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WATER. 

Traverse the desert, and then ye can tel! 

What treasures exist in the cold deep well, 

Sink in despair on the red parch'd earth 

And then ye may reckon what water is worth. 

Miss ElizB Cook 
1818-1889 
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RESUME 

Groundwater is of the utmost importance to all spheres of 

development in Botswana, a country virtually devoid of perennial 

rivers, and reliable surface supplies. Therefore, the GSIO 

Evaluation of Underground Water Resources Project , was establi

shed in 1976, with broad instructions to evaluate as far as 

possible the nations groundwater resources, ~oncentrat ing on 

the more remote Kalahari Karoo regions, and areas of potential 

major demand within them . 

Studies have been undertaken in two main phases, in 

several individual areas, on the eastern and southern margins 

of the Central Karoo basin. The work has involved research into, 

and evaluation of, the hydrogeological nature of the Ka roo strata 

and factors affecting it, for example the rate of recharge of 

the' groundwater. Throughout these studies the Project has 

applied modern scientific techniques, including major field 

programmes utilizing extensive geophysical surveys, various methods 

of drilling, aquifer testing, and borehole logging, and has 

drawn upon specialist expertise from other organisations such as 

the Institute of Geological Sciences , london. An additional 

important feature of the Project ' s wo rk has been the in-service 

training of counterpart technical and professional staff. Also, 

the Project has, at various times, been involved in more urgent 

investigations related to the Gaborone/Lobatse water supply, and 

f10rupule Power Station (Lechana) studies . 

The results of all the Project's programmes have been 

published as soon as they became available as a series of 

thirty- three reports, techni cal notes, and records, in order to 

facilitate feedback for futu r e planning purposes. This final 

Report synthesises the data and results contained within t hese 

previous publications, and all hydrogeological information 

related to the Karoo, gathered during previous and current 

Governmental and private-sector groundwater studies. 
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The Project has reviewed the geology of the Karoo (Chapter 

2), assimilated the results of recent national geophysical surveys, 

and prepared a new map illustrating the distribution of the 

Karoo in Botswana (Enclosure ). The hydrogeology of the Karoo is 

discussed (Chapter 3) in relation to each stratigraphic unit, 

with the main emphasis on the distribution of the three aquifers 

(the Ecca, Cave Sandstone and Stormberg Laves) and their 

principal characteristics, including produc~ivity, current state 

of development, potential recharge/discharge control, and 

hydrochemical nature. The report presents in some detail an 

assessment of the usefulness of different hydrogeophysical 

techniques in Karoo regions, and to specific hydrogeological 

problems (Chapter 4); revie~s previous and present groundwater 

recharge studies, and presents a tentative historical recharge 

model for the Centr.Bl Karoo basin (Chapter 5). Important points 

relating to both extrapolation of existing knowledge, and 

primary groundwater exploration within the Karoo, together ~ith 

an appraisal of the potential and applicability of various 

techniques to these ends, are also discussed (Chapter 6). 

The final chapter of this report contains a summary of the 

Project's principal hydrogeological conclusions in relation to 

the Karoo. Of the three main aquifer units examined, the Ecca 

and the Cave Sandstone are recognised as the two most important. 

Although hydrogeological knowledge is largely restricted to the 

Kalahari margins, it has been established that the Ecca aquifers 

are di fficult to locate, extremely variable in all respects, 

and do not lend themselves readily to extrapolation, systematic 

exploration, or quantification. The Cave Sandstone, on the 

other hand, is relatively homogeneous and much more consistent 

in its character and, although displaying lower productivity 

at individual sites, appears to be considerably more conducive 

to exploration, extrapolation, and evaluation. The Cave Sand

stone aquifer also possesses a greater potential for current 

recharge, and in many regions its contained groundwater may be 

a renewable resource. Abstraction from the Ecca should however 

probably be regarded as the mining of an essentially fossil 

groundwater body. 
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In relation to these findings, their more important 

implications for planning are also considered, and a future 

research strategy and specific research objectives are proposed 

for Kalahari Karoo regions, where further hydrogeological 

knowledge is desirable . 
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CHAPTER 1 

INTRODUCTION AND BACKGROUND 

1.1 CONCEPTION AND PRE-IMPLEMENTATION DEVELOPMENT 

OF THE PROJECT 

Since its foundation in 1948 the ~eologic81 Survey 

of Botswana has been the sole Government agency responsi

ble for the ' research into and (u ntil 1977) development 

of the nations groundwater resources, with the result 

that during the first two decades of its existence 

considerable quantities of geological and hydrogeological 

information accrued. Thr oughout this period the approach 

to development was purely empirical and was aimed at 

providing water supplies where and when required, but 

at tHe same time incidentally identifying favourable areas 

of groundwater occurance. This approach culminated in 

the early 1970's with a review of the nations' water 

resources and a UN report ~hich recommended that a full 

evaluation of Bot~wana's groundwater resources should 

be undertaken using modern scientific techniques. Acting 

on these recommendations the Geological Survey Department 

proposed the present project in late 1973 and this was , 
accepted by the Governmen t of Botswana and incorporated 

into its 5 year Development Plan 1973/78, with a thumbnail 

sketch and projected costs being published in the National 

Development Fund Estimates 1974-75. Donor agencies 

potentially interested in undertaking this project were 

then approached and the propo sals put forward by the 

United Kingdom Institute of Geological Sciences were 

formally accepted in February, 1975, with the Project 

Memorandum and donor finance being finalised in June, 

1975. 

The Project Memor andum (M inistr y of Overseas 

Development. 1975) laid the foundation for a systematic 

and scientifically based regional analysis of groundwater 
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resources, which was to be initiated in a broad and 

fl exible manne r wi th due regard to Governmental 

pr io ri t i es and incorporat in g more particular special 

studies as soon as possible wi th in i ts progra mm e. The 

project was to be a mult i phased operation with a total 

duration o f between 4 and 5 yea rs, with a staff of 

four hydrogeologist/geol ogists provided by the donor 

agency a nd was to have significant co unterpart input 

from the Geologica l Survey Department of the Government 

of Botswana . An additional i mport ant feature of the 

Project st r uctu re was that it was to be equipped to 

un dertake quanti tative as well as purely qualitative 

groundwater investigations. 

1.2 PRE - PROJECT PH AS E 

The pre - Project phase, begun by Geo logical Survey 

counterpart staff i mm ediatel y on acceptance of the 

Project Memorandum in June, 1975 and - terminating with the 

arrival of the first member of the project team in 

May , 1976, was designed to collate a nd plot the vast . 
amount of hydrogeolog i cal , g eo physi cal and h ydrochemical 

information al r eady in existence in the Geological Sur vey 

ar chi ves and to estab li sh a mechan ism by wh ich additional 

fundamental data of this type could be co llected on a 
• 

co unt r y - wide basis. During this highly successful pre-

Projec t phas e thousands of borehole records and items of 

geophysical and hyd r och emical data were ca talogued and 

in dexed on a degree squa re basis and a series of water 

bore hole loc at i on maps on a scale of 1:125 000 compiled. 

In addition, the data collection e xercise organised 

b y counterp~rt staff th r ough other departm e nts of the 

Bots wana Gov ern me nt p ro vided a large volume of pre viously 

unrec or d~d in fo r mat i on on th e location, ownership, 

yield and usage of water bor e ho les throughout the country 

togethe r with similar qua nt ities of hydrochemical data 

2 
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from ~ater samples collected during the operation. 

The Geological Survey Department's own hydrogeologica l 

reconnaissan ce mapping programme, begun in early 1977 

and aimed at provid ing in map form an evaluation of 

primarily archive data particularly "related to ground 

water yields and quality, also both drew upon and added 

to this vast amount of information. 

1.3 REFINEMENT OF OBJECTIVES AND STRATEGY OF OPERATION 

During the earliest stages of Phase One and following 

a general evaluation of available data and detailed 

discussions with the Government of Botswana relating to 

the prevailing status of and their priorities for 

groundwater research, the project programme and overall 

obje.ctives were further refined (Re pt GSIO/l, 1976) . 

This r esulted in B change in emphasis from a broad 

resources inventory study with later development of 

locali sed i nvestigat ions to a programme in which 

specific studies, chosen with due regard to Government 

priorities, were to be initiated immediately with the 

broader resources picture to emerge at a later stage 

by extrapolation of knowledge gained from these studies. 

With this latter po int in mind such an operational 

strategy was clearly best suited to permeable st r at i form 

geological formatio ns, which are also the ones most 

likely to possess significant groundwater resources. 

Attention was thus focussed on the Karoo, which 

co mp rises a series of relatively uniform sedimentary and 

vo lcanic strata with the largest areal extent 

of any consolidated geological unit in Botswana and 

which according to the prevailng knowledge, appeared to 

offer the greatest potential for the existence of 

significant groundwater resources. At that time the 

Karoo also represented the geological unit most likely 

to be subjected to considerable development pressures 
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as a result o f rising industrial and agr i c ultural 

de mand s, a sup pos ition which during th e course of the 

Pro ject has proved sUbstantiall y correct . 

As a result of these ear l y Phase On e deliberations 

it ~as established that the main aim of the Project , was 

to provide to the Bots~ana Government a balanced appraisal 

of the overall g round water potentia l ~f the Ka ro o 

sequence in Botswana by means of a cri ti cal evaluation 

of its own detailed investigations and those cond ucted 

by other organisat i ons both b e fore and during it s 

lifeti me. Secondary to this aim was a req uest b y 

Governmen t that the Project attempt an assesme nt of the 

ground~ater potent i al of the Transvaal Formations in the 

southeas t of the country and undertake s elected ground 

wat&r research for the needs of the livestock industry. 

1.4 PROGRAMME PHASING 

As a result of the refinement and redefinition of 

objecti ves the emphasis of the p r og r amme within the . 
two main phases of the Project was somewhat different 

to that envisaged i n th e original Project Memorandum. 

Phase One i nvolved the detail e d study of several 

car efu ll y selected area s of Ka r oo Basin together with 

a groundwater inventory compilation for these and 

adjacent are as. Within this pe ri od vario u s techniques 

of groundwater invest igation and extrapolation of 

h ydrogeo~ogical knowledge became manifes t a n d Phase Two 

of the Project was designed to test and evaluate these 

techniques. As an integral part of both phases a number 

of more specialized studies ( recharge, groundwater 

h ydrochemistry, occurance of groundwate r in basalts) 

wer e also undertaken as well as studies pertaining to 

so me of the seconda r y objecti ves of the Project and 

certain additiona l specific requests from the Botswana 

Gov ernm e nt . 
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1.5 REPORT STRUCTU RE 

A chronolog y and financial analysis of the GS!O 

Project pro gra mm e ( 1976 - 1981 ) and detailed summaries 

of the Projects secondary objectives and minor studies 

are presented in Appendices A and C. 

The remainder of the present report wi ll therefore 

be concerned with the GSIO Projects main area of study, 

namely the hydrogeological nature and groundwater 

potential of Karoo strata in Botswana. 
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CHAPTER 2 

A REVIEW OF THE GEOLOGY OF THE KAROO IN BO TSWANA 

2.1 REGIONAL OCCURANCE 

Rocks of Karoa affinity are extremely extensive 

in th e southern Af rica sub - continent,.occupying about 

half the area of the Republic of South Africa, the ~hole 

of Lesotho, much of S~aziland, Mozambique, western 

Zi mbabwe, Namibia and large areas of Botswana. A brief 

examination of the accompanying map will reveal the 

considerable extent of the Karoo formations in Botswana 

and that their desposition is restricted to thr~e major 

and s e veral minor basins. All these basins, with the 

exception of the central basin, are contiguous with 

corresponding features in neighbouring countries but 

it is this latter area of Karoa strata underl yi ng the 

vast Kalahari hinterland, with whic~ this report is 

primarily concerned . 

The Karoo of Botswana consists of a sequence of 

strati form consolidated sedimentary rocks, predominantly 

arenaceous in nature and partially capped by basaltic 

lavas, which were laid down on the supercontinent of 

Gondwanaland in a largely terrestrial environment during 

the Upper Carboniferous to lower Jurassic period 

(Fig. 2.1). Regionally, Karoo deposition in the Central 

basin was controlled by the major Ka lahari downwarp, 

trending southwest northeast plunging to the Bouth west 

and in the Northeast basin by the Gwai down warp trending 

southeast northwest and plunging to the northwest. 

Karoo strata appear to be absent or poorly developed over 

the Plumtree regional upwarp (Fig . 2.2). Superimposed 

on this regional picture are a series of concentric 

downwarps concave towards the no rtheast which appear 

to have created separate sedimentary sub-basins during 

7 
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Generalised distribution of the Karoo in Botswana, showing location of major basins 
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the period of Karoo deposition with conseq u en t var i a t ions 

in the nature and composition of the resu l ti ng s tr a ta 

(Pretorius in Reeves 1978 ) Also, f r om a ll ava il a bl e 

evidence the present extent and d i sposit ion of Karoo 

formations is thought to be app r ox i ma tel y c oincident 

with the original limits of deposi t ion. Surfac e ou t crop 

of Karoo strata, particularly earlier units , i s infrequent 

and almost invariably restricted to limit ed ar e as o n 

the the extreme basin margins in the ea s t a n d northea s t. 

Where exposed, the strata appear large l y te ctonicall y 

undisturbed and dip gently (usual l y at 1 0 0 or les s) 

to~ards the axial zones of the app r opr i at e s ub-basins 

whi ch in turn plunge at low angles i n t o th e mai n b a sin 

p roper . Throughout the Karoo period the re a p pe ar s to 

be a general over step of progress i ve l y you nge r for mations 

until the ad ve nt of the basaltic l ava s ta g e . Th e 

maximum thickness of Karoo rocks in Bo t sw ana i s unknown 

but is thought to be of the orde r o f 1 000 - 1 200 metres 

in the axial regions of the Central ' basin a n d in p a rts 

of the Southwest basin. The gene ral ra n ge of t hickness 

of individual units as dete r mined from borehole 

evidence is indicated on Enclosu r e 1. Ov er mo s t of t h e 

area of Botswana, wi th the ex c eption o f a narrow 

e astern zone, all bed r oc k fo r matio n , in cluding the 

Karoo, are obscured by a cove r of Kala hari depo s i t s. 

These predominantly te r ~ e str i a l d epos it s c ompri s e a 

sequence of aeolian sands calcr e t i sed sands, c a lcretes, 

s ilc r etes and marls possessing marked l a ter a l a nd 

vertical variation and of highly var i ab l e o ve rall 

thickness (10 - 150 metr e s). The ir in fluence o n a ll 

a spects of delineation o f the Kar oo b o th geolog i cally 

and h yd r ogeologically, is considerabl e a nd as s uch a 

more detai l ed discussion of their natu r e a nd d e position ~s 

considered warranted and is pres e nt ed a t the end of 

th i s chapter . 
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F;g . 2.2 Principal structural features of the pre -Karoo Basement in Botswana 
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2.2 SOURCES OF INFORMATIO N 

The earliest geological investigations of the 

Karoo of Bots~ana were those of Passarge (1904), with ~ 

additional early works by Mo lyneux ' (1903) , (1907) 

Rogers ( 1907, 1935 ) , du Toit (1916) MBufe ( 1922 ) and 

Macgregor ( 1930 ) . Follo~ing the establishment of 

the Botswana ( then Bechuanaland) Geoiogical Survey in 

the late 1940 ' s other more detailed Geological Survey 

studies include those of Poldervaart ( 1950), Green 

and Poldervaart (1952), Wright ( 1958 ), van Straten 

( 1959 ), Green (1957, 1958, 1961, 1963 (a) , 1965 (a) , 

1969 ) , BOQcock and van Straten (1962), Gerrard ( 1963 ) , 

Jennings (1963, 1965 ) , Crockett ( 1965 ) , Mason ( 1967 ) , 

Jones (1968), Thomas (1969), Bennett ( 19 70) , Stansfield 

( 1~70, 1973), Ermanovic5 ( 1 978), Skinner ( 19 78) , 

Sekwale ( 19 78) , Ermanovics and Skinner ( 1979), 

Ermano vi c s ( 1980 ) and Machacha ( in press). 

In addition to this volume of literature are 

numerous unpublished reports of the Geological Survey 

Department wh ich deal with various geological, geophysial 

econo mic a nd hydrog eological aspects of the Karoo, 

together with a lar~e number of reports (principally by 

Shell Coal (Bots wana) Pty Ltd) produced by mineral 

exploration companies during the course of their 

economic e va luation of these strata . 

However, the most comprehensive geological accounts 

of the Karoo are those of Gree n ( 1966), and Coates 

(in press), both of which may be regarded as the 

standard texts in the study and description of this 

s equence in Botswana. Green ( 1966) discussed the 

regio nal stratigraphy of the Karoo in terms of the 

standard lithostratigraphic terminology then developed 

in the Republic of South Afr ica and describes each 

stratigraphic subdi vision in terms of its accurence and 
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appearance in a number of individual are as and blocks 

in each of the Karoo basins. He does, howe ve r, 

acknowledge that the manner of s ub-di vision o f the 

succession and the correlation s made betw een dif fe rent 

a r eas are solely lithostratigraphic a nd that because 

of the paucity of exposures and the partly - consequent 

dearth of palaeontological evidence many of the 

conclusions reached are only tentative. 

In the more recent work on the Ka roo, Coates 

( in press ) has used the vast volume of information 

generated during the last 10 ye ar s a s a result of 

mineral exploration activities (particularly cos"l 

investigation) and the considerably accelerated water 

borehole drilling programmes to for mal i z e the Karoo 

of ·Botsl!lana. In his introduction Ca ates speci fically 

abandons the stratigraphic term 'S ystem ', previous l y 

applied to the Karoo by Green and others, as having 

definite chronostratig raphi c impori and adopts the 

term ' Sequence' to desc rib e the Karoo succession. He 

states that the objective of forma li sation is not 

simply to apply Formational names but to p ro duce a 

'mental picture of the lithology def ining the Formation' 

and, since the appr~ach is purely lithostratigraphic, 

both intra and interbas i nal correlations are made 

betl!leen lithologically comparable Form a t ions without 

any chronostratigraphic connotation. Co a tes' 

approach i s , hOl!l e ver, basically s i milar t o that of 

Green in that Karoo strata from geographically separate 

areas, possibly related to s e pa r ate basin s of deposition, 

are described, and formal type se cti ons for each formation 

wi thin that area established. An overall correlation 

of the formalized lithostratigraphy o f each area is 

t hen attempted ( Enclosure 1) but unfortunately there 

is p r e s en t ed no general discussion of such a correlation 

o r of i ts significance in a depositional palaeo - en viron

menta l sense. 
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Hav i ng now b r iefly s ummarized th e princi pal 

works on the Karoo attributable to Gre en ( 1966 ) and 

Coates ( in press ) and touch e d on the p roblems and 

necessi ty 0 f li tho - as oppo s ed to chronost ratigraphy 

due to the lack of palaeonto l og i ca l e vi dence, s ome 

comment must be made on the st r ati gr aphic nome nclature 

adopted in the present report. Si nce one o f the 

principal objectives of thi s re port is a hydrogeological 

a nd not a purely geological examina t i on of th e Karoo 

of Botswana it has been dec i ded tha t an ad ap tio n of the 

more general terminology used by Gr ee n, although no 

l onger maintained by Coates, wo ul d be more appropriate 

and have more widespread acceptance t han th e mo re 

r ecently formalized st r at i g r aphy . 

The term 'Sequence' proposed by Coat e s is reta i ned, 

but no strict terminology is app l ied to maj or s ub 

di visions within this 'Sequence ' - by a da ption the y will 

s i mply be referred to as th e Dwyka , Ecca, Ca ve Sandstone 

a nd Stormberg Basalt un i ts o f th e Ka r oo , wi t h t he Ec ca 

being di vided wherever necessa r y i nto an Upper , Middle 

and Lower portion. This gene r a l t e rm i no log y has 

nevertheless been tentat i vel y r el a t e d to the formalized 

s tratigraphy of Coates (Enc l osu r e 1 ) and whe r e it is 

necessary for purposes of detai l ed a re a l de s cription to 

i nclude local formations l name s , parti c ularly in 

r ef er ence to individual con s ult an ts r ep orts, t hese are 

c or r elated in the text with e i the r th e f or ma li z ed 

stratigraphy of the part icu l ar a r e a o r the genera l 

s tratigraphy adopted throug hout. 

