02

0.0

0

0

19

20

30

Q w¥hr

40

50

6£)

70

STEP TEST

WIW 33718

s/ against ()

siQ - Q
0.108 13.1

0.102 24.0
0.169 38.3
0.121 48.6
G.125 590
0.126  68.0

S 18 I HICLIes

Q 15 m m¥hr

s = 0.091 Q + 0.0006 Q?
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