2 . 3 KAROO STRATIGRAPHY 

Th e re follo~s a br i ef descr i ption of t he litho -

s tratigraphy of the Karoo in Bo t swana . Suc h 

re f e rs primarily to the margina l de po si t s of 
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Central basi but the general comments on paleo 

environmental conditions can probably be applied to 

all of the three major basins. Emphasis is placed 

on the discussion of conditions and mod e of deposition 

palaeoclimatic factors and the possible nature of source 

materials rather than a deta iled description of 

individual lithologies, in an attempt to present a 

logical and sequential developmental history of the 

Karoo and an appreciation of the character of the 

deposits which form this seque n ce. Finally, it must 

be stressed that virtually al l geological knowledge 

of the Karoo in Botswana is confined to the margins of 

the major basins vit h little or no ev idence as to the 

depositional processes or lithologies of their 

interiors. 

2.3.1 Dwyka 

The lower most Karoo unit recognised in Botswana 

and else whe re in Southern Africa is the Dwyka. This 

unit is a product of the Permo-Carboniferous Gondwana 

glaciation and consists in Botswana of a series of 

glacLal and fluvioglacial deposits laid down by ice 

sheets moving most probably from the west or north-

west across pre - Karoo formations. The basal deposit 

appears everywh ere to be a tillite, although Coates 

(in press) does more correctly refer to it in certain 

of his formalisation areas as a diamictite, since in 

some localities no truly glacial structural features 

can be observed and the deposit consists solely of a 

poorly sorted boulder conglomerate with a gritty 

matrix and angular pebble le nses. The whole unit is 

generally grey green in colour, well cemented and 

contains· frequent sinuous lenses of fine green silt. 

Following the tillite unit there was laid down a 

sequence of darker grey or black shales and siltstone, 

often associated with coarse glacial outwash deposits, 
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which in many localities exhibit clear varved features. 

Local penecontemporaneous movements of the unconsolida

ted sediments are indicated by slump structures and 

the occasional steep dip of the varved units, and 'drop 

pebbles' are not uncommon. This upper siltstone/ 

shale unit indicates the waning of glacial activity 

with initial aerobic deposition in pro-glacial lakes 

giving way to anaerobic lacustrine deposits, in part 

associated with and heralding the onset of t~e 

lacustrine/deltaic coal swamp deposition of the Ecca. 

In some areas, notably east of the Makgadikgadi pans, 

Dwyka rocks have apparently been preserved in hollows 

in the pre-Karoo landsurface (Green 1966), which may 

be a primary depositional feature or which may imply 

a period of post-Dwyka erosion and unconformity with 

the overlying Ecca. This possible unconformity is 

not however recognised in other areas and with changing 

environment Dwyka sedimentation continued unbroken 

into the Ecca. 

2.3.2 Ecca 

With the waning of glaciation and the amelioration 

of climate a number of major depositional basins 

continued to develop in the areas of present day southern 

Africa. The Ecca of Botswana appears to have been 

deposited in three such possibly discrete basins with 

probable continuity between the Central and South 

Western basin and further westwards into Namibia. It 

has also been suggested that an eastward embayment of 

the Central basin provided continuity with the 

Waterberg Coalfield area of South Africa but that the 

Botswana depositional basins as a whole we~e completely 

separate from the Great Karoo basin of central South 

Africa. (Haughton 1969). The margins of these Botswana 

basins, although disturbed by later tectonics, appear 

in general not to be fault controlled except possibly 

along the line of the major Zoetfontein Fault on the 
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s outhea st edge of the Cen t ral basin. As s uch deposi 

tiona l limits during the Ka ro o period were probably 

contiguous ~ i th the present geolog i cal limits of the 

forma t ions, particularly on the eastern margins of the 

Central basin, this i n turn implies that much of the 

Basement Complex and the pre - Ka roo Tr ansvaa l and 

Wa terberg fo r mations of eatern Bots~ana existed as high 

land during Ecca times and provided the so ur ce 

material for the Ecc a deposits. 

The lower units of the Ecca are a continuation 

of the late Dwyka depos i t i on, with little eviden ce 

(except to the east of the Makgadikgadi Pans) of a 

break in sed i mentation. They cons ist of a series of 

s il tstones displaying fine bedding and r ythm i c b anding, 

deposited in what were previously Dwyka glacial lakes 

or basins but wh ich, with the me lting of th e ice sheets, 
• no~ broad e ned, l ar ge ly in filled an,d coa¥ced to form 

a single (Centra l) basin . As a r esult lo~er Ecca units 

are highly variable in thickness and di stribution, in 

some areas following co nfor mab ly th e s edi ments of the 

Dwyka, and others lying direct l y on pre - Karoo s tr a ta. 

Lo~er Ecca sediments a re also generally more arenaceous 

and less argillace~us than the underlying Dwyka shales 

and were probably deposited i n ~hat can be regard e d as 

a proximal lacustrine environment ( Coates, in press). 

Such lower Ecca strata are extensively devel oped 

in the Palapye/Dibete area and are re cognised and 

correlated by Coates in al l his formalisation areas 

around the eastern margin of the Central basin. 

Their existence a way from the basin ma rgin ha s also 

been su gg es ted (Green, 1966 ) fr om s cattered borehole 

e vidence but recognition of equ i va len t strata will 

al most ce rtainly be complicated by facies changes i n 

~hat wa s pr obably a deeper wate r, mo re rapidly 

s u bsiding, env iron me n t. 
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Slo~ bas ina l downwarping together with a gradual 

warming of the climate caused a retreat of the Karo o 

shoreline away from the basin margins and saw the 

development of the fluvio-deltaic sedimentation 

typical of the middle units of the Ecca. This relative 

uplift of pre - Karoo formations around the basin margins 

created a higher energy environment with the 

consequent deposition of much more ~renaceous strata, 

variable in its thickness, continuity and disposition. 

In this somewhat warmer climate, plant life flourished, 

particularly the Glossopteris flora, and extensive 

swamps and 1agoona1 marshes in which coals were formed 

existed in a number of interconnected sub - basins 

around the Central basin margin. Throughout this 

period the overall tectonic setting appears to have 

been one of a slol!lly subsiding semi-stable platform 

ar ea upon \!Ihich the deposition of an alternation of 

coals and detrital materials \!I as controlled by 

fluctuations in the del icate balance between the rate 

of sedimentation and the rate of subsidence. 

The Middle units of the Ecca are acknowledged to 

be the most persistent subdivision of the Karoo in 

Botsl!lana, being recognised virtually everywhere in 

the Central and So~th Western basins. In general the 

strata consist in their lower portion of arkosic sand

stone, passing upwards into units of predominantly finer 

grained ro cks and coals and finally mudstones. The 

lower sandstones are usually fairly coarse - grained 

and angular and may become gritty or pebbly and 

frequentl y contain a lar ge proportion of feldspar. 

This latter is often decayed to a clayey matrix, 

and gi ve s the sandstones their characteristic white, 

cream, or at near surface, yellow colouration. Graded 

and cross - bedding is common, which, together with 

the angularity of the material, suggests rapid transport 

and deposition under torrential conditions (Gre e n, 1966). 
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Basal co n g lomerate units a l so fr e q ue ntl y occur where 

Mi ddle Ecca stra ta overstep lower formations to rest 

d ir ect l y on pre - Karoo rocks. Finer grained sa ndstones 

passing into shaley sands tones and sandy shales and 

silts tones a re oft en interbedded with the coarse r units, 

and the re is e v idence of penecontemporaneous erosion of 

s o me units by the i nclus ion of shale fragments within 

them. 

Immediately below the coal seams st rata become 

f in e g rai ned with darker silts o r shales, often micaceous, 

passing abruptly into th e over l ying coals. Impure 

limestones have also been reco r ded from certain 

localities but these are rare and not typical of the 

bulk of the succession . Within the coal bearing 

s~rata of the medial Middle Ecca the presence of 

up ward and downward fining cycles, the s harp boundaries 

bet ween beds and the dev el opment of pebbly conglomerate 

bands is considered indicative of ' a deltaic depositional 

environment ( Coates, in press). 

Above the main coal units the upper par t of the 

Middle Ec ca consists predom i nantly of arg illaceous 

strata, with every.gradation f r om grey non-carbonaceous 

mudstone to black coaly mudsto ne and inferior coal. 

The mudstones are usually mass i ve 

fracture and rarely disp la y sh al y 

rocks with conchoidal 

fissility. Thin 

horizons of feldspathic sandstones may be intercalated 

wit h these argillites but the proportion of arenaceous 

mat er ial i s much less than in the lower parts of the 

Mi dd le Ecca. Lithology tends to i nd icat e a generally 

lower energy depositi onsl environment of a fluvio 

lacu st rio e nature, developing from the deltaic / lagoonal 

phas e of the lower and medial Middle Eeea. 

The Up p er strata of the Ecca in Botswana are almost 

invariably a rgillaceou s, co n si sting of siltstones 
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and mudstones following conformably on the generally 

argillaceous units of the upper parts o f the Mid dle 

Ecca. The carbonaceous content of these beds is 

variable but overall characteristics are general l y 

uniform, the units being pale grey to white as a result 

of deep weathering and bleaching. Mino r fine to 

medium grained calcareous beds may also occur within 

the succession. Deposit i onsl conditions were probably 

low energy with minor margina l uplift, lacustrine beds 

marking the final inundation of the co al-forming deltas 

and lagoons and a progression into the relatively 

deeper water environment of the Beaufo rt. 

2.3.3 Beaufort 

The Beaufort division of the Ka r oo is th e only 

pal aeon to logically as opposed to litho l og icall y, 

defined unit within the Karoo sequence. In it s type 

area in South Afric a , it is divided into six 

biostratigraphic zones on the basis of abundant 

reptilian and amphibian remains and is assumed to 

represe nt a cool tempera tur e pal aea- environment of 

marshes and intermittent streams ( Truswell, 1970). 

In the Central Karoo Bas in of Botswana, how e ver, 

lacustri ne conditions persisted and, s ince no final 

remain s have been discovered , correpond ing iso ch ronous 

boundaries cannot be established. The Central Bas i n 

lIIas also slowly subsiding, with the resultant 

information of relatively deeper water l akes and the 

deposition of the predom inantly c la yey muds tone s and 

shales of the Beaufort. That the palaeo - c li mate was 

also progressively changing to become more arid is 

inferred from the lack of coal formation and the periodic 

dessication of the lakes, this latter indicated by the occurance 

of intra-formational unconformities marked by clay or limestone 

pellet conglomerates and calcareous concretions . The general 

lack of arenaceous material also indiates the continuing stability 

of the basin margins and the ve r y low energy of the depositional 
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environment. 

Considerable thicknesses of strata assigned to the 

Beaufort occur in the Kweneng area and, according to Green (1966), 

in the central Kalahari region. Characteristics of these mud

stone and siltstane units are their grey or greenish-blue calou

rat ion, their lack of carbonaceous matter and a calcareous cement. 

Bioturbation and fine cross bedding is not'uncommon and 

occasional intercalations of fine sandstone are found. Sedime

ntation throughout the region appear s to have been gradational 

and continuous from the Upper Ecca into the Beaufort with 

no significant lower unconformi ty having been recognised. 

2.3.4 Red Beds 

Rocks of this unit represent a dis tinct change in palaeo

environment from that of the Ecca and Beaufort strata beneath. 

They appear to have been deposited during an increasingly 

hot and arid continental cl imatic phase ~n shallow water lakes 

under fluctuating redox conditi ons. They consist of a sequence 

of maroon and green mottled mudstones and siltstones, red. shales, 

mottled marls and subordinate fine calcareous sandstones. 

Green reduction spots are characteristic and dessication 

features and calcareous concretions ar e not infrequent. The 

contact with the underlying Beaufort is frequently unconformable 

and in some areas, particularly west of Serowe it is marked by a 

t hin conglomeratic hori zon. 

The thickness of the Red Beds sequence is highly variable 

and indicates infi11in9 of shallow lakes in this unevenl y erod~d 

Beaufort surface. With the deposi t ion of f ine grained sandstones 

and siltstones the upper parts of the Red Beds unit in general 

show a gradual transit i on into the overlying Cave Sandstone. 

However, in some l ocali ties a thin clay pellet conglomerate 

indicating a degree of unconformity does occur between the two 

units. Where the boundaFY between the Red beds and t he Cave 

Sandstone is transitional Coates ( in press) proposes that the top 
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of the Red Beds should be taken as the horizon at which all 

fluviatile / lacustrine deposition ceases and gives way to that 

of an aeolian regime. In practice this may be difficult to 

establish although the presence of significant mica corltent 

which is noticably absent in the aeolian Cave Sandstone, may be 

of assistance. 

2.3.5 Cave Sandstone 

~Jith increasing aridity and extensive desertification the 

area of the Central Karoo basin, and indeed much of southern 

Africa, was subject to predominantly aeolian processes during 

the period of Cave Sandstone deposition. Such processes laid down 

fine ~indblovn sandstones which transgressed many of the 

former basinal margins to rest directly on pre-Karoo strata 

to form the most widespread unit of the Karoo in Botswana. 

Lithologically, the Cave Sandstone is a reddish, cream or 

white, moderately feldspathic but non-micaceous aeolian sand

stone, often friable and loosely cemented and frequently of 

almost siltstone grade. Extensive coarse horizons are 

unusual but uell rounded, frosted 'millet seed' grains set in 

a fine angular matrix and closely bedded alternations of 

coarse and fine sand layers are conspicuous. The sands tones 

are usually massive, although bedded units do occur and large 

scale cross-bedding, indicative of palaeo-dune features, is 

frequently developed near the top of the succession. 

The Cave Sandstone sequence is not however, entirely 

aeolian, since red silty laminae, calcareous concretions 

and thin i mpersistent limestones and chert nodular horizons 

bear evidence to non-aeolian processes. Clearly, the presence 

of such deposits indicates the intermittent and restricted 

development of playa lakes and'sabhkas'with the overall 

aeolian environment. 

A significant featUre of the Cave Sandstone unit is 

its areal consistency but highly variable thickness. This 

latter is partly due to the uneven, eroded surface on which 
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it, and the closely associated Red Beds, were deposited and 

probably mainly results from the aeolian nature of its 

deposition, with the formation of extensive dune fields typical 

of a desert environment. A second noteworthy feature is the 

contact of the Cave Sandstone and the overl ying Stormberg 

Basalts. Infrequently, this contact may be gradational, 

wi th intercalations of Cave Sandstone ~ithin the lowermost 

basalt or it may be abrupt and vary in disposition from a 

locally slIIooth pl"me to one uhich is both locally and 

regionally highly undulating. 

\."Jhatever its nature the true thermal metamorhic contact 

zone bet~een the basalt and the Cave Sandstone is invariably 

thin, rarely more than a few centimetres, and is underlain 

by a calcreously indurated zones, consisting of several metres 

of hard red/ brown or maroon sandstone which grades downwards 

into the more normal sandstones beneath. The widespread 

occurance of this metamorphic and frequently fractured zone, 

despite its limited thickness, 1S nevertheless of considerable 

hydrogeological significance. 

2.3 .6 Stormberg Basalts 

The youngest unit of the Karoo in Botswana consists of 

the volcanic rocks of the Stormberg Basalts. Much of the 

earlier Karoo is obscured by this vast accumulation of relatively 

flat lying plateau basalts, probably erupted from fissures onto 

a Cave Sandstone surface of moderate relief. Similar basalts 

are recorded in India, Australia and South America, as well as 

elsewhere in Southern Africa, and all probably resulted from 

the major crus tal tensions created by the breaking up of the 

Gondwana supercontinent. 

The "basalts are typically finely crystalline dark grey, 

black, brown or purple amygdaloidal or massive rocks of tholeitic 

affinites and display subophitic, porphyritic or poikilitic textures. 

Individual flows vary in thickness from less than one metre to 

several tens of metres and, although abrupt chill zones are 
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genera lly not observed, flow boundaries may be recognised by 

a fining of the basalt towards the top and bottom of individual 

flows and a more amygdalo i dal zone, often with a colour change 

from purple/red ( top ) to grey/ green (base), adjacent to the 

junction. On and adjacent to such j unctions , fractures 

frequently occur. Intra- formational tuffs are not common 

and whe r e present appear to be impersistent , although such 

horizons , together with minor i ntercalations of Cave Sandstone, 

do occur mo re frequently near the base of the succession in 

some areas . tHnor intraformational sandstone siltstone marls 

and / or palaeosoils have also been observed at certain 

localities, although evidence suggests that the flows were 

extruded in rapid succession with little time for weathering or 

inter-flow deposition. Amygadales, up to 15 centimetres in 

diameter, are common and may be infilled with quartz, 

ch,alcedony, agate, chlo rites, serpentine, calcite or zeolite. 

In i ts ~eathered state immediately below the Kalahari cover the 

basalt is brown, friable and f requently indistinguishable from 

the basal Kalahar i units. 

The exact disposition and extent of the Stormberg Basalts 

i s difficult to determine as a result of the extensive mantle 

of Kalahari beds but recent geophysical evidence (Reeves, 1978) 

has been invaluable in this respect. From evidence provided by 

this work it would appear that both the Central and Northeast 

basi ns ~ere subject to basaltic outpourings while in the South 

Western basin doleritic intrusions predominantly in the form 

of sills may have been taking place. Tha t the latter were 

contemporaneous with the Stormberg lava extension is still in 

doubt, since they may equall y well have been emplaced during 

the post- Ka roo intrusive phase which produced the main Central 

basin dyke swam (see 2.4). The Nat ional Aeromagnetic Survey 

(Reeves , 1~78 ) indicates that whil e the lava cover is not quite 

as extensive over the Central basin as envisaged by previous 

workers, that consi derable areas of earlier Karoo formations 

may be present at sub crop beneath the Kalahari beds . The 

thickness of basalt i s highly vari able, partly as a result of 
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the uneven surface on which it was extruded and partly as a 

resul t of post- Ka roo faulting. In this connection extremely 

thick sequence, in excess of 400 metres , are recorded in the 

Pandamatenga area, of the No rtheast basin and in the southeast 

of t he Central basin around Lephephe the extent of the basalts '" 

related to the Northeast basin may be considerably greater than 

formerly believed. Detailed examination of the aeromagnetic 

information also indicates the presence of ·limited lava free 

'windous ' (p robably fault controlled but in part depositional ) 

within the Central basin volcanic field where basalt is absent 

(or very thin ) and the underlying Cave sandstone occurs at 

subcrop. 

2.4 SYN-AND POST-KAROO TECTONICS AND INTRUSIVES 

Throughout the Karoo period tectonic activity in the 

Botswana region of the then Gondwana super-continent appears to 

have been predominantly epeirogenic with no significant intra

basinal faulting or folding, and with the main depositional 

basins, being areas of slow regional subsidence with sedimentation 

taking place both within them and on their semi- stable shelf margins. 

Hithin the Central basin much of the sub- Karoo floor is believed 

to be metamorphi c Archean basement rocks , with the supra- crustal 

Proterozoic Ventersdorp, Transvaal and Waterberg formations 

onl y occuring to the squth of a line demarked by the Zoetfontein 

Fault (Reeves, 1978) . This latter, together with the similar 

Kalahari line adjacent to the Southwest basin, is believed to 

be a pre-Karoo lineament of extreme age, which formed the hinge 

zone of the subsiding basin, and movement on which probably had 

considerable influence on the complete sequence of Karoo sedime

ntation in the southern portion of the Central basin. 

Subsi diary lineaments and faults adjacent and related to this 

major feature in particular appear to have exerted considerable 

control over sedi mentat i on on a local scale on the Central basin 

southern marginal shel f (Hell fi el d Consult ing Services (~JCS) , 

1978 ) . Intra and post Kar oo faulting is predominantly normal 

in character and of tensional origin (Green 1966) although some 

post-Karoo faults in the eastern margins of the Central basin 
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do sho~ dextral displacement. That this is attributable t o a 

later shear movement along principal faults has been inferred on 

the northern edge of the Central basin (Coates et. al. 1979 ) . 

Principal fault directions through the Central Basin fall 

into t~o groups, one group in the ~est south~est - east northeast 

to ~est-northeast to east south east quadran t and a second in the 

~est north~est east south eas t to north north~est south east 

quadrant, and there appears to be general anticlock~i se rotat i on 

of the fault pattern from south to north, (Green, 1961 ) . That 

these directions, and probably more particularly the former, may 

re flect resurgence of older pre-Karoo structural trends is suggested 

by Green (1966 ) and implied by the regional structural ana l ysis 

of ~Jellneld Consulting Services (WCS) (1978) ~ho determine a 

number of pre-Karoo basement highs on east/Illest axes paralleling 

the alignment of the Gaborone Granite intrusion along the southern 

margins of the Central basin. 

In the zone occupied by the main dyke slllarm on the northern 

margin of the Central Basin there occurs an axis of uplift. This 

axis appears have existed in pre- Karoo times (the Pl umt ree 

regional upvarp, see 2.1) and probably formed the northe r n limit 

of the main Central basin sedimentation, and over which Ka roo 

strata were thinly deve~oped or absent. Throughout the Karoo 

period uplift and erosion along this axis continued with the 

final phase of upwarping accompanied by the emplacement of the 

main dyke swarm. 

This closely spaced swarm strikes at approximately NI IOoE 

and broadens in width from 55 km to 110 km in a west to eest 

direction, with a number of equally extensive but more loosely 

associated dykes of similar but less closely defined strike 

occuring across the northern hal f of the Central Basin to a 

distance of approximately 150 km south of the main swarm. 

In numerous localities dykes are seen to transec t even the most 

recent Karoo strata (the Stormberg Lavas) which i ndicates a 

post- Karoo age, an observation supported by isotopic age dating 
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in the Serowe area (Coates et. al., 1979 ) , and as a consequence 

they cannot represent "feeder dykes" of the STormberg lavas 

subsequently removed by erosion as suggested by J ennings (1974 ) . 

All the dykes appear to be tentional featu res, dipping 

subvertically and are commonly less than 10 metres i n width. They are 

primarily doleritic in composition, although quartz-doleri tes and grano

phyres do exist (Green, 1966), and xenoliths of country rocks are not 

unusual. Shearing , silicifi cation and joi nting of the adjacent 

country rocks indicate their intrusion along pre-existing fault planes 

(Jennings, 1974 ) and variations in direction of magnetisation particu

larly amongst the dykes to the south of the main swarm, would indicate 

mo re than one period of injection, although possibly fairly closely rela

ted in t i me (Reeves, 1978) . Considerable force of inj ection 

o~socioted vith dyke empl acement is suggested by the frequent, locally 

steep dip of country rocks adjacent to the dyke (Coates et.al., 1979 ) 

wh ich ,in turn supports the suggestion by Reeves (1978 a ) that a 

min i mum of crustal dilation has occurred in t he dyke swarm lone . 

A second, loosely concent rated swarm of dykes occur in the 

western and SDuthuest part of Botswana, and ~aving a similar strike 

to that of the main northern swarm, is assumed to belong to that 

phase of injection. Also i n the Southwestern basin there exist 

extensive sheets of dolerite in the form of sills, where they 

apparently occur both within the Karoo sedimentary sequence and at 

its base. Sill emplaceme~t appears to increase in intensity westwards 

(Reeves, 1978) and only a few sill occurances of undoubted post-

Karoo age have been reported from the northern part of the Central 

basin (Coates et. al. 1979). Nevertheless, it is assumed that both 

sill and dyke emplacement uas contemporaneous and part of the same 

period of post-Karoo igneous intrusion. 

That the ma i n dyke svarm, and hence the tensional faulting, 

on the northe r n side of the Central basin is related to earlier 

structural trends has already been suggested, but i t is the pre

dominantly post- Karoo manifestations of up l ift, tenSion and 

intrusion that lead Reeves (1978 a ) to interpret this zone as 
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a failed Gondwana spreading axis radiating from a rift triple 

junction 300 kilometres to the east at Nuanetsi on the Zimbabwe/ 

South Africa border. Clearly any slight pulling apart of two 

crustal blocks along this axis during the later part of the 

Karoo period, and probably during the Karoo as a whole, would 

have propagated tensional effects generally throughout the 

Central basin, ~hich i n turn may have reactivated tectonic movement 

along pre- existing trends, particularly around the basin margins 

where structural stability would have been least. 

Periodic reactivation of this type superimposed on the 

general regional epirogenic warping, also clearly had great 

influence on local sedimentation patterns and the nature of 

deposits throughout the whole period of Karoo deposition . 

2. 5 POST-KARDD COVER (KALAHARI BEDS) 

follo~ing the extrusion of the Stormberg Basalts in mid/late 

(?) Jurassic times, and the igneous intrusive phase related to the 

post Karoo dykes and sil ls, the Central Karoo basin has 

probably been relatively' stable topographic lo~'and, since the 

Cretaceous period, a centre of slow continental deposition 

related to the gentle upwarping of marginal regions and their 

associated pre-and post Karoo erosion surfaces. (Boocock and Van 

Straten, 1962 ) . It is therefore possible for the Kalahari beds 

sequence, related as it is to the aggradational phases of 

major geomorphological cycles during which many intermediate 

cycles of climatic change may have occurred, to have 

accumulated at any time during the 60 million year period from 

the Cretaceous to Recent. 

The deposits almost totally unfossiliferous, comprise a 

variety of aeolian sands, silicified and calcretised sands, 

sands tones and grits , marIs, calcretes and s ilcretes. Areal 

correlations of such deposits, although partially achieved in 

neighbouring countries, ~s extremely difficult since it relies 

primarily on the dating of the sediments by the cyclic erosional 
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surface on which they are situated. In Bot swana, at least over the 

Southwest and Central basin regions, thi s has proved i mpossible 

owing to the un dissected nature of the terrain and t he lack of 

natural sections. As a consequence the ori gin and detailed 

stratigraphy of the Kalahari beds, both in Botswana and elsewhere, 

is still contentious and has been the subject of a number of 

authors (Cahen and Lepersonne, 1952; King, 1962; Grove, 1969 ; Grey 

and Cooke 1977; \'Jright, 1978 ) . 

As may be expected in a terrestrial deposit i onal environment 

the Kalahari Beds exhibit marked inhomogeni ety bot h in verti cal 

and lateral disposition, but when treated as a un i t distributed 

over a very large area the deposits display a relatively 

constant general succession and lithological cont ent which i s 

des~ribed in broad terms below (Boocock and Van Straten , 1952; 

Report GSlO/6 1978). Overall thickness of the Kalahari 

sequence is extremely variable, ranging from less t han 10 metres 

to over 150 metres in accordance with the magni t ude of the 

pre-Kalahari topographic relief. However, over most of the 

Central basin, thickness infrequently exceed 100 met res and 

are more usually in the range 30 - 80 metres (Fig. 2. 3). 

The basal unit of the Kalahari succession, encountered only 

in borehole, is a sequ~nce of gravels over l ain inte rmi t tent l y 

by red calcareous clayey sands and marls. This unit apparent l y 

occupies depressions, probably valley features, in t he pre

Kalahari erosion surface and is best developed in an area south 

of the Central basin and adjacent to the present Molopo drainage 

system. Similar marls have also been reported i n the Central 

basin, usually in close proximity to ancient drai nage lines, but 

where they directly overlie argillaceous Karoo r ocks, particularly 

Upper Ecca and Beaufort strata, they may simply represent 

deeply weathered equivalents of the Karoo bedr Dck itself. 

Recent palynological examination of samples of such deposits 

fai led, however, to reveal any diagnostic spores which would 

clarify their stratigraphic position (Rept GS l O/6 1978) . 
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Fig. 2.3 limits and thickness of Kalahari deposits in Botswana 
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Above the marly unit, where it is present, ther e occurs 

an extremely varied but widespread sequence of calcified and sili

cified sand and partially lithified sandstone with intercalated 

s i lcretes and calcretes. The thickness of this unit is also very 

variable, but it appears to be best developed in anci ent 

drainage lines and to consist of both aeolian and flu viatile 

sediments. Calcretes and silcretes, although wi despread but 

patchily developed, may attain considerable thickness (up to 20 -

30 metres) and are extremely variable in lithology and 

secondary structure. Their mode of development i s subject t o 

considerable current interest (Goudie, 1973; Wat t s, 1978; 

Netterberg, 1969 ) , with opinion moving away fr om a lacustrine 

depositional origin to intra- deposit formation as a result of 

movement of carbonate rich waters. 

Overlying the calcified and silicified sand unit is the 

Kalahari sand proper. It is a reddish- brown or greyish white 

(possibly bleached) aeolian deposit, extremely widespread in 

distribution, variable in thi ckness and usually calcretised in 

its lower parts. The sands are uniform, fine grained 

(D50= 0.15 to 0.25 mm) and apparently general ly loosely packed, 

and bear some evidence of minor redistribution by sheet 

washing and other fluvial processes (Rept GSlO/6 1978 ) . In 

his work on the Kalahari sands of Botswana , Bai11ieu1 (1975) 

recognises four surface sand types, the dominant types over 

virtually the whole of the Central basin having been derived by 

erosion from Cave Sandstone strata. True dune fields a re only 

locally developed, occuring in the extr eme southwest and northwest~ 

of the country, while in the area of the Central basin only 

small linguoid dunes and general aeolien morphology trends, 

indicating prevailing winds from the northnortheast to east north

east have been determined (Mallick, Hapgood and Skinner, 1978 ) . 

The most recent deposits of the Kalahari Beds are those 

associ ated with pans and fossil drainage fe atures. The latter 

frequently have developed several ages of massive or layer ed 

calcrete, often silicified, along the flanks of. or beneath, the 
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fossil valley, together with inherent fluvial gravels and other 

river deposits. Pans of the Kalahari , on the other hand , are 

frequently underlain by distinctive predominantl y argillaceous 

sediments of considerable thickness, with or without marginal or 

sub-pan calcrete development. Previous studies have usually 

attributed a late Quaterary age to such pan features 

(Lancaster, 1976) but recent investigations have indicated 

that their origins may be much earlier in "the Kalahari deposi

tional history (Rept GSIO/IO, in preparation). 

There is little evidence of any intra-Kalahari beds tectonic 

activity except on the northwest margin of the Central basin and 

in the vicinity of the Okavango Delta. In this latter region 

major northeast-southwest trending faults, wh ich are possibly 

part of a proto- rift system contiguous with that of Central 

~frica and Zambia, displace both Karoo and Kalahari deposits 

(Reeves, 1978) and may be the cause of the northeast/southwest 

trending lineaments discernable in the northwest corner of the 

Central basin. (Coates et. al. 1979). On the southern margins 

of the Central basin small scale intra- Kalahari reactivation of 

Karoo or pre-Karoo faults has been inferred from minor breaks 

in slope of the present regional topography immediately over

lying such features. 
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CHAPleR J 

HYDRUGlDLOGY OF HIE KAROO IN BOTS\;ANA 

3.1 INTRODUCTION 

In any discussion of the hyd[CJgeology of the Karoo in l3ots\!Isna 

three principal points which make this sequence potentially the 

most important geologi cal unit ~n the country must be emphasised. 

That the Karoo constitutes the largest area I extension of ally 

'bedrock I formation in Botsl:Isna is a Ulell established f cu.: t , but 

it is the additional facts that the sequence i s generall y 

strati form and relatively consi stent over much of this huye area 

and contains a significant proportion of consolidated but 

unmetamorphosed arkosic sediments that makes the Karoo so important 

in terms of ground\!laler resources and development . 

HO\:l8Ver, because of its remoteness from f1lajor centres of 

population and growing water demands , geohydrological knDlllledge, 

gleaned from evidence prmidt'd by the innumerable boreholes 

dr illed throughout the Kalahari region for cattle and small 

village water supplies was , until rel a tively recently , rather 

limited in relation to this potential. The introduction of large 

industrial \!later demands, initially at Orapa/Letlhakane and mo r e 

latterly related to the Jwaneng and t-1orupule developments, has , 

hOllle ve r, served to focus attention on the Karoo as a major 

multiaquifer system and has provjded the stimuJus for a number of 

large but de tailed ground\;,aLer res ourc e evaluation studies. The 

principal Objective of this, the final GSlO Project report, is 

to examine and synthesize all such info rmation together llIith Lhe 

Projects own findings , into a single document I!Ih i ch \1I i 11 summarise 

the present state of hydro geological knowledge of the Ka roo in 

Botswana . 

3. 2 HISTORICAL REVIEH 

The earliest \Jo rks related specifically to ground\;'ater 

in the Kalahari Karoo region are those of Van St r aten (1955) and 
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Boocock and Va n Straten (1961) \IIhich deal primarily with the 

development of isolated watering points for cattl e . A review and 

analysis of all information on the hydro geology of the Central 

Kalahari regior:t availabl e up to that date is given in Boocock 

and Van Straten (1962 ) . In 1964/ 65 a 'groundvater for cattle' 

development programme , which included basic research in the fo rm 

of piezometric levelling and institution of a groundwater 

hydrometric netl!lork, was undertaken in the Kweneng District of 

the Kalahari, follo\lled (1965/66) by investigat ions related to the 

Serowe (Central District) water supply which continued intermit tently 

until 1972 ( Robins, 19728 ) . Further similar work \!Ias undertaken 

during the same period as part of a drought relief scheme cent red 

on Hakoba, Cent ral District. ( Robins, 1972b ) . The first major 

industrial requirements arose i n the Drape area i n 1969 (Gibb and 

Partners 1969) and groundl!later resource evaluation studies, 

cu~minating in the design and implementation of a number of 

discrete uellfields, continued until 1973/74 (Robins, 1972cj 

Jennings, 1974 ; Australian Groundwater Consultants, 1974; Bell , 

1977) . Potential industrial demands also instigated the ground\!later 

investigations undertaken in the Dukwe area (north Central District) 

by SUE CO (1976) , in the area east of Serowe (Shell CO<Jl, 1980 ) 

and in an area north west of Serol!le (Gibb and Parteners, 1980 ) . 

Real industrial demand for the supply of the Jwaneng diamond 

mine has also resulted in the most intensive and detailed 

groundl:later research programme yet instituted in Botswana. 

This study ~as underta~en during the period of 1~77 to 1980 

in Kl:leneng District on the southern margin of the Central Karoo 

basin and its satisfactory outcome has done much to justify the 

potential ascribed to the Karoo by previou s lower-key operations 

(Hell field Consulting Services , (H. C.S . ) 1977; 1978 ; 1980 ) . 

Sections wi thin this chapter which deal with the three 

major aquifer units of the Ecca the Cave Sandstone and the 

Stormberg Lavas are, for reasons of clarity and convenience to 

t he reader, divided by sub- heading into hydrogeological l y 

signifi cant components . 
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3. 3 .1 O'l!lyka 

As a result of its discont inuous nature , depth of burial 

beneath laler Ka roo strata and consequent paucity of both outcrop 

and borehole evidence, little is kno\lln about the hydrogeologi ca l 

characteristics of this lO\llermost unit of the Karoo . In the 

Palapye area O\llyka strata at outcrop and shallow subcrop have 

yielded no \!later to the small number of borehol es that 

penetrate them, and only one borellole in the Kalahari reg i on is 

reported to have encountered highly saline lJIater in rocks believed 

to be of Dwyka affini t y (Jennings 1974) . The area between Tsabong 

and Khuis in the southwest of the country i s t hought to be 

underlain by Dwyka fo r rnations which are areally extensive , but 

bore holes recently sunk in the area appear to dra\!l \!later f rom a 

sequence of relati vely unconsolidated gravels of Kalahari age 

IJIhich f ill ancient drainage systems excavated 1n the D\IIyka st rata 

and not from the O\!lyka rocks themselves . Thus on present evidence 

it may be concluded that the D\IIy ka un i t of the Karoo acts , whe rever 

it is present , as a basal aquiclude to the bulk of the Ecca 

above and as such has little hydrogeological s iynificance . 

3. 3.2 Ecca 

3 . 3. 2.1 Aquifer Distribution 

The Ecca sequence is an excellent example of a complex 

aqui fer st ratigraphic unit since it is , in debiJ, extremely 

variab l e in lithology both laterally and vertically. On a 

macro-scale a general distinction in overall potential may be 

dra\lln between the argillaceous lower parts of the succession, 

the mo re arenaceous middle horizons and the mixed argiJlaceous/ 

ar enaceous strata forming the upper portion of the unit, but it 

is the i nherent variability of the sequence at a sma ller, more 

local scale that is important hydrogeologicall y since such 

variations as are present may be l!Iith i n the domai n of a single 

l!Iell, and ~ill al most certai nly be l!Iithin the range of 

influence of any multi\!lell development. 
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Since the sequence is inherentl y variable, a positive 

statement on the posi tion ~ithin the sequence of the ' Ecca 

aquifers' i s difficult to make as wate r may be encountered during 

drilling at almost any level depending on the par t icular 

geological situation . However, the bulk of the accumulated data 

i ndicates that the grits and arkoses of the lO\!ler ~1iddle Ecca are 

apparently fairly \!Iidespread i n their development and constitute 

the most consistent and one of the ' better' aquifer horizons 

\!Iith i n the sequence . Other , possibly l ess regionally developed, 

aquifer units have been identified amongst the strata constituting 

t he higher levels of the Ecca sequence and in some areas have 

been sho\IJn to be extremely productive. The ' Masope Formation' 

of the J\lJaneng \lJellfield area in Kweneng District, on t he southern 

ma rgi n of the Central Karoo basin, i s one such example. This 

unit forms an important aquifer over much of the well field 

development area and has been described as a sequence of Upper 

Ecca sediments deposited unconfo rmably by a braided channel system, 

which subsequently became an alluvial fan, on eroded fUddle Ecca 

strata beneath. (Hell field Consul ting Se rvices , 1978 ) . That 

pre-Karoo features exercised considerable control over these local 

sedimentary patterns has been postul ated , and seems likely, and 

s i milar controls may have also been in effect elsewhere(see 

3.3 . 2. 7) . Clearly, however, such a mixed sequence of sandstone 

and siltstone, of which , the aquifer unit is only a relatively 

limited part, i s a local ra ther than a regional development, 

albei t i t ma y be repeated at the same or different stratigraphic 

levels elsewhere in the marginal Ka r oo environment. As well as 

significant l ateral variat i ons wi thin the Ecca as a whole, and 

wi thin indi vidual units themsel ves , there is also, not surprisingl y , 

considerable vertical variation both in lithology and total thickness 

Again the ' Masop e Formation ' of the J~aneng well field area may be 

used as an example. Over a distance of some 20 kilometres ( from 

southwest to northeast ) the total formation thickness varies from 

around 16 metres to greater than 62 metres, with individual sub

units not varying consistentl y in the same direction, (WCS , 1978) . 

Li t hologicaUy the ' r·1asope Formation' , virtually all of which is 

water bear ing. varies vert i cally from a lower arenaceous subunit 
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through an argillaceous middle sequence to a mixed upper suuunit 

of poorly bedded sands tones and silts tones . A similar situation 

pertains throughout the Ecca elsewhere. In the Serule area, for 

example, the relatively less abundant coarser sands tones and cJrits 

of the carbonaceous ~liddle Ecca are apparently very discontili"bus, of 

very Ijmited thickness (less than 10 m) , and are thought la be 

channel deposits of a braided, deltaic stream system, vith the 

accompanying mudstones and siltstones representing the 'overbank ' 

flood plain sediments (Rept GSIU/ 12, 1980 ) . 

To summarise, the environmenl of deposition and variable 

litholoyy of the maryinal Ecca combine to make the delineation of 

siynificant aquifer units in terms of their thickness, extent, 

and nature, difficult both locally and regionally. The dip of any 

aquifer unit is locally controlled l:Iithin the framework of the 

overall gentle dip of lhe Ecca towards the centre of the depositional 

basin and aquifer boundaries are almost invariably gradational and 

facies related. In the same manner the nature of the I:Ihole sequence 

ensures t hat intra-Ecca aquicludes and aquitards are similarly 

disconti llt lJ G and variable. As a result, most of the Ecca sequence belms 

its genera l piezometric surface, even though in hydrogeological terms 

it does not constitute a s ignificant aquifer, is saturated, a fact 

IJIhich is of extreme importance in the quantitative evaluation of over

all (EcLa ) aquifer storage and the long-term assessment of resources 

( see 3 . 3.2.6 )' 

3.3.2.2 Productivity and Existing Development 

The mos t common parameter used to indicate general aquifer 

productivity is the specific capacity+ of boreholes drawing water 

from the aqui fer. HOlllever. since hydrogeologal archive data is 

insufficiently complete to facilitate the l:Iidespread calculation of 

this parameter and the us efulness of 

+ Specific capacity of a borehole is defined as the yield produced 
per unit dralJldolJln of the static water level, expressed at a parti 
cular time after the commenCement of pumping i . e. 

Specific capacity (24 hrs ) = Yield 

DrawdOl:ln after 24 hrs. 
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calculated theoretical specific capacity figures has been 

shown to be doubtful ( see Chapter 6 ) , the concept of a 

' productivity index ' has been developed. The productivity 

index (PI ) of the formation ~ithin any quar t er degree square has 

been defined as the percentage probability of obtaining a ba rehal e 

yield of 0 .5 litres per secand* (1.8 m) / hr) or greater from 

the formation within that quarter degree area di vided by 10. 

P.I. val ues will then range from less than 1 to greater than 

9 and have been classified as follows: 

o - 2.5 

2.6 - 5 . 0 

5. 1 - 7 . 5 

7 . 6 - ID . O 

.......... .. .. 

very low productivity 

low productivity 

moderate producti vity 

high productivity 

Results of this classification are compiled on a quarter 

deg r ee basis for all the GSlO study areas on the sothern and 

eas tern margins of the Central Karoo basin for which sufficient 

base data is avai lable (fig. 3.1 ) . Al t hough this ' productivity 

index ' indicates the relative graundwater prospects of dif fe rent 

areas , it does not indicate the extreme variability i n the m,:lgniludc 

of borehale yields from Ecca aquifers. fo r all boreholes up to 

1974 Jennings (1974) quotes an average yield of 1. 7 litres/ 

second (6m' / hr ) from a total number of 250 boreholes , with an 

overall success rate of 42~o . Jones (GSIO Reco rd No . 2 , 1978 ) 

in his study of the borehole archive data for Central Kweneng 

( includi ng the Jwaneng well field area ) concludes that there i s 

a 40~~ probability of any Ecca borehol e having a specific capacity 

of 0.15 m) / hr / m. , which allowing 45 me tres availabl e drawdown 

( a somewhat cxces~ i v e amoun t ) , approximates to a yiel d very 

* 0.5 li tres /second can be regarded as the min imum accep table 

yield necessary to support a ranch of 600 mature cattle allowi ng 

40 I / day/ head. CRept. GSIO/ 9 ) 
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close to the average Eeea yield quoted by Jenni ngs. Aquifer test 

discharge rates of exploration holes in the Jwaneng well field , , 
area vary from 2.7 m /hr / m to 55 m / hr/m , but clear l y these must 

be viewed in the light of maximum drawdowns attained. In order to 

indicate the extent and areal distribution of existing developments 

of the Eeca aquifers , the actual number of boreholes per quarter degree 

that draw water from the Ecca directly at subcrop is also indi cated 

on Fig. 3. 1. 

3 . .$.2 . 3 I{echarge/discharge Relationships and Piezometry 

The balance bet\!leen groundwater recharge and groundwater 

discharge of an aquifer indicates whether the whole system is 

replenishing or depleting, or whether the system is in equilibrium . 

In the case of the Ecca aquifers, however, both recharge and dis

charge mechanisms and quantities are extremely doubtful and through

out the Central Karoo basin no defin i te diSCharge zones for the 

Ecca are anywhere discernible . 

The possibility that the Hakgadikgadi depression may represent 

an area of current discharge is however possible since it is largely 

underlain by Leca strata and, although surface discharge points are 

nowhere visible, removal of grounduater by evaporato r y effects when 

the waler table is shallow is a well known phenomenon in similar 

arid climates elsewhere . HO\:lever, that the r'lakgadikgadi region 

vas ( but no longer is ) a recharge zone for the Ecea aquifers, 

particularly in the northern half of the Central basi n, is also 

a possibility that will be discussed later (Chapter 5) . 

Piezometric data indicates that groundwater levels rel<lted to 

the Eeea formations in K\!Ieneng and in other regions having s: .gni

ficant Kalahari beds, are generally well below the base of the 

Kalahari beds and within the Upper Ecca or, where present 

Ueaufort strata. ( In the Kveneng region ground~ater levels are 

some 50 - 60 metres below ground levels ) . Also, as a result of 

the inherent variabil i ty of the Ecea strata, groundwater condi 

tions within the sequence are inconsistent . Aqui fer responsl! 

to pumping varies from fully confined to leaky confined with 

the latter 
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condiLion being by far llle mast fr equent, and delrlyed drainage 

(becomi ng uncon fi ned ) conditions may also exi st or develop 

(Hept . GSHl / 5 1978 ) . Such a rnnge o r re!>poflse has been found to 

exist in all reqions of the E.cca ( Rept GSIO/ LL, 1980; Neumann

rledl.ill et . sI. , 1981 ; S\'JLCO , 1976 ) and has been particularly l!Iell 

dela.il ed i ll the investi ga tions rel aled la t he Jwanellg ueUfield 

ill K\!Je!lellg (IlCS , 1978 ; 198(] ) . In tllis sludy the area of 

investigati on has been subdi vi ded on the basi s of struclure and 

geol ogical distribution of aqujfer ma terial into three hydro-

geoJ ogical I domains '. Boreholes in one r domain I (southeastern ) in 

which both the 'r·lasope Formation ' (Upper Ecca) and the t-1iddle 

Ecca strata constitute aquifer units , are found to display 

confined and semi- confined ( leaky artesian) to semi-unconfined 

conditions, while in the other tl!JO domains Southl!JcnlerrVnorthern ) , 

in I!Jhich the 1~1asope Formation' is absent and Oeaufort clays 

overlie the fUdd le Ecca aquifers, conditions are normally fully 

confined . (UeS, 1980 ) . 

Examining groundlllater level data from thi s same area of marginal 

Ecca/~aufort strata, some signi ficant disagreement bet\!Jeen 

three independent surveys (Jennings, 1974; Rept GSIO/ 5, 1978; 

\-ICS, 1980) is apparent. This discrepancy probably results from 

the in8ccuracjes inherent in the topographic surveying techniques 

(baromelri c levelling) of the earlier surveys, which I:Ihen related 

to an area with only small di fferences in lIIater level between sampliny 

paints may have s ignificant impact on the survey results. Never

theless, evidence indicates extremely 10111 hydraulic gradients 

( less than O. OOOS) in a generally vestward direction and all three 

surveys suggest t he presence of a groundlllater I 11igh' across the 

centre of the well field area, \:Iith a locall y steeper gradient 

(0.0002 ) to the northwest . HOlllever, it is believed that this latter 

may reflect the presence of a major westsouthvest fault system 

across which aquifer cont i nuity may be i mpeded (Foster et. al., 

1980) rather than a true hydraulic gradient . Regionally, 

however, and despite the existence of t hese small but measurable 

gradients vhose magnitude probably represents mass movement of 

groundlllater of only 2 000 m'/day across a 10 kilometres flow 

frontage , there are no identifi able ground\llater di scharge points 
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either \IIithin the \lieU field area or in other areas to the west. 

In other ground\llater studies covering Ecca strata at 

Serule (Rept. GSIO/ 12, 1980) Letshana (Neumann- Hedlin et. al 

1981) and Sero\ile (GSI0 Record No. 3 1978) ground\llater gradi ents are 

similarly shallow and in all cases appear to trend generally 

eastwar ds in the direction of the major surface \IIater drainage of 

the areas. HO\llever, no current discharge po'ints are evident 

and such fJow directions are considered 'f09sil' expressions of 

pa~t pluvial flo\ll regimes ( see Chapter 5) . 

Hhen examining the regional recharge of the Ecca aqui fers 

little evidence is cwailable except from the J\!Ianeng UeUfield 

area of central K\!Ieneng . Here the shallow groundwater mound, 

mentioned above, appears generally to correspond to an area of 

higher ground over which rainfall may be increased ( Jennings, 

1974) , where the thickness of Kalahari deposits (not necessarily 

all sand ) ~s less than 20 metres and where surface or near-surface 

calcretes arc qui te extensively developed (Rept . GSIO/5, 1978 ) . 

Considering all Lhese factors, and although on present 

evidence current recharge to groundwater is unproven, and at Best 

remains doubtful ( see Chapter 5) , isolated recharge events 

could occur in this area in exceptional geological and meteorol o

gical conditions \IIith s~fficient, albeit long , frequ ency t o maintain 

a groundwater mound of this magnitude. Alternatively. recharge 

events will almost certainly have occured in th i s region dur ing 

historic, more favourable, climatic episodes and the presently 

observed mound may be a fossil remnant of a previous , mo r e 

pronounced , feature. if this latter hypothesis is correct, it would 

indicate that the present Ecca ground\llater system in K\IIeneng 

i s depleting, either as a result of abstraction from the system 

or rnore likely by natural discharge by some, as yet undetected , 

mechanism . 

A direct method in wh i ch to determine the state of groundwat er 

equil i brium is by the examination of longterm \IIater l eve l data . 

In the K~eneng area such informa tion over a 7 year period from a 
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series of observation boreholes along the st rike of the Ecca 

strata appears to i ndicate very gradual dep l etion of the system , 

l!Iith yrOLJlld,"l<lter levels declin i ng around 15 - 20 mm per yea r over 

the period of record . Assuming 8 H\!Iorse_case tl sit uation with no 

recharge to groundwater having occured s i nce the event \!Ihi ch 

created the present mound and assuming at that time an ' aqui fe r 

full' situation with groundwater levels at the base of or 

l:Iithin the Kalahari cover and natural discharge into the n O\!l 

foss i l valleys (excavated on ave rage 15 - 20 met res into t he 

Kalahari beds ) , then the per iod of depleti on t o the present 

piezometri c levels (approximately SS me t res bel ol!l ground sur fac e ) 

is of the order of 2 000 - 2 SOD years . Cea rly th i s is a gr oss 

oversimpli fication, since the assumption that the present r ate 

of grcund~aler decline has been constant and that t he re has been 

no recharge to the system s i nce the last majo r event i s pro bably 

not true . Hovever, taken in conjunction ~ith i~lotope anal yses o f 

Ecca groundvater from the region, this s i mplist i c mode l may have 

some validity . From a total of 26 determi nat i ons of J4 in Ecca 
c 

groundvaters of the area two distinct IJfOUpS appear . Samples , 
fa11ing in the higher 14 range (75 - 47 pme ) occur mostly in 

c 
the Ecca subcrop zone along the strike of the strat a and re l atively 

ol de r samples l:Iith lO\lJer 14 content (17 - 2 pmc ) t o the no r th, 
c 

ma i nly beneath Beaufort cover . Assuming maximum ini tia l va l ues 

of e i ther 85 pmc (proposed by I·la zor et. aI., 1974 ) or 75 pmc (Hept. 

GSIO/ ll 1980) the maximum age range for samples in the higher 14c 

group which cover the area of the central K\!Ieneng groundlJlater 

mound is of the order of 1 000 - 5 000 years . Si nce gr ound\!la t e r 

samples from the same area analysed for tritium have indicated no 

s i gnificant proportion of recent recharge (Rept. GSlO/ll 1980) t he 

possi bility that the existing ground\lJater mound may be a fossil 

fealure still depleting is real. If this is the case t hen any 

l ongte rm evaluation of aquifer behavi our under abstraction 

conditions \!Iil! need to take th i s non- static cons t raint into 

consideration, particularly i n grounduater level dr a\lJdO\lJn pr edi

ctions. 

--_ .. _-_ .. -.------ - ---, 
pmc - percent modern carbon 
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Additional conclusions relating to the physical properties of 

the Eeca formations in Kveneng concern the nature of the supposedly 

'non-aquifer' material and the specific yields of the aquifer 

units . Examination of the tabulated porosity data and the 

specifi c yield and pare s ize distribution in formation contained 

in Appendix B reveals that porosity values for ' aquiclude ' 

material are, like lhose for the assoc i ated aquifers, a l so in the 

region of 13?o and that their hydraulic conductivities, centrifuge 

specifjc yield and pore s ize distribution indicate that these horizons 

are almost certajnly the source of the strong leakage component 

observed during aquifer test ing and appear to possess useful 

unconfined stora ge \!Ihich \!Iill enhance overall groundUlate r 

resources . 

An attempt to determine the relationship between po r osity and 

speoific yield and rneaGured permeability and specific yield has 

been made for boreholes GS IO /A15 and GSIO /A16 (F igs. 3 .5 and 3.6 ) . A 

rnlhf'r t> nal i e correlation \:Iith data po i nts mostly fall ing t o the 

right of the 5°. specific yie l d line resulted in the firs t case 

but a more feasible approximation \!Iith the development of 

co rrel ation equations, appears to result from the latter series 

of ploLs, Preliminary equations put forUlard for laboratory 

determined parameters (l'JCS , 1978) are : 

Sy = 4 . 34 10910 Kh ' + 13 . 58 where Kh = horizontal 

permeability 

Sy = 4 . 34 10g10 
K + 15. 55 IlIhere K = vertical 

v v 
permeability 

HOI:/ever, the di fference in magnitude between the higher 

field permeabilities determined by \'JCS and the laboratory 

intrinsic permeabil ity (Appendix B) is of the orde r 10 2 to 10 J
, 

and must clearly be attributable to fracturing or fissuring in 

situ . 

The distribution and magnitude of transmi ssivity throughou~ 

the Ecca is, like all other geological and hydrogeological 
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paramters, ext r emel y variable. Its variation is a function of 

the number and dimensions of the producing aquifers, the individual 

aquifer primary hydraulic characteristi cs, and the extent of 

secondary permeability developed as a result of fractures and 

bedding plane fissures. Such factors are likely to be relatively 

more siynificant in marginal Karoo areas where sedimentological 

variations and tectonic effects are potentially much greater , 

and all are \lIell documented in the J\IIaneng viellfield study (\IC5, 

1977 . 1978, 1980 ) . In the \IIellfield area , transmissivities , 

calcu lated from a total of 49 aquifer tests of varying duration 

at 37 localities , are seen to range from 8 to 2416 m' / d/m lUith a 

mean value of around 530 m' I d/ m. The large ranye of values is 

again a reflection of Ecca inhomogeneity, with additional evidence 

from the Serule area CRept GS l O/ 12, 1980 ) and the Letshana area 

(Neurnann-Redlin et al., 1981 ) - generally 10\:1 transmissivity 

values , and the Duk\lle area (S\:Ieco, 1976 ) - medium/high transmissiv i ty 

values - indicating a similar situation elsewhere (Tahles A - D 

Appendix B) . A generalised transmissivity derived by examination 

of all tests performed in Bots\!Iana on Ecca aquifers, indicates a 

mean value of 490 m'/d/m , with an extremely large standard 

deviation of 630 m'/d/m , that a significant proportion of Ecca 

aquifer transmissivity especially \!Jhere transmissivity values 

are high, i s imparted by fi ssuring, and particularl y stratigraphi

cally controlled fi ssur~ng, has been demonstrated i n the 

J\IIaneng \IIellfield area. CRept. GSIO/ 5, 1978; HCS, 1978 ) . 

Examination of co re material reveals that fissures are ubiquitous 

throughout the profile and in the coa r ser horizons are open, contain 

fine red sand, and possess iron/manganese stained faces. Such 

cavities vary in shape from round to elongate, and in size 

up to fi ve centimetres, and generally occur in zones parallel to 

the bedding. Additional evidence of significant fissure 

contribution to transmissi vity comes from observation during air 

drilling operations that increases in yield occur in large, 

di stinct steps, rather than as a gradual increase related to 

predominantly interstitial permeability (l'JCS, 1978) j and also that 

there is a clear i mbalance between laboratory determined aquifer 

pa:ameters, and those calculated from in situ aquifer testing 
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(Hept. GSIO / 5 GSIO/ ('. 1978 ) . lhat such subhorizontal fissures are 

tectonically generated cannot be discounted, but the frequent 

occurance of first water intersections, and major ~ater increases 

during air drilling at or near the base of sandstone units, 

togelher with the widespread areal distribution, of medium to 

high transmissivity values suggests that they are more likely to 

be basal bedding plane joints enlarged by groundwater movement 

and dissolution of a decomposed feldspathic aquifer matrix. 

Such observations in the absence of core material have been partia-

ll y subs t oll tiat cd during the Serule programme by geophysical 

borehole logging evidence which indicated cavities associated 

vith t he CUd rsc r rllju i fe r horizons, and by simiJar step- like 

increases in yield during air drilling operations CRept GSIO/12, 

1980 ) • 

In heterogeneous and fissured aquifers it is not however 

sufficient to kno~ only the magnitude of transmissivity. The 

depth and thickness of the main permeability developments are 

more important than the overall saturated thickness, since they 

directly relate to the heads that can be utilised in groundwater 

abstraction, and therefore to the behaviour of individual boreholes. 

r'lajor ground\!later inflo\lls into pumping boreholes are normally 

associated with minor variations of electrical conductivity and / 

or temperature of the bqrehole fluid column, which can be logged 

using sufficiently sensitive equipment; estimates of vertical flo\ll 

rates below the pump can be made by flO\umeters and give a semi

quantitative indication of the productive zones. HO\llever, even 

in the intensi vely inves tigated Jvaneng \!Iellfield area the 

maximum poss ible completion diameter for tr i al product i on 

boreholes constrai nt on the application of the above methods , 

since it llIes insufficient to allolll access for the borehole flow 

logging probes IlIhen pumping plant of appropriate capacity llIas 

installed. Thus the distribution of permeability at uepth llIithin 

the aquifer system over the llIellfield area remains some\!lhat 

uncertain, and can only be inferred from yield increases during 

drilling operations. 
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The evaluation of true 8C'uifer storage parameters within 

the Ecca i s complicated by the frequent occurance of leaky 

confined to semi-unconfined groundwater conditions with 

association and often s ignificant leakage from supposedly non

aquifer units vithi n the sequence, as well as the commonly 

ex i sting . multiple-head situation and signi fieant fi s sure flo\!l 

contribution inherent i n calculated aquifer transmiss i vity 

values . Again, the most detailed investigation of stor age 

parameters has been unaerlaken in the Jl!laneng \IIe llfield area in 

central Kweneng . Here calculated confined coefficients of 

s torage, refined f rom i ni tial estimates during later stage 

studi es by the cons i derat ion of 'dead' heads in the evaluation 

of transmi ssivi t y va lues ( see 3 . 3 . 2 .6 ) range from 5 . B x 10-4 to 
- 3 - 4 1.7 x 10 • ~ith a mean of 4 . 46 x 10 (19 values ) . In the case 

o f local ities ~ith no adjacent observa tion borehol e a va lue of 
- 4 3 . 4·x 10 has been assigned to the s ite for the purposes of 

compute r model construction ( HeS, 1980 ) . "A s i milar range 

(1. 4 x 10-3 to 7 '< 10-5 ) for confined coefficient of storage 

values in identical yround \!later conditions , albeit llIith aquifer 

unit s possessing much louer transmissi vity , have been determined 

in the 5erule area ( Rept G5l0/ 12 , 1980) and in the Dukllle area 
- 3 -4 0 . 3 x 10 to 2 . B x 10 ) ( 51'JEC O, 1976) , The present Project 

programme in cen t raJ Kueneng , complementary to that o f the 

JlJlaneng \lIeJ 1 field s tudy " produced s imilar figures of confined 
- 3 - 4 

coefficients ef storage 0 x 10 to 7 x 10 ) and as the result 

of extended testing at one site (H6) \!Ia s able to determine an 

unconfined storage ( specific yield )) value of 1 x 10-2 i e l ?~ . 

Later additional aquifer testing during the J\!Ianeng \!Iel l

field study proper, produced other unconfined storage ( specific 

yieJd ) fi gu r es of 2% (H16 ) , 1.6~~ (Inn , 3~~ HJza) Z% (29 - deep 

piezomet er ) and 4~'; ( I .. JZ 9 - sha] lO\!l piezometer) which \IIhen compared 

\!Iith the relat i vely high value s obtained by centrifuge laboratory 

test s on co re material ( frequently in the range 5?~ to lm~) 

s uggests that the i nit i al values of l~'; from s ite H6 is a conser

vation minimum and that on overall regional values of 2 - 3?~ may .. 

be more app licable . 
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The bulk of this unconfined storage must be attributable to the 

relativeJy thiek , partially confining , leaky strata above 

the main productive aquj fer horizons, since laboratory tests for 

spccifjc yield and pore s ize distribution, even recognising their 

constraint s, indicate that many such ~trata possess s ignificant 

storage capable of dra i nage under gravity (Rept G51O/ 5 , 1978 ) . 

3 . 3 . 2 . 5 Groundl!later Chemistry 

Groundl!later quality, characterised by rota1 ~issolved Solids 

( TDS) Slid chloride content, is regionally variable around t he 

margins of the Karoo bas ins , vittl generally poorer quality \!later 

haviny higher TDS and chlorides occuring in the northeast 

( Sero\!le, Letshana, Se rule), fresher \!later \!Iith T.0 . 5 . around 

500 mg / l and chloride less than 200 mg/l occuring in the K\!Ieneng 

area; apparently more saline, poorer quality \!later in \!I8stern 

Kl:leneny ::md the KalahLlrl region, and fr esher \!la te r occuring again 

in the Ncojane area ( see Fig . J.7) . In the areas or piezometrir: 

'highs' and r8irly qenerally in zones ('orresponding to the 

subcrop of the Ecca w-ith al least partial absence of overlying 

strata other than Kalahari beds, ground\!laters having Ca-~lg -HC03 

chemical affinity occur . Down-gradient the Ca and ~lg are 

exchanged for Na and Na-lleD 3; groundwat.er evo} ves l!Iith no general 

Change ill salinity related to this modification. No intermediate 

transition zone demonstrating this hydrochemical evolution has 

been determined, although there is some correlation of the 

occurrence of argiJ1aceous Beaufort Beds overlying the Ecca \!Iith 

the onset of Na dominance. No direct e vidence exists for the 

localions of clay minerals on \!Ihich this cation exchange takes 

place, although the Ecca series itself has abundant clays \!Iithin 

its matrix on uhich exchange could occur. The extent to I!Ihich 

cation exchange has progressed , in a felll cases to the virtual 

exclusion of Ca from solution, suggests that rates of \!later 

movement are relatively very slow- indeed and that Na-en riched 

c l ays must have been initially abundant. 

The interpretation of the apparent pattern of increasing 
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salinity of the Ecca groundwater westwards from Kweneng ~s 

complicated by the bias to\llards boreholes drilled at or in the 

vicinity of pans . The highly saline groundwater found in these 

locations is characterised by Na- Cl dominance, low Ca and Ca:I'lg 

( 1; 504 is also relatively high. This is interpreted as 

repr esenting dissolution of evaporite sal ts either disseminated 

within the aquifer lithology , or in upper or lower strata or 

somehow locally concentrated in connection \!IUh pan development · 

The exact cause of this salinity and its relationship to dist ribu

tion of pans is a major unknown, and is central to the question 

of whether fresher water may exist \!Iith any persistence away from 

the pans. It also remains to be established \:Ihether cetain 

isolated fresher [cca groundwaters adjacent to less deep but more 

saline water are local occurrences or whether they warrant further 

development remote from pans. 

In the western Kalahari region little can be said about 

detailed hydrochemical patterns as a resu l t of sparse and 

possibl y unrepresentative data, and also ~n the absence of 

reliable information on flow directions. The major features 

are the general occurrence of fresh water at depth in Ecca below 

great thicknesses of Kalahari beds in the Kule- Ncojane area, and 

the variable Ecca \:later chemistry possibly associated with pans 

in the south-east of the region. Also , the occurrence of low 

chloride concentrations in the vicinity of, and in apparently 

the same horizon as, occurrences of high chloride groundwater at 

Ncojane itsel f must indicate that the water has travelled IlU 

signi ficant distance laterally and that groundwater here has 

recharged at some time in the past by direct vert i cal i nfiltra t ion . 

There is no consistent trend l:Iith time in the chemistry of 

the variably mineralised Ecca groundl:later sources in the 

southern portion of the Central basin. Though variations do 

exist in the records inspected, they occur in both directions, and 

as \!Iith all archived data the possibility must be aUoII/ed of 

scatter due to sampling and afllytical causes. Si gnificantly 

perhaps there is no indication, \:Iith data available, of drastic 
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increases in mineralisation of the fe\!J fresh\llater barehales in 

this region. 

Apart from the general criteria for groundwater suitability 

based on TDS or chlor i de content the Il/ater quality parameters of 

potential importance are nitrate and fluoride. The epi

demiologi cal significance of nitrate is the subject of debate 

and its seepage into the aquifer locally from well-head pollution 1 5 

t.tlDug!lt to be t Ile I1lU ~;t likely cause of tIle ,1110!l1Rlow; conc entra 

tions in some barehales into Karoo aqui fers. The overall effec t 

of pollution, of which nitrate is just one component, on t he 

total uater chemistry has to be considered. Slightly r aised 

chloride concentrations of ten accompany ni trate pollution, and 

changes in pH and redox conditions in the immediat e vi cinity 

of Lhe borehole might also be- expected. Fluoride ion in conce

ntrations , potent i ally of concern, for human and animal consump

tion, occur in [cc;a groundl!laters . Analyses sugges t that serious 

concenlrations far in excess of recommended limits occur only 

in the saline groundl!laters in the western subcrop of the Ecca . 

For both nitrate and fluo ri de, rout i ne analysis is required 

since values are not yet available for many boreholes for wh i ch 

complete major chemistry has been determined. 

In the Jwaneng \lJellfield area of K\lJeneng any correlation between 

ground\IJater chemistry and both ground\IJater condi t ions and ~quifc r 

parameters has been sought, since it is likely t hat t he exchange 

of Ca for Na requires interaction \lJith clays, the presence of I!Ihich 

may exert some control over the aquifer characteristics and henee 

productivity. Figure 3. 8 shol!ls an attempt at plotting 

parameters indi cative of aquifer performance ( transmissivity) 

and the extent of ion exchange ~ ratio of excess Na to total 

(Ca + r-1g ) j a high positive value representing extreme modi fication) 

for boreholes in the l!Iellfip.ld area. Although there is no true 

statistical correlation (correlation coefficient - 0 .42 ) from so 

few samples, the end members of the distribution plot as 

expected ; \-135 has very 10\:1 transmissivHy and shol!ls excessi ve 

ion exchange I!Ihile PB44 exhibits virtually no i on exchange and 

very high transmissivi ty. 
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1 ransmi:<:Sivity v. extent of ion exchange 

Ecca groundwaters. Jwaneng weltfield area. 
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However, the majority of the points are extremely scattered and 

considerably more data will be required before any reasonable 

correlation could be expected. 

Groundwater chemistry data collected during the extensive 

aquifer testing undertaken in the same area has also been examined 

and the results show some correlation with the type of aquifer 

response inferred from time-drawdown data. ,Boreholes giving a 

true confined aquifer response (I'IC5, 1978 ) tended to show uniform 

water chemistry throughout the duration of the tests whereas 

those showing semi-unconfined (delayed yield) or leaky confined 

behaviour t ended to undergo a change in chemistry with significant 

increases in Ca, r~g and HC0 3 or increases in all concentrations. 

Exceptions do occur, but these may be due to lateral chemical 

heterogeneity within the producing zone as \!Iell as to influence 

of leaky behaviour; again, more data is required before any 

sat"isfactory correlation can be established. 

The relationship bet\!leen water chemistry and dominant mode 

of water storage i.e. fissure or intergranular, in the Ecca still 

remains an unknown factor. \~at8r pumped from fissure storage lS 

less likely to have undergone chemical modification requiring 

intimate contact with rock 8.g ion exchange, than is water derived 

from intergranular storage. It is thus poss i ble that transition 

from one type of storage to another might account for the 

suggested associat i on between aquifer performance and the 

extent of modification by ion exchange as discussed. 

3.3.2.6 Resou r ces Evaluat ion 

The estimation of groundwater resources depends primarily 

on the accurate determination of the controlling aquife r 

parameters ( transmissivity and storage) and a reliable project of 

the behaviour of these parameters under specified long term 

abstraction conditions. Also critical in such estimates is a 

delineation of aqui fer geometry, including internal and limiting 

boundaries, and an evaluation of the state of equilibrium of the 

natural system ( i . e. whether the system is depleting, repleni-
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shing or in equilibrium ) . 

Only in the J~aneng ~ellfield area in Central K~eneng has 

sufficient investigation been undertaken to evaluate resources 

in the Ecca aquifers ~ith a reasonable degree of confidence. 

Ground~ater conditions and variation and magnitude of aquifer 

parameters of the area are discussed in sections 3.3.2.3 and 

3.3.2.4 respectively but certain other factors which have consi 

derable i mpac t on resource assessment of the Ecca must be 

stressed. 

An i mportant feature in a complex aqujfer situation is the 

frequent deveJopment of 'leakage ' from either higher or lo~er 

strata into the aquifer zone proper. Such leakage has been 

inferred from aquifer test data at a number of localities 

(Rept . GSlO/12, 1980 ; wes, 1978 ) and has best been demonstrated at 

t~o sites (H27 and \-129 ) in the Jwaneng well field area. Both shallow 

and deep piezometers were used to monitor the water level 

response to pumping in the main (Masope ) aquifer and in an overlying 

waterbearing horizon separated from each other by a siltstone 

unit. At both sites the drswdown in the deep observation ~e11 

followed a leaky aquifer type curve in the initial stages, becoming 

semi- unconfined later. The response of the shallow piezometer 

in each case indicated drawdown of the order of 0.5 m in the 

upper strata as a result of do~n\llard leakage, despite very large 

differences in the order of magnitude of drawdown (and hence in 

the main aquifer transmissivity ) in the deeper piezometer. 

(6 metres for Q ;: 37 mJ/hr at \'J27 versus 0.35 metres for Q ;: 

55 m' / hr at H29 ) . However, despite this demonstration of signifi 

cant 'leakage', no general quantification of this parameter has 

been made . 

A second factor worthy of note is the ' complex head' 

situation that is frequently present in the Ecca aquifers and in 

which groundwater contributions to a producting borehole are 

received from more than one aquifer horizon. Again this is well 

demonstrated in the Jwaneng well fie ld area where in the south-
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resources in the highly variable Ecca sequence is the establishmen t 

of aqu i fer continuity. In this connection, from 12 hydrogeological 

pumplng tests in the J\:Ianeng weU field area, no indication of 

lateral barrier (impermeable or 10\:1 permeability ) boundaries was I, 

recorded, although it must be cautioned that true boundary conditions 

whelher 'barrier' or 'recharge', \:Iill be difficult to observe during 

aquifer testing since they will almost invariably be masked by the 

complex leakage effects discussed earlier and also llIost lithologics] 

boundaries will, in any case , tend to be gradat ional rather than 

abrupt. In other isolated instances in the Jlllaneng lIIellfield 

area, barriers may be affecting test results (Rep t GSlO/S 1978 

\·JCS 1978) but this is far from certain, and in the Serule area 

observable barrier conditions apparently exist aL only one site 

adjacent to a known dyke-filled disf'ontinu.1ly . CRept. GSIO / 12 

1980 ) . 

A final imporLant factor to be considered in the evaluation of 

resources is the magnitude of the unconfined storage coeffi cient, 

since llI1th t.he fairly low confini ng heads frequently found in the 

[cca nqui fer " it is from unconfined storage that the bulk of any 

abstrac l ed water ~ill came. In the Jwaneng well field area it 

has been concluded that a cons i derable proportion of the water 

required to meet the demand must came from unconfined storage and 

thaL the 'mean unconfined , storage coefficient ' of the top 10 or 

20 metres of the saturated zone s of the main aquifer horizons will 

therefore be critical in determining the resources and the long

term behav iour of the lIIellfield . The aqujsi t i on of such f i gures 

from aqui fer testing has already been mentioned (3 . 3 . 2.4 ) but thi s 

i s rendered difficult as a result of leakage and aquifer inhomogeneity 

also, similar f i gures from laboratory testing of aquifer materi als 

invariably consti t ute overestimates of in situ conditions . 

Clearly, these uncertainties about the appropriate value of 

unconfined sturage coefficient lIIill be reflected i n the degree of 

confidence \!Ihich can be placed upon the final resource estimate . 

in the assessment of which a conservatively lOll/ estimate of this 

parameter must be employed untiJ more reliable data becomes 

available during the early staljes of actual resource development . 
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eastern domain ( 3.3 . 2 . 3) of the well field are a the 'cleaner ' 

coarse grained '~1asope Formation', although stratiyraphical l y 

hiyher , has a lower pipzometric yroundwater level than the 

underlying rhddle Ecca sandstones by reason of its higher intrinsic 

transmissivity . The ['esult is that the static water level within 

a borehole penetrating both aqui fer s is a composite head based on 

the confining heads of each of the formations . 

It has been shown that if the cont['ast between the upper and 

lower transrnissivities is great, then fo r given pumpiny rates the 

higher head produced by the lower aquifer vill react as a 'dead' 

head (Le. the difference bet\!leen the composite head and head 

produced by upper aquifer horizons ) . Un commencement of pumping 

the 'dead head' will be rapidly removed until drawdown has 

reached the piezome tric level of the ' r'1asope formation' . At t his 

time , the dral!ldown wiU be yove rned by the higher transmi ssivity of 

the upper (r-lasope ) sandstones . The magnitude of the 'dead head ' 

depends mainly on the degree of isolation between the tl!lO aquifer 

units in that the thinner the aquiclude material separating the 

units and the closer the litholoyical similarity of the unit s 

then the smaller \JjiU be the resultant ' dead head r. Clea rly. the 

existence of composite static water levels and 'dead heads' 

ui11 have a significant impact on the interp r etation of aqu ifer 

test results by traditional graphical methods since r ap id 

drawdowns (the removal of the ' dead head') can be expected during 

the initial stages of a t est. In the JIJaneng weUfield area the 

appreciation of the 'dead head' situation and its analysis from 

step-pumping lests required the re-evaluation of many o f the 

earlier aquifer test interpretations and a r ecognition of the fact 

that in a situation where the existence of a 'dead head' has 

been proven, a more realistic transmissivity value can be de rived 

by us ing late-t i me as opposed to early-time data from aquifer test 

r esults. That this complicating fa ctor exists e l sewhere in the 

marg i nal Ecca seems likely. and must be borne in mind when 

cons i dering othe r developments . 

A further important point in the assessment of groundU/ater 
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After establishment to a certain degree of confidence of the 

principal aquifer parameters, tempered \IIith a kno\llledge of each 

of the foregoing influencing factors, the prediction of the 

behaviour of the aquifer under specified abstraction conditions 

over an extended period of time is most frequently undertaken by 

computer- based digital modelling techniques. For the Jvaneng 

veIl field area a finite-difference mathematical mode l ~as esta

blished and the sensiti vity of resou r ce estimates to erro r s 

in storaye coefficient and aquifer boundary conditions \IIas examined . 

For an assessment of high confidence , the follo\lling worst-case 

assumptions \IIere made : -

(a) Confined storage coefficient and unconfined storage 

coefficient to average 0 . 0003 and 0 . 01 respectively. 

(b ) Any 'l eaky' storage from saturated strata overlyiny the 

middle leea aquifer in the UDutheastern basin to be 

neglected . 

( c ) The main vest sDuthvest fault system and the limit 

of the explorat i on area in all other di r ections were 

treated as impermeable ( no-flow ) boundaries . 

(d ) No active groundwater recharge either vithin the area mo

de l led or across its lateral boundaries were 

considered . 

Operation of this model for various production \!Jell fie l d 

layouts demonstrated the availability of an absolute minimum 

of 7 years' supply of the projected demand of 4 500 r·1L/annum~ 

with relatively modest dra\lldowns in the 'unconfined ' storage . 

Using somewhat more optimistic hydrogeological assumptions, it 

also appeared that the demand could be supplied from ground~ater 

for 20 years and possibly much longer . 

-------------------- , 
+ 4 500 m / annul" 4 500 million litres per yearS4.:'> million Ill/yea r 

'2 . 7 " gallons / day 
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However, given the complexity of the hydrogeological 

conditions, it did not prove possible to assess the groundwater 

resources uith any higher precision or greater confidence until 

the response to some large-scale abstraction has been observed. 

Existing evidence indicates that some 2 - 3 years of full scale, 

operational experience with careful monitoring , \!Iill be minimal 

for this purpose and is likely to yield much improved data on all 

hydrogeological parameters, with the ossjble exception of active 

groundwater recharge (Foster et . 81 1980) . 

As can be seen from the foregoing discussion, and although 

current ground\llater recharge was considered and di smissed as 

highly unlikely ( see 3.3.2 . 3 ) , the possibility of a deplet ing as 

opposed to an equilibrium groundvater system as a basis for the 

digital model \!Ias not considered. Since this may be a possibility 

( see ·3.3.2.3 ) , albeit the depletion being of only small magnitude , 

long term aquifer behavioural patterns deduced from an equilibrium 

model may be somewhat in error, particularly in respect to yround

water level drawdo\IJns . 

3.3.2.7 Overall Ground\!later Potential 

Except In the thoroughly investigated J\lJaneng I!!ellfield area 

information on the presence, nature or capacity of any Ecca aquifer, 

even around the margins of the Central basjn, is not sufficient to 

allol!! any reasonable estimate of grounduater resources to be 

made . \·Jhat is also certain is that until such time as a major 

ground~ater demand requ i ring \!later from the Ecca arises, and thus 

justifies the large amounts of finance required to undertake an 

intensive evaluation exercise over a relatively smal l area, the 

inherently var iable nature of the Eccs viII preclude the direct 

transformation of quantitative results from the J\lJaneng l:Iellfield 

area to other marginal regions. Nevertheless, what can be assessed 

is the relative effectiveness of techniques employed in the basic 

qualitalive identification of areas of higher or lower ground\IJater 

potential, and of any methcds I!!hich may ai.d the extrapolation 

of hydrogeological kno\IJledge into these largely unkno\lln areas. 
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However , since many of these techni ques may be applicable to 

groundwster explorat i on or extrapolation throughout the Karoo 

( i.e. in both Ecca and Cave Sandstone ter rains ) their detailed 

assessment is deferred to a separate chapter of this report 

(Chapter 6 ) and only general observations on the groundwater 

potential of t he Ecca, particularly marginal to ttle Central basi n, 

l1Iill be made in the follol1ling paragraphs . 

Thal groundwater potential is hi gh and may be related to pre

Karoo deposit ional controls has been proven in the Kl1Ieneng area of 

marginal Keroo, bul evidence indicates t hat potential on the 

eastern and northeastern margins of t he Central basin i s much less 

as a result of differing sedimenta ry processes (see Chapter 5) . 

There seems to be a corresponding di fference i n groundl1later quality 

bet\!leen the t\!lO regions 0.3.2 . 5) . Hestwards fr om Kweneng good to 

moderate potential possibl y persists for some distance, \!Iith a 

lateral continuation of similar depositional envi ronments, although 

present evidence indicates deteriorating qual i ty ( 3 . 3.2.5 ) . 

(F ig. 3 . 9) 

The Ecca of the Ncojane area on the northern margin of the 

Southeast basin appears to possess moderate to good potential but 

with a variabl e quality, possibly attributable to an ingress of 

mar~ne facies . This sam~ situation, \!I ith possibly l ess hydrochemical 

variation, may also exist on the western margi n of the Central basin 

adjacent to the Gantsi ridge in a region \!Ihere both geological and 

hydrogeological data is non-existant . A paucity of information 

also prevents any reliable supposit i ons being made about t he 

eastern margin of the Southwest basin, although moderate potential 

may concievabl y exist on the edge of this apparently deeper, mo re 

rapidly subsiding (7) basin, but uith probably poorer groundwater 

quality as a r esult of a partly mar ine environment and/or 

i solation from any zones of recharge. On the northern margins o f 

the Central basin , potential appears to ayain be moderate to 

poor and groundwater quality generall y reduced , with similar 

conditions exi s ting on the narrow subcrop of the Ecca on t he 

southern margin of the Northeast basin . 

65 



, ' 

NAMIBIA 

AN"lOLA 

,-

I 
i 

.-. 

i r' 
' / 
/ 

-' 

. , " •.... 

Groundwater Dotenlinl of the F.cca 

ZAMBIA 

Potential unknown, 
but groundVletlJr deep 
end poor Quality, 

~ 
CENTRAL BASIN 

Potential unknown, 
"UI ground waler deep 
and poor quality_ 

~,. 

EXPLANATION 

/ / / I M oder8te 10 good polen~i3 1; \lood quatity 

',' " . . \. \. \. Moderate to poor potential' poorsl quality. 

( ,(, 

KEY 

DSTORMBERG lAVA. 

O CAVE SANDSTONE 
(incl. AfId Beds) 

BGill ECCA i:i'/;.:': {incl. Beaufort & 0", .. ,1 

• 



r 

BOREHOLE GEOPHYSICAL LOC;Cil NG OPERATIONS 

Ge%J;ica{ Survey Department 'I logging unit in 
Qc/ion 01 Project site GSf() / FI 1112. 

Control panel of 1nl' Gerhardf-O"'en Industries' 
mulli-channellogginX ullil. 

PLATE 3 



r 

i 

I ~ 
• 

Virtually no comment can be made on the potential of the Ecca 

strata in the centre of any of the basins since no boreholcs 

penetrate to depths IIIhich exceed 300 metres . All that can be 

assumed is that in I!/hat \118S almost certainly a deeper lIIater 

, depositional environment, the probability of the existence of 

significant arkosic aquifers having good groundlJlater potential I S 

small a nd the quality of any groundl!later occuring at these depths 

is likely to be poor. Even if a high potential zone of good 

quality lIIater did exist and could be proven, the economics of its 

evaluation and exploitation at such depths \lIill certainl y render 

its use prohibitive . 

3. 3 . 3 Beaufort 

The BeauFort unit of mudstones , siltstones and shales , transi

tional from the simila r lithologies of the Upper Ecca and fr equently 

difficult to distinguish from them, has felll recorded instances of 

groundlllater occuring with i n it. Very mino r, immeasureable 

quantities of groundlllater have been noted in a sequence of 

yellow/ buff s iltstones which are regarded as llIeathered equivaJents 

of the Beaufort in Central KllIeneng (I'JCS, 1978 Rept . GSlO/6 1978 ) . 

Elselllhere in Kveneng, an a r ea \lIhich has the most extensively 

developed sequence of Beaufort strata recognised llIithin the Central 

Ka roo basin , records of a small number o f older boreholes do also 

indicate minor yields (less than 0 . 06 l / second) from Beau fort mud

stones and siltstones. Similar siltstones, probably more deeply 

weathered and having much greater potent i al for replenishment, 

provide a more prolific aqui fer in the fossil drainage system at, 

and to the north of, Khudumelapye in northern Kweneng, where 

borehol e yields at the tlllO sites in question are reported as 

1 l / sec. (3 . 6 mJ / hr ) and 4 . 5 l / sec. (16 .2 m'/h r ) r espectively . 

In general , hall/ever, the Beaufort unit of the Karoo does not 

constitute or contain an aquifer of any s ignifi cance and acts 

pr i marily as an upper i mpermeable aquiclude t o the Ecca aquifer 

beneath . 
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3 . 3 . 4 r~ ed !3eds 

Although thi s unit of massi ve f ed mudstone s and sil.tstones 

are probabl y ~idespre8d beneath the Cave Sandstone their litholo

giesl nature makes them of little or no importance as an aquifer. 

ReC(lrds of boreholes actually deriving water from the Red Beds are 

very f elll - in the Serolll8 area for i nstance only 5 boreholes 

penetrate solely the Red Beds sequence and of t hese , one was dr y 

and the others had 10111 yields less than 0 . 5 l / sec . ( l.B m)/ hr ) . 

The only hydrogeoluyical i nformat ion specifically relating to thi s 

unit was obtained i n the Dibete area (Rept. GS I D/B 1979 ) where water 

was encountered in s iltstones, groundvater conditions were con fi ned 

and both trans missi vHy and specific capaci ty were low (1.5 m'/d/m 

and 0 .11 l /sec /m respec tivel y) . In the Urapa area it has been 

suggested that the Red Beds , i n the apparent absence of Beaufort 

strata, may have suffi cient vertical permeabili ty to a11o\1l 

upvard leakage between the underly i ng Ecca aquifers and the Cave 

Sandst one above with the Red Beds act ing as an aquitard either as 

as a resu lt of na t ural di fferences in head bet\lleen the two main 

aquifer units or by artificial heads imposed under pumping conditios . 

conditions . An Ecca/Cave Sandstone connect ion appears to be 

further substantia ted by hydrochemical data from the same area 

( Bell , 1977) and thus i nvalidates a gene rally accepted opinion 

that the Rpd Bed3 act solely as an aquiclude base t o the overlying 

Cave Sands tone . However , substantially more evidence of the 

leaky nature of the Red Beds must be obtai ned before any major 

conclusions may be dra\lln . 

3. 3.5 Cave Sandstone 

3. 3. 5. 1 Aquifer Distr i bution 

The lit hologi cal nature and depositional history of the Cave 

Sandstone unit of the Karoo makes t hese strata the mos t consisten t 

and potentially the most predictable of Botswana aquifers . 

Cl early the nature of the aeolian depos i tional process to \lIhich 

t he bulk of the Cave Sandstone is ascribed wo uld in all likelyhood 

ensure the widespread distribution of vi rtually identical sedimentary 

materials , and hence potential aqu i fers, across the I:Ihole of the 
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Central Karoo basin from Sero~e/Orap8 in the northeast to at least 

Ncojane in the \!lest, and north\!lards i nLo the Northeast basin and 

beyond. By vir tue of this fac t , and i n contrast to the other major 

Karoo aqui fer unit, the Ecca, the Cave Sands tone is the mo st 

hydroyeoJogicaUy uniform, and thus polentially mo re reliably 

evaluated, of the aqu ifers of Bots~ana . 

Partly as a consequence of this ove rall predictabi lity, the 

Cave Sandstone i s also probabl y the most \!Iidely utilized and 

extensively documented unit, especially in the northeast of t he 

Central basin in the region betUleen Sero\!le and Orapa. 

111 it s preserved state, usually beneath a capping of Stormbery 

Lava, the Cave Sandstone consists of a substantial thickness of medium 

to fine grained aeoli811 sandstone UliLh mudstone int ercalations 

floor ed by the grada tional Red Beds rnudstone unit. The region!] l dip 

of the Cave Sandstone at the feUl localities at uh i ch it has been 

determined is 10\!l ( less than 50) and trends in\!lards touards the 

basin centre. No evidence exists for any majo r variations in dip 

as a result of folding any\!lhere irl the Kalaha ri region . Rourld the 

margins of the Karoo basin, and primarily outsi de the limits of 

the lava, a considerable po rtion of the Cave Sandstone sequence 

may have been removed by erosion and \!Iith it much of the better 

aquifer material. The maximum thickness of the full Cave Sandstone 

succession, both in the Orapa/Se rolJlc r egion 1'Ind clFic\!Ihere fll"UUJld the 

Central basin margi ns , i s generally of the order of lOO to 1.5U melres 

but only the uppermost 70 to 80 metres of t his sequence cOIl::)tit ulE) 

the Cave Sandstone aqui fer proper, \!Iith the remainder bcinrJ Luo 

aryillaceou s to possess useful l1Iater yield properties (Neumann-Hedlin 

et. a1. 1981, Bell, 1977 ) . Earlier workers (Jenni ngs, 1974 ) rega rded 

the lava /sandstone contact zone as the main aquifer within the 

Cave Sands tone sequence, but in the light of mo re recent evi dence 

th i s i s no longer bel ieved to be the case (Shell Coal, 1980 , 

Gibb, 1980 ) . HO\:le ver, con tinuity does appear to exist between 

groundwater within the Cave Sandstone unit and aqui fers (l1Iherc 

present) in the overlying Stormberg lavas, although the phy sical 

nature of this continuity is not cer tain (Gibb, 1969 , JeJlllinqs , 
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1974). 

The areal extent and lateral consistency of the Cave Sandstone 

aquifer \!Iould appear to be consider able, the only discontinuities 

being created by tectonic movements, frequently accompanied by dyke 

injection, and erOSlOn during vhich aquifer material has been 

removed. This latter, as Uiell as being a recBIlL fetJ.ture, m;:)y also 

be a pre-Stormberg phenullIemon, since t he upper surface of the 

Cave Sandstone beneath the lava is frequently highly undulati ng. 

HOlJlever, such pre-Starmberg topography may equally \tiel! be 

attributable to depositional processes , s ince an aeollan 

environment UlQu l d very likely have gi ven rise to dune features 

of cons iderable extent and amplitude onto which the lava uas 

exlruded \;Iith no i ntervening erosion . It is believed that this 

latter hypothesis is most · likely to be correct , for nOl!lhe re 

have Cave Sandstone Lopllyrilpll.l(" 

pre-Stormberg erosional activity . 

lOl!ls displ ayed any evidence of 

rurther substantiation of this ' macro' deposit i onsl 

phenomenon, which may c r eate localised i mpermeable boundary effects , 

exi sts in the Orapa / Letlhakane area \tIhere Cave Sandstone is 

confined by Stormbe r g Lava . In this area production boreholes have 

been sited by geophysical methods such that they penetrate the 

minimum thickness of ba~alt and the maximum thickness of Cave 

Sandstone i . e . on Cave Sandstone/ pre-basalt 'topographic' highs. 

Aquifer test results from certain of these boreholes i nd i ca t ed a non

tinea l' i mpcrlucab l e boundary feature \tIh i ch has been i nterpreted 

as the irregular contact surface betueen the Stormberg lava and 

Cave Sandstone \tIhich becomes relatively deeper in all direct ions 

away from the production borehole . ( UCS 1978 ) . This type of 

boundary feature is most easily explained by the existence of 

Cave Sandstone dunes, probably of the 'barchan' variety . 

Hydrogeologi cal boundaries created by primary sedimentary 

variations are considered to be relatively infrequent and unimport

ant, since although siltstone intercalations within the main 

sandstone body are common , they appear to be limited and 
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discontinuous len~oid features havi/lg little if any effect on 

overall aquifer behavi our ( Australlan Groundvater ConSUltan ts, 

1974) . Othe r s e dirnentalogica l fea tures uhich ma y c r-ea te minor 

hydrogeoloy i cal boundary effecls ar-e a eolian cross hedding and 

other depositional stratificalions vhich may be differentially 

cemented . However , such features , s ] t hough caus i ng great inhomo

geneity in verti cal and horizontal permeabi lit y are unlike l y lo 

be significant vhen cons ideriny aquifer performance as a I:Ihole. 

Tectoni caUy generated boundaries s uch as faults ( which are 

ver-y fr-equenUy accompanied by dyke i ntrusion ) are propor tionally 

of much yreater importance i n the Cave Sandstone aquifer than 

the Ecca, althouyh in most areas they almo8 t certainly transect 

both units. Clearly this is a function of the overall 

homogeneiL y of the aqu i fer units - in the Ecca the Ubiquitous and 

r apid litholoyieal and hydrogeologi cal variations c reating a 

compl ex groundvater s ystem o vershadolll most of the effects of fault / 

dyke induced boundaries on a r egional scale and it is onl y when 

exami ning and assessing a much more homogeneous aquifer unit 

such as the Cave Sands tone t hat these hydrogeolog i cal discontinui 

tie s are like ly (o r are abl e ) to be e valuated . 

3 . 3.5 . 2 Producli vily and Existing De velopment 

In assessing the general produc tivity of the Cave Sandstone 

aquifer both lhe yi eld statistics, s pecific capacity data , and 

the producti vity index of the un i t have been considered. 

Of po tential value in assessing overall aquifer performance i s 

speci fic capacity data relating to boreholes penetrating the 

aquifer . Such data , ho~ever , must be treated \!Iith caution since 

both abst r action period and bo reho l e efficiency a re cr i tical in 

the assessment of lhis type of information. Nevertheless, data 

that is available indicate s tha t the specific capacity ( determined 

from controlled aquifer tes t s in both the KllIeneng and SerolU8 

regions) of Cave Sandstone boreholes r anges from 0 . 07 l i s /m to 

0 .9 l is/m llIith a me an of 0 .1 7 l i s /m . In the northl:lest Serollle a r ea 
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recent testing (G ibb~, 1980) has irldicated average speci fic 

capacity values of bet~een 0 . 25 and 0 . 4 l is/m for the best condi -

tions in both confi ned and unconfined groundl:later area and betueen 

O. (]7 and O. J 11 s/m in the 1II0rst condi tions . In cant rast to these 

rigures, previous \!lurk by Cheney (G51O Record No. 3, 1979), in the sa llle 

rcyioll illdicule:. specific capacities for Cave Sandstone 

boreholes as ranging from 0 . 01 l is/m to 0 . 05 l i s /m \!Iith a 

SO?O probabiliLy of a borehole having a specifjc capacity of only 

0 . U23 l /s/rn . HOl!lever, as in the I:.cca of central Kllleneng ( see 

3 . 3 . 2 . 2 and Chapter 6) such values have been calculaled from 

archive information; all a re theoretical (i . e. no actual 

pumptests have been perforrned - no dra\tldolUn information is available 

and a minimum specific capacity is dete r mined by assuming maximum 

drallldoun to the pump suction) and they must therefore be regarded 

as a doubtfuJ representation of the true aqui fer performance as 

a result of i mportant assumptions inherent in the calculation. 

This is very \!Iell demons trated by the fact that the above calculated 

values are an order of magnitude smaller than the speci fic 

capacity figures derived from actual aquifer testing, \!Iith the 

result that they may be regarded as an i nconclus i ve indicator of 

aquifer productivity. As discussed in section 3 . 3 . 2.2, strai ght 

forward borehole yield statistics are not a reliable indicato r 

of longterm aquircrpolclltial, ~;ince they take 110 HC COlUlt u f 

dravdown of the yruuncJua~er surface as a result of abstraction. 

However, si lnj.)le yield statistics TIlay serve to indicate the relative 

productivity of the Cave Sandstone aquifer under confined 

( 'basall covered') and unconfined ( '110 basalt' ) conditions . 

Jennings 1974, in his summary of national borehole slatistics 

up to that date indicates the following . In ' basalt covered ' 

conditions the average yield from the Cave Sandstone aquifer was 

2 . 1 l / sec 0 .6 m'/hr) and the borehole 'success ' rate was 97.4?~ , 

the highest of any aquifer unit in the country. In ' no basas1t 

conditions' the average yield llIas only 1..5 l / sec (4 .7 m'/hr) with 

a reduced 'success' rale of 64 . 8~~ . 

The difference betllleen the t\IJO categories was formerly thouyht 

to be a r eflection of the generally reduced thickness of aquifer 
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and overall gr eater proportion of lover units of the sequence 

thal may have been drilled in areas not covered by Sto1'mbe1'g Lavas . 

Houever, i n the northl!lest 5e1'o\:le area (Cibb, 1980 ) yield/ depression 

characteristics of boreholcs under both confined and unCOflfined 

conditions have been studied from stepdra\:ldo\:ln pumping tests . 

Conclusions are that abslract ions frorn sites under either condition 

will produce the same wide variation in yield and that product i on 

performance is not re lated to the Lhickness of aqu i fer or the 

proportion of sandstone/silly sandstone intersected, but rather to 

the overall permeability distribution throughout the sequence . 

Further eX<lIlI inatioll of Lhe di fferences in confined and unconf i ncd 

borehole performarlcc revealed that in Llle former case \!Jell 

cfficiencies were greater than 8m~ , decreasing with inc reased 

yi eld by a fC\:I per cent per 100 m' / d abstraction , while in unconfined 

conditions efficiencies uere less t han 8m~ and appear t o reduce 

by 28?~ per 100 m'/d increase in yield (Fig . .. 5.10) . However, in Lhe 

latter s ituation the apparent fall in efficiency results f r om the 

reduction ill effective thickness of the aquifer as H is progressi

vely deua t ered rather than any borehol e effect, and l eads to the 

cunclu:>ioll lhat the overall performance of boreholes under 

unconfined condit i ons is determined by the percentage of Cave 

Sandstone aquifer deuatered . 

Groundwater development and regional distribution of the 

producti vity index of the Cave Sandstone aquifer is indicated in 

Fig. 3. 11 . Cl early, comparing Fig . 3. 11 and Fi g . 3. 1, consi de rably 

greater development of the Cnve ~;,mdntolle has occu red than for the 

!:.CCCl aqui fers, for tvo fundamental r~<l30ns . Firstly, auay from 

the basin margins even beneath Stormberg cover, the Cave Sandstone 

is mo r e \!Iidely acce ssible, both technically and economi call y, than 

the [CCC'l and hence tends to be more regionally developed, and 

secondly the ' predi cLability ' of the Cave Sandstone aquife r , even 

if regarded only qualitatively, is more assured than t ha t of the 

Ecca \:Iith a consequent encouragement of development. 

3 . 3. 5 . 3 Recharge/Discharge Helationshi p 

Croundwater conditions in the Cave Sandstone vary nccoroing 
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to \!Ihether or not the sandstone is overlain by basalt and if so, 

the position of the piezometric surface relative to the sandstone/ 

basalt interface. If the piezometric sur face lies vithin the 

basHlt capping the C[lve Sandstone is confined or semi-confined , 

and in many cases there is leakage from or through the overlying 

basalts (GSlO Technical Note 2 , 1979, GSIO Technical Note 7, 19BO 

Jennings, 1974 ) . In a situation \lIhere there is no basalt cappi ng 

or t he piezometric level is below the basalt sandstone inter face 

the Cave Sandstone aquifer exhibits a s erni-unconfined, or unconCined 

with delayed yield, response \IIhen subjected to ground\!late r 

abstraction (GSl[) Technical Note 2 1979; Gibb, 1980; Shell Co<:11 , 

1980). An example of such semi-unconfined groundwater condit ions 

is \~ellfield 4, (Orapa ) \!Ihere groundwater chemistry data indicates 

lhat leakage induced by pumping may contribute up to 25~o of the 

grounduater extracted. (Australian Groundwater, 1974 ) . 

The mechanism and maynitude of both recharge to, and discharge 

from, the Cave Sandstone aquifer are, as in the case of the Ecca, 

relatively unknO\!ln and insufficient basic information exists, 

except in the Serowe/Urapa region, to make anything other than 

very general observations on the direction and rate of yrounduater 

flow. In the Serowe/ Orapa area groundwater gradients indicate 

regional fIou from southeast (5erowe) to north\LIest (D r apa) \LIith 

yradients variously calculated from sparse data as 0 .0025 (1/400), 

0.0019 (1/ 500 ) , 0.0012 (1/e45 ) , 0.0016 (1/634), 0 . 0015 (1/646) 

Jennings, 1974; GSlO Record No . 3, 1979 ) . In general, however, 

gradients appear to become shallower to\LIards the north\LIest. 

Enclosure C il lustrates a hydrogeological cross-section across this 

northeast corner of the Central basin and, indicates general 

ground\:later gradient as \!Iell as regional geoloyy. Such gradients 

support the concept of a discharge area for the Cave Sandstone 

yroundwater of th i s tefjion on the northern margins or the main 

Karoo basin i n the vic i nity of the f1akgadikgadi Pans. In this 

latter area groundwater levels are shallow and unconfined and 

although direct discharye at surface is not obvious, removal of 

\!later fr.om the ground\LIater body by evapotranspiration processes 

within the pan complex, in a similar manner as occurs in 'sabhka' 
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developments in other arid regions , i s a distinct possibility . 

In order to maint ain the groundwater gradients ment i oned above , 

zones of pi ezometrically higher vater levels , r el ated to present 

and/ or historic recharge, have been inferred to exist in the 

Kalahari - covered Secowe region. Following recent Project s tudi es 

immediately to the northwest of Se rowe several such groundwater 

'mounds' have in fact been indicated (G510 Record No . 3 , 1979) and 

current recharge has been demonstrated by computer modelling 

studies to occur over these areas (Gibb, 1980) (see Chapter 5). 

Groundvater recharge to the Cave Sandstone th rough the Stormberg 

basalts having no Kalahari cover has also been clearly indicated 

in the Sero w8 to~nship area itself by chemi cal, isotope and 

direct hydrometric techni ques (See Chapter 5) . 

. Attempts to quantify the rate of groundwater flo~ towa rds 

the nor thern discharge area have been made approximately along 

the line of sec~ ion shovn on Enclosure C and range from 0. 36 to 

1. 21 m/ yr (Jenni ngs , 1974 ) , but results must be open to doubt 

since calculations certainly require a much greater knowl edge 

of regional aqui fer properties such as th i ckness, effective 

porosity, and hydraulic graident than is presently available. 

I t is also likely that other recharge zones occur in similar 

hydrogeological circumstances to those in the Serowe area s ince 

l4C age da t es fo r Orapa wat er, although i nterpreted in the 

' traditional ' manner as decay from an initial 85 pme level, are 

not compati ble ~ith the long trans it times i mplied by the above 

mentioned fl ow r ates if the Serowe area is considered the sole 

r echa r ge source . (J ennings , 1974 ) . Unlikel y flow rates of t he 

order of 4- 5 m/year would be required if this were the case. 

Else~here i n the Cave Sandstone of the Cent r al basin, and 

certawly in other regions, insu ffic i ent piezometric data i s 

availabl e even to i ndi cate flo~ direct ion, except in the Dibete 

area ~here flow i s apparently eastwards in the direction of the 

surface drainage , and i n northern Kveneng ~here flow is probably 
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northerly . 

Hi s toric, rather than current , recha r ge to the Cave Sandstone 

aquifer, re l at ed to the last major pluvial peri od, lUas probably of 

fai rly \!Iidespread occurance in the no r theast quadrant of the 

Central basin where both Kalahari cover and Stormberg Lavas have 

been proved to be frequen tly thin or assent (GSIO Record No . 3, 

1979; GSlO Hecord NO . 7 , 1979). Increased ground\!later discharge 

i nto the greater nakgadi kgad i lake almost cer tainly also took 

place du ring this period . However , further discussion of a 

possible histori c recha rge/discharge model appli cable to both the 

Cave Sandstone and lhe Ecca of this region and possibly the \!Ihole 

of the Cent ra l basin, is presented in a more general form in 

Chapter 5 . 

3.3~5 . 4 ACJu i fer Parameters 

Laboratory physical properties a/{alyses of core samples of 

Cave Sandstone strata f rom a number oP localities hsve been carr i ed 

out in connection vith the Projects resea r ch programme (GSlO 

Technical NoteNo. 7 , 1980 ; Neumann- Redlin et . al. 1981 ) and 

analytical results from other studies at Drapa ( Jenni ngs, 197 4) 

and Sero lU8 (Shell Coal, 1980 ) are also available . Data i scompileu 

as Tables 5 - 8 , Appendix B. Paramete r s determined, included 

vertical and hor izontal permeability (hydr aulic conducti vi t y k) , 

effective porosity (0 ) , dry bulk density , and i n certain caes 

centrifuge specific yie l d ([sy ) and pore size distribution (psd ) . 

Such parameters, especially permeabilit y and specific yield, have 

proved invaluable in the analysis of geophys i cal logging profiles, 

and in providing physical guidelines for t he i nte rpretation of 

aquifer tes t data . 

Examination of indi vidual physical properties profiles from 

different localitie s has r evealed a reasonabl y consistent areal 

distr i bution of parcllneters . I n situations \!Ihere the Cave Sands tone 

i s covered by Stormberg lava there exists at t he contact a th i n 

' baked' horizon \!Iith high grain density , ve r y l O\!l porosity and no 

measureable permeability. 
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(GSlD Technical Note No. 7, 1980) . The actual metamorph i c zone 

appears s eldom to exceed more than a feu centimetres and is under

lain by a metre or so of hard, calcite- cemented sandstone, I!Ih i ch 

together form the so- called 'indurated zone ' of earlier literature 

(Jennings, 1974 ) . Uelou this zone, which in total is usually 

het\!ieen u. and 6 metres thick I the sandstone is frequently 

cons iderably less cemented, has 10111 grain density. hi gh paronity , 

and relatively high permeability . It is ir)' this top ten rnetreo.; 

of sandslolle beneath the 'indurated zone' that the highest 

permeabilities of the \!ihole sequence a re most often found. 

Additional high permeability horizons, restricted in thickness, 

also exist much lOl!ler in the sequence within the silty sands tones 

of the lover Cave Sandstone . ( Neumann-Redlin, et . al . 1981, GS10 

Technical Note 7 , 1980 , Gi bb, 1980 ) . Such horizons appear to be 

particularly well developed in the Orapa region where they are 

po~tulated to be products of a fluviatile environment, transitional 

between the mudstones of the Red Beds and the aeo1ian phases of 

the Cave Sandstone proper (Bell, 1977 ) . 

1n the letshana area a two-fold division of the sandstone 

component PI'9per has been made on the basis of physical properties. 

lhe upper 70 metres of sandstone has porosities betveen 25~'; and 3m; 

uith specific yields of beL\!Jeen 12~'; and 2m,; and permeabilit i es 

i n the range 0 . J6 to 1.4 mi d while below th i s (but above the more 

obvious ly silty sandstones ) the unit appears to be more highly 

cemented by !::iilica, lIIith a consequent higher grain density and 

10lller porosity and permeability va l ues (Neumann-Red1in, et. al. 

1981 ) . This division is also apparent northwest of Sero\Ue 

(GSIO Technical Note No. 7, 1980 ) where the upper zone, albeit 

only tIJenty metres in thickness, has poras-ities of the order 

2m,; - 2S ?O . specific yields between 10% and 2m,; and permeability 

values in the ranyc 0 . 2 to 1. 7 mi d. l3elo\U this wne a s i milar 

increase in grain density caused by increased cementa Lion 

occurs, \Ui th a consequent reduction in other parameters. A 

similar two- fold division of the aquifer sequence i s also put 

for~ard by Gibb ( 1980 ) , ~ho, in the absence of cored samples, 

equated the lower, denser , less permeable zone to the increased 

79 

------



silly nature of the sands t one rather than increased cement ation . 

I n fact , a combination of both causes is most likely. A 

diagrammatic and generalised representation of physical feature s 

of the Cave Sandstone, indicating these s ignificant hydrogeological 

divisions, and compiled from all data in the Serol!le/Orapa r egion 

is illustrated in Fiy . -~.J2 . 

Hecent work by Gibb (1980) , based on cOl!lputer simulation of 

individual aquifer tesL results by variation of permeability 

throughout the aquifer profile, has SUbstantiated the conclusion 

from laboratory tests that permeability of the Cave S~ndstone 

decreases wilt! depth ( Fig . 3 . 13). In the uppermost part of the 

sandstone sequence ( the high permeability zone o f Fig. 3. 12 ) values 

of permeability computed by this technique range betl!leen D. 52 mid 

and 0 . .$4 mi d uith permeability decreasing to bet\:leen 0 .1 mid 

and 0.36 mi d in the deeper sandstone . Regional permeability 

values estimated from these simulations ( be tween 0 . 7 and 0 . 1 mid) 

compare favourably with values obtained both from aquifer testing 

( bet\lleen 0 . 12 and 0 . 74 m/d, mean O. S m/ d - Gibb , 1980) and actual 

laborCltory analyses (see above : 0.2 to 1 . 7 m/d; mean 0 . 66 mi d -

GSIU Technical Note 7 , 1980 ) . 

Oetermination of the specific yield of the Cave Sands tone 

aquifer by centrifuyc laboratory techniques has also been under

taken at several localities (GSlO Technical Note No . 7; 

Neumantl - Hedl in, et . al . 1981) . Values range from 4~~ to 17?~ with 

an average of 14% for the I!Ihole aqui fer ( both s ubdivisions on 

Fig . .3 .12 ) al sHe GSIO/C5 ( Northwest Serowe ) and between l ?~ 

and 2U".; \!Iith an a verage of Im~ for the \IIho1e aquifer at site 

GS / G13 ( Letshana ) . Tables 5 - 6 Appendix B. If the upper more 

permeable (aeolian) subdivision is considered alone then at s ite 

GSIO/ C5 values ranye from 10 to 20% ~ith a mean of 15?'; and at 

site GSlO/G13 from 12 to 20?o with a mean of 16?o . 

Additional laboratory tests of pore Sl7e distribution of 

Cave Sandstone material fro m site GSIO /C5 is shown orl rig . L14 

Price et. al . (1976 ) accepted that gravity drainage ceases at 

pore water suctions of between 1 and 5 metres of l!Iater and that 
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pores with diameters of less than 10 microns will not drain under 

gravity and hence will not contribute to the specific yield. If 

this later constraint is applied to the psd plot of GSlO/C5 it 

appears that between 50 and 80% (average 65% ) of the available 

pore water should drain under gravity. However, the centrifuge 

specific yield data gives a much lower average value of 15 - 16~, 

which, when applied to the psd envelope in Fig. 3.14, indicates 

that only between 3 and 30% of the total available pores will drain, 

and that gravity drainage of pores with diameters of 25 microns 

or less will cease at pore water suctions greater than 0.95 

metres of water. 

The two principal aquifer parameters of transmissivity and 

storage have been determined both in the Serowe/Orapa region 

and also on the southeastern and southern margins of the Central 

bas~n in the Dibete and northern Kweneng Areas. Transmissivity 

of the full sequence of the Cave Sandstone aquifer is variable, but 

not overwhelmingly so, and is consistently low, being virtually 

everywhere less than 75 m'/d/m and more usually in the region of 

15 to 35 m'/d/m. Extremely low values, less than 10 m' / d/m, have 

also been encountered but are less common. Data and results from 

Cave Sandstone aquifer tests are tabulated as Tables E - J Appendix 

8. In examining the vertical distribution of transmissivity through

out the aquifer it is qu~te clear, both from laboratory physical 

properties analysis, geophysical borehole logging, and observations 

during drilling operations, that the whole of the rock mass 

transmits water by intergranular flow to a borehole under abstraction 

conditions. (Shell Coal, 1980, Gibb, 1980 ). 

More highly transmissive horizons do however occur in the 

higher permeability strata immediately below the basalt/sandstone 

'indurated' zone, and in the occasional high permeability units in 

the lower parts of the Cave Sandstone sequence (see earlier) 

but there is little evidence that transmissivity within the 

sequence as whole is s ignificantly enhanced by fracturing or 

fissuring of the aquifer. (Shell Coal, 1980, Gibb, 1980) In the 

Letshana area , for example, the limited fractures that do occur, 
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although small, have been enlarged by solution action resulting 

from ground~ater movement, but have been estimated to contribute 

only 15% of the total aquifer transmissivHy (Neumann-Redlin 

et. al., 1981). Very limited fracturing has also been recorded 

from the main sandstone sequence in other localities in the Sero~e 

region, and fissures, where present, appear to be particularly 

prevalent in the harder, calcareously cemented indurated zone 

below the basalt/sandstone contact, althougb not precisely at the 

contact itsel f . (GSIO Technical Note No. 7 1980). That these 

small fissures are a contact metamorphic sub-horizontal 'jointing' 

effect enlarged by solution of calcite cement is probable, with the 

consequent development of potential ground~ater conduits of up 

to 20 to 30 mm being noted (Jennings, 1974). 

During hydrogeological studies on the southern and south

eastern margins of the Karoo basin (GSlO Technical Note No. 2, 

1979, Rept. GSlO/ 8, 1979) considerably more subhorizontal fissure 

horizons have been noted during drilling, from core examination, 

and from geophysical borehole logging. As a consequence average 

transmissivity values for the Cave Sandstone of these areas tend 

to be higher than in the Serowe/Orapa region, being in the upper 

half of the general Cave Sandstone 10 to 75 m'/d/m range. This 

difference in the proportion of fissuring of the formation is 

possibly attributable to a combination of the increased effects 

of major faulting in the southern/southeastern margins of the 

basin, together with formerly steeper hydraulic gradients creating 

enhanced solution enlargement of such tectonically generated 

fractures. 

Storage parameters for the Cave Sandstone, both in its 

confined state beneath basalt and in its semi - confined/unconfined 

state with or ~ithout a basalt capping, are also tabulated in 

Tables E - J Appendix B. The confined coefficient of storage 
- 3 -5 appears to vary bet~een 1 x 10 and 1.6 x 10 ~ith most 

-4 - 4 values in the range 1 x 10 to 8.4 x 10 • The mean 1 national 1 

value for this parameter is slightly higher than that proposed by 

Gibb (1980) in the area northwest of Serowe (i.e. 2 x 10-4) at 
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5 x 10- 4 (0 . 05 percent) and greater variation is apparent in the 

results from the southern and southeastern basin margins 

(GSl O Technical Note No . 2, 1979; Rept GSIO/8, 1979 ) . This latter 

could well be attributable to the increased prevalence of fi ssures 

in these areas as discussed above. The unconfined storage or 

speci fic yield of the Cave Sandstone. as deter mined from several 

l ongterm pumptests in the north west Sera we area (Gibb, 1980 ) 

ranqes from 2.4 to 3.6% (3 tests only), whi~h for a primarily 

poorly consolidated sandstone aquifer is relatively low. Gibb 

(1980) however, postulate that the fairly l ow transmissivity of 

the aquifer in that region may extend the effects of gravity 

drainage beyond the 32 day period of their pumping tests and that 

a t rue value of specific yield has not actually been obtained. 

When compared with laborator y de terminations of specific yield, 

ranging from 4 to Ino (GSlO Technical No te No . 7 1980) and 

despite the constraints of the centrifuge laboratory techniques, 

fie'ld determined values do appear generally to be relatively 

low. It is thus suggested that a more realistic estimate of 

the specific yield of the Cave Sandstone ~ay be of the order of 

5" -, with the regional value of 3% adopted by Gibb (1980) for 

their northwest Serowe computer model being somewhat conservati ve. 

It may also be concluded that for the vital specific yield para

meter to be reliably determined from field operations, aquifer 

tests must be extensive and of the order of 2- 3 months duration. 

3.3.5.5 Groundwater Chemistry 

Groundwater quality within the Cave Sandstone aquifer as 

indicated by the distribution of chloride content* is regionallly 

consistent around the margins of the central basin , although 

general values appear to be slightly higher ( ~lOO mg/l ) in the 

* It should be noted that chlori de and not TDS ( Total dissolved 

solids) is probably the better single criterion on which to assess 

r elative changes in mineral i sation since the general use of TDs 

can mask very distinct differences in hydrochemistry. 
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area to the west of Serowe than in either the Dibete or 

northern Kweneng regions « 100 mg/l). However the most thorough 

examination of hydro chemical information has been undertaken in 

the former area, an area which can probably be regarded as 'typical' 

for the purposes of discussing the evolution and trends of 

groundwater chemistry in the Cave Sandstone/Stormberg terrains of 

the Central basin • 

In a similar manner to the groundwater of the Ecca (3. 3.2.5) 

low salinity, Ca-Mg- HC03 water is found in areas of Cave Sandstone 

subcrop, with a general downgradient trend into a Ne-Cl dominated 

water being the principal observation in the Serowe region. 

(i.e. Cl:HC03 becomes >1). It should be noted that this overall 

trend involves no distinction between waters from different 

horizons in the sandstone or basalt, although to some extent this 

'continuous aquifer' concept is supported by the apparent 

continuity of piezometric contours (GS10 Record No. 3, 1979) . 

Groundwater in Cave Sandstone not covered by basalt generally 

has Ca:Na)l and is dominated by Ca-HC03, while waters contained 

within the Cave Sandstone over lain by Stormberg lava, from both 

near the contact zone and below it, generaly have Na : Cl)l and 

are dominanted' by Na-HC03 or down gradient ( in the Serowe area to 

the west or northwest ) by Na- CI . The Na : Cl ratios of these 

waters from Cave Sandstone beneath basalt are very variable, 

with the high ratios frequently found in waters with high pH 

values (note that these latter values are only those determined 

in the laboratory after storage and not in the field). 

Excess Na ( i.e. that amount of Na not balanced by Cl) may 

develop as a result of either ion exchange reactions within the 

aquifer due to the presence of clay minerals or by the addition 

of Na to the system from the weathering of plagioclase minerals 

in the basalt. In the former process the chemical modification 

from Ca- HC03 dominance to Na-HC03 dominance is due to cation 

exchange of the type: 

Ca2+/Mg2+ + Na - montmorillonite Ca/Mg montmorillonite + 2Na.+ 
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That this occurs is demonstrated by the ' one to one' i nverse 

relation between excess Na and (Ca + Mg) shown i n Fig. 3.5. A 

contributi on to the system by basalt weather ing (plagioclase 

minerals) is indicated by high pH values (see above), although it 

i t noteworthy that excess Na is also found in some groundwater 

samples from Cave Sandstone without overlying basalt (Fig . 3.15) 

suggesting that ion exchange and basalt weathering processes 

occu~ independently. 

Since the aquifer's capacity to enhance Na in solution by 

cation exchange is expected to diminish as the aquifer is progres

sively flushed by Ca-rich water, the possibility of a correlation 

between excess Na and the performance of a pumped borehole should 

be investigated. With the limited amount of specific capacity 

data availabl e in the inventory, no such correlat ion of high 

excess Na and poor specific capacity i s evident. However, it 

i s ;uggested that the generally advanced state of cation 

exchange (to either side of zero excess Ne) in these groundwaters 

i s a result of very long residence times ~nd consequently 

limited flushing of the aquifer. This is al so the conclusi on to 

be drawn from the localised nature of anomalous mineralisation, 

and the general increase in Na- Cl character i n the far west of 

the area. A possible origin for such localised mineralisation 

is leakage upwards from the underl yi ng Red Beds which may have 

traces of evaporite minerals or possibly from such deposits at 

t he base of the Cave Sandstone i tself. A second possible source 

of the general increase in Na- Cl is minor, but cumulatively 

significant, leakage of water from the basalts, although there is 

no evidence for enhanced chloride as a result of basalt 

leaching in the few boreholes produci ng water from the basalt up

gradient. However, it is possible that down- gradient t he generally 

poor hydraulic properties of the basalt has lead to the 

re t ention of traces of halite and slow leakage to the underlying 

sandstone. 

There is some evidence away from the margins of the Central 

basin for increasing salinity with t i me, although it i s i mpossible 
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to establish any universal trend, particularly in the absence of 

comparative pumping figures. The increases in Cl are accompanied 

by increase in Na- Cl dominance of the water chemistries and a 

shift in Na : Cl towards 1, confirming that addition of NaCl is 

occuring. The heterogeneity of Cl concentrations over quite 

short distances also suggests that localised sources of minerali-· 

sation (see above ) may have a significant impact on the regional 

gradient in salinity and on the time - related changes in 

quality. 

On the question of groundwater recharge, and in the absence 

of direct information in the form of environmental isotope data, 

the pattern of groundwater chemistry evolution described above, 

does enable identification of groundwater zones which show 

apparent immaturity, and therefore which might represent the 

most recent recharge areas (without putting any absolute age on 

them). The most immature (i.e. unreacted) groundwaters are those 

with Na : Cl close to 1 and a high Ca content relative to Na or 

Cl. For the Cave Sandstone groundwater of the Serowe region 

such high Ca : Cl ratios have been fairly closely correlated 

with areas of piezometric maxima ( recharge zones ?), although 

caution must be applied where local bore hole pollution is suspected 

since this may 'artificially' enhance the Ca : Cl ratio. 

3.3.5.6 Resources Evaluation 

The guiding principles of resource evaluation have already 

been stated in relation to the Ecca aquifers (3.3.2.6) but may 

be usefully restated again here. In order to obtain an assessment 

of production resources the accurate determination of controlling 

aquifer parameters ( transmissivity and storage ) and a reliable 

projection of the behaviour of these parameters under specified 

long-term abstration conditions is necessary. Also important 

is the delineation of overall aquifer geometry (thickness 

boundaries etc. ) and a knowledge of the state of equilibrium of 

the natural system (i.e. whether it is depleting, replenishing 

or in equi librium ) . 
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With regard to the Cave Sandstone aquifer, only in the northern 

and northeast port ions of the Central basin in the areas around 

Orapa/Letlhakane and to the north~est of Serowe have groundwater 

investigations of sufficient intensity from which even to 

attempt reliably to 8ssess the limiting parameters noted above 

been undertaken. In the former area, however, studies have tended 

to be sporadic and piecemeal (Gibb, 1969, Australian Groundwater, 

1974, wes, 1976, 1978 ) and although many of the limiting parameters 

have been evaluated, no overall reso~rces assessment aAd 

accompanying predictive model has resulted. Recent studies in the 

northwest Serowe area (Gibb, 1980), largely as a result of the 

extremely high potential demand, have been very definitely 

regional resource orientated and have resulted in a predictive 

aquifer model similar to that developed for the Ecca of the 

Jwaneng well field in Kweneng (3.3.2.6). However, the obvious and 

significant difference in the magnitude of the two studies to 

arrive at virtually this same end-point must be commented upon 

in relation t o .the relative hy~rogeological complexity of the two 

aquifers and the level of hydrogeological ' knowledge of these 

respective units at the initiation of each of the studies. 

In the Cave Sandstone groundwater resources investigation 

in the Serowe region (Gibb, 1980) earlier work facilitated a 

fairly high initial level of knowledge of .both geological and 

hydrogeological (Drape stUdies) factors end indicated the rela

tive unconformity and areal consistency of the aquifer as 

described earlier (3.3.5.1 - 3.3.5.4). This primary knowledge 

made possible t he immediate refinement of the study into an 

evaluation of specific parameters (storage, boundary effects 

created by faults and dykes) with a consequent economy of both 

time and finance. In contrast the inherent complexity of the 

Ecca aquifer and a much lower initial level of hydrogeological 

knowledge necessitated a more extensive and generally much broader 

based study which was not conducive to such immediate refinement 

or, in order to arrive a t t he producti ve model en9point 

(3.3.2.6 ) to any significant reduction in programme. 
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Having commented upon the fundamental differences bet~een 

groundwater resource evaluation in the Ecca and the Cave Sandstone, 

and having already discussed many of the principal parameters 

related to such assessment of the latter (3 .3.5.1 - 3.3.5.5 ) , 

certain other factors which may be of great importance in resource 

studies concerned paricularly ~ith the Cave Sandstone aquifer must 

be mentioned. 

In regions where the Cave Sandstone aquifer is over lain by 

Stormberg Lava (i.e . where the full sequence of aquifer material 

occurs and large scale development is most feasible) contribution 

to the Cave Sandstone ground~ater body by leakage through the 

basalt either from intra- basalt aquifers or from Kalahari 

aquifers and current recharge, appears to occur and may be 

significant. (see 3.3.5.1, 3.3.5.3 and 3.3.5.5 ) . In the area 

to' the northwest of Serowe, the vertical permeability of the basalts, 

albeit very low (3 x 10- 3 m/day) has been demonstrated to be of 

sufficient magnitude to permit 

Kalahari aquifer (Gibb, 1980 ), 

natural recharge from a perched 

Clearly any abstraction from the 

underlying Cave Sandstone may induce significantly greater 

leakage, with a consequent inflUence bath an computed transmissivity 

values (and hence overall aquifer drawdowns) and an long term 

groundwater quality. Similar leakage effects through the basalt 

have been noted in the.Orapa area (Well field 3) but have not 

been quantified (Bell, 1977 ) . 

A second factor in a aquifer in which the influence of both 

faults and dykes is relatively mare important than in a less 

homogenous unit (see 3.3.5.1) is the regional effect of such 

features on the groundwater movement which ~ould be instituted as 

a result of major groundwater developments. If the aquifer is 

compartmentalised by such features, the predictive model must 

reflect this fact in order to evaluate long- term resources and 

overall regional drawdowns. In this context both the location 

and transmissivity of faults and dykes must be established. 

Gibb (1980 ) used the known head difference across a dyke and 

an average value of regional groundwater gradient and aquifer 
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transmissivity to calculate a value of dyke transmissivity of 

0.3 m2 /d/m, a value ~hich ~as then utilised to calibrate their 

predictive model. Indirect field evidence of the non-zero 

transmissivity of dolerite dykes on a regional scale, in 

particular their frequent lateral discontinuity and their 

observable fractured nature, was also offered. However, in 

relation to short-term aquifer testing the flow of groundwater 

through a dyke will be negligible and the dyke will act as what 

is apparently an impermeable boundary. The same study in the 

northwest Serowe area also concluded that non-dyke filled faults 

transecting the Cave Sandstone do not have associated with them 

any s i gnificant fracture zones which could enhance aquifer 

transmissivity, and could in fact, depending on the magnitude of 

their throw, act as significant regional impermeable boundaries 

which must also be incorporated into any predictive model • 

One significant contrast between the Cave~Sandstone and the 

Ecca aquifers is that at no location in the Cave Sandstone has 

any ' multiple head' situation similar to that observed in the 

Ecca sequence been noted . This indicates that despite the frequent 

presence of minor siltstone hor i zons within the Cave Sandstone, 

there exists total hydrogeological ';continuHy throughout the 

unit. However in the Serowe area, a phenomenon referred to 

as a 'suppressed water ~trike' has been noted and is thought also 

to be common elsewhere in the Cave Sandstone. Where aquifer 

conditions are such, that no water is encountered at the basalt! 

sandstone interface, or basalt is not present, t hen, although the 

upper sands tones msy be saturated, no water strike is apparent 

dur i ng air drill i ng until the hole has penetrated some 20 - 30 

metres of the sequence. This 'no show' of water is attributed 

to the fact that general formation permeabilities are low ( see 

3. 3.5 .4 ) and that the skin effect developed around the walls of 

the borehole during drilling is not overcome to allow flow into the 

the hole until sufficient groundwater head has become available 

and some type of preferential flow paths have been encountered 

in the lower silty sandstone horizons (Gi bb, 1980). This may give 

the misleading impression that the upper sands tones are dry and 
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act as a confining layer, whereas in fact under abstraction 

conditions the skin effect is overcome and the whole sandstone 

sequence below the piezometric level contributes water to a 

borehole. 

Two final points of contrast between the Serowe groundwater 

study and that undertaken in the Ecca of central Kweneng relate 

to the digital model ling techniques adopted~ and the assumptions 

made about the state of equilibrium of the system. In the Cave 

Sandstone study (Gibb, 1980) a finite-element, as opposed to a 

finite-difference computer model, was used in order to allow a 

concentration of effort on areas of most data, and m~st rapid 

water level variation,and to i ncorporate more effectively the role 

of dykes and faults. When calibrated for variations in transmis

sivity and storage, both areally and with time, the model was used 

to-demonstrate that present piezometric gradients must be 

maintained by current recharge, i.e. the system is not depleting, 

but is probably in a state of equilibrium with recharge 

balancing discharge. Despite this rechar-ge the model further 

demonstrated that the required demand for a period of 23 years 

would have to be met from unconfined storage (mining) with a 

large number of low yielding boreholes causing the partial 

dewatering of the Cave Sandstone aquifer below the Stormberg 

Lavas . However, the r~gional assessment pf the amount to be 

expected dewatering was somewhat complicated by geological 

structure, the non-planar nature of the top and bottom of t he 

Cave Sandstone aquifer and the inability of the present model to 

represent these variations. 

An additional, more detailed model, drawing on the results 

of the production well field development, and with other data 

having been further refined, has been suggested as a management 

tool. This · model would, as in the case of the Jwaneng Ecca model, 

be recalibrated as well field performance was monitored during 

the initial phases of large- scale production. 
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3.3.5.7 Overall groundwater Potential 

As in the case of the Ecca aquifers (3.3.2.7 ) , only the 

single detailed study of the Cave Sandstone in the northwest 

Serowe area (Gibb, 1980 ) has to date been of sufficient intensity 

to provide an assessment of regional gro4ndwater resources 

with a reasonable degree of con fidence. However, unlike the 

Ecca aquifers, the relative homogeneity and areal consistency of 

the ,Cave Sandstone may facilitate the direct application of the 

quantitative, as well as qualitative, results of this study to 

other hydrogeologically similar areas. The recognition of such 

hydrogeologically similar areas and the techniques most applicable, 

both to this, and in the direct extrapolation of hydrogeological 

knowledge concerning the Cave Sandstone aquifer is, however, 

discussed in detail in Chapter 6 and only general observations 

related to the overall groundwater potential of the Cave Sandstone 

ar~ made below (see Fig. 3.16). 

It may be expected from knowledge of the sedimentary process 

involved (Chapter 2) that extremely similar lithologies, and hence 

similar hydrogeological properties were initially widespread through

out the Cave Sandstone of the Central basin. Possibilities do, 

however, exist that finer seolien material was deposited in the 

more central parts of the basin, as is observed in some desert 

areas at the present time, or that a significant increase in lacus-

strine ' play?' 

elevated regions. 

likelyhood of the 

. 
deposits occurs in what were these less 

If either of these processes has occured, the 

presence of useful aquifers with good quality 

water in, and hence the overall groundwater potential of, the 

axial regions of the Central basin is much reduced. Evidence 

in support of either of these possibilities is, however, virtually 

non-existent, and what little there is indicates that neither is 

very likely. 

On the margins of the Central basin and outside the limits 

of Stormberg cover wide expanses of Ceve Sandstone exist. 

However, and as occurs in the area immediately adjacent to Serowe, 

much of the upper portion of the unit, and generally its most 
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highly permeable horizons (3.3 .5.4 ) have frequently been removed 

by post-Karoo erosion with a consequent loss of groundwater 

potential. Considering this fact, together with the possi bilities 

discussed above and information existing on recharge potential 

(3.3.5.3) and groundwater chemistry (3. 3.5.5), the zone of 

highest potential for the development of moderate to large volumes 

of acceptable quality groundwater appears t~ be that part of the 

Cave Sandstone adjacent to the basin margins, but covered by the 

minimum thickness of Stormberg Lava and within 20 - 30 kilometres 

of the limit of the Stormberg cover. (fig. 3.16). 

This generalisation is probably most applicable to the 

eastern,northern and possibly northwestern edges of the Central 

basin, since much of the southeast/southern margin is tectonically 

disturbed and excessive thicknesses of lava and considerable 

blo'ck faulting can be expected. The southwestern and western 

part of the Cave Sandstone distribution are more problematical 

in that little data exists, but it is possible that post-Karoo 

erosional effects and large thickness of Kalahari cover may 

reduce overall potential of the unit in these regions. 

In the Northeastern and Northwestern basins similar criteria 

probably apply, although there is too little geological information 

concerning the distr ibution, thickness, and tectonic inter- relation

ships of the various units of the Karoo even to make broad 

generalisations about groundwater potential. 

Two other points must be made in relation to the overall 

groundwater potential of the Cave Sandstone. It has been noted 

during the detailed studies in the Serowe region that the 

Stormberg cover may not be continuous i.e. there are 'windows' 

of Cave Sandstone with no or extremely thin basalt cover. 

(Initially 'identified from aeromagnetic data, and subsequently 

proved by ground geophysics and drilling). The frequent occur ance 

of such 'windows' in the more central parts of the basin, assuming 

lithological continuity and corresponding areas of thin Kalahari 
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deposits, may do much to enhance the general potential of the 
Cave Sandstone by facilitating increased recharge and better 

quality groundwater. The detection of such areas may be 

feasible by geophysical means, and is discussed in more detail 

in Chapter 4. 

A final point ~hich has already been mentioned in connection 

with the Ecca aquifers (3.3.2.7) is the depth of burial of the 

aquifer beneath other strata, in this case the Stormberg Lava/ 

Kalahari beds, particularly in the axial parts of the basin . 

In regions of excessive depth, where covering strata may be 

up to 200 - 300 metres thick, the overall 'development 

potential' of the aquifer, assuming the groundwater potential 

is good, may then be subject to significant technical and/ or 

economic constraints. 

3.3.6 Stormberq_kaRa 

3.3.6.1 Aquifer Distribution 

The large areal extent of the Stormberg Lavas is clearly 

seen on the enclosed geological map and their disposition and 

variations in the Central basin at least are discussed in 

Chapter 2. However, only small portions of this sequence, both 

in a vertical and lateral sense, are aquiferous and the limited 

amount of evidence curr~ntly available, suggests that certain 

particular geological criteria must be sati sfied for th i s to be 

the case. 

Since it has been demonstrated (Rept. GSIO/13, 1981) that 

the occurance of groundwater within the Stormberg Lavas is related 

to the presence of inter flow horizonsj sUBsequently increaSIngly 

weathered and fractured, rather than areally extensive basins of 

decomposition of the mass of the lava, it is the geological 

environment which gives rise to proportionally greater numbers 

of such horizons, which is of primary importance in determining 

whether the lavas can be termed aquiferous. Also important in 

the further natural development of these aquifer horizons within 

the volcanic pile are tectonic conditions which increase the 
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amount of fracturing and consequent interconnection between them 

and a hydrogeological situation which encourages (or has encour aged) 

increased ground~ater flo~ through the system. This latter 

~ill clearly,over a .long period of time, increase substantially 

the amount of weathering in the interflo~ horizons and will faci 

litate the enlargement by ~ater movement and chemical dissolution 

and fractures present within them . 

The primary criteria mentioned above, has been tentatively 

related to the regional structural setting at the time of extru-

sion the Stormberg Lavas, and is discussed in more detail 

later (3.3.6.7). However, at the present time only two general 

areas (Lephepe/Dibete and Makoba/~1ashoro ) have been recognised 

within the area 

(plus possibly 

and only one of 

any detail. As 

of the Central basin as meeting this criteri on 

the Pandamatenga area in the Northeast basin) 

these areas (Lephepe/Dibete) has been examined in 

a consequence, much of the information regarding 

the nature of the aquiferous parts of the Stormberg unit of the 

Karoo refers specifically to the Lephepe/Dibete area, although 

there is no reason to suppose it does not apply to the Makoba/ 

~1ashoro and other similar regions elsewhere. 

Evidence from the lephepe study (Rept . GSIO/13, 1981 ) 

indicates that most of the water bearing inter flow horizons, wi th 

an increased amount of ~eathering end fracturing, occur within the 

upper 60 metres or so of the lavas. Below this depth, fractures 

and additional 'water strikes' .aEe ·fewer, and borebolas _lIfbich 

encountered water only at depths in excess of 60 metres tend on 

average to be lower yielding. lnterflollf horizons themselves, 

including any pal aea-soils/inter flow deposits and weathered zones 

of the immediately adjacent basalt, range i n thickness from 1 to 

10 metres and usually have within them fracture zones 2 - 3 

metres in extent and containing numerous horizontal or sub

horizontal · open fissures up to 10 - 12 millimetres wide. That such 

horizons are continuous over short distances (tens of metres) 

has been proven, but their continuity over wider areas is, from 

borehole evidence, questionable. However, some form of intercon

nection in a vertical sense between different water bearing 
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horizons has been postulated and both this, and a degree of 

lateral continuity, is i ndicated in the Lephepe area by a 

reasonable regional consistency of piezometri c levels (see 

3.3.6.3). The detection and accurate del i neation of these aquifer 

zones is nevertheless at present an unsolved problem. 

3.3.6.2 Productivity and Existing Development 

The regional distribution of the 'productivity index' (see 

3. 3.2.2 ) of the Stormberg Lavas, in a s imilar manner to the Ecca 

and Cave Sandstone, i s illustrated in Fig. 3.17. This distribution 

may be somewhat biased in that in ar eas in which no 'basalt bore

holes' are indi cated (and hence no calculation of productivity 

index i s possible) certain bor eholes may have encountered water 

in the Lavas but then have been continued to greater depths to draw 

water f rom the underlying Cave Sandstone i.e. for s tatis tical 

purposes they are r egarded as 'Cave Sandstone boreholes'. As a 

result, no quantitative information concerning the Stormberg ground- ~ 

water intersected in such areas has been recor ded in the Borehole 

Archi ve , although inter flow aquifers may exist . 

Despite an extreme variation in yield ( from virtually zero 

to over 7 l/sec (25 . 2 m'/hr ) the mean yield of boreholes 

drawing water from the Stormberg Lavas of the Lephepe area is 

low at 1 l /sec (3 .6 m'/hr) . Statistics from the area also 

indicate that there i s a 23% probability of drilling a totally 

dry hole and only a 60% probability of drilling a borehole with 

a yi eld in excess of the equipabl e minimum of 0.3 l/sec (1.1 

rn ' /h r ) • 

In his summary of borehole statistics, Jennings (1974 ) 

indicates a s lightly higher 'national'average yield from 

Stormberg boreholes of 1.6 l / sec (6 m'/hr ) , with an average 

depth of hole of 72 metres . Cl earl y, where Stormberg aquifers 

exist, boreholes may be expected to be relatively shallow, but 

fairly low yielding . 
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The extent of current development is also indicated in 

Fig. 3.17 and appears to be largely concentrated in the Lephepe 

and Makoba regions of Centr al District ~ith only minor develop

ment elsewhere. 

3.3.6.3 Recharge/Discharge Relationships 

In the Lephepe area piezometric levels, although somewhat 

tentative due to a lack of accurate topographic data, indicate 

a degree of hydraulic connection, possibly by means of extensive 

fracturing, between the Stormberg Lavas and the Cave Sandstone 

aquifers, particularly in this eastern part of the area, with 

a consequent likelyhood of Stormberg groundwaters recharging 

the Cave Sandstone aquifer in this region. Since no surface 

expressions of discharge points, either from the Stormberg or 

from the Cave Sandstone, have been observed it is assumed that 

gr?undwater must be removed from the system in an easterly 

direction either by artificial abstraction or by natural 

evaporative losses from the deposits of the Serorome and 

associated valleys. 

Considering recharge and discharge on a more regional scale, 

recharge through the Stormberg to the Cave Sandstone, and hence 

presumably to any intervening Stormberg aquifers themselves, 

has been demonstrated to take place in both the Drapa and Sero\lle 

areas (see 3.3.4.3) and most probably occurs in other relatively 

'Kalahari- free' zones. Clearly , such recharge implicitly depends 

upon the existence of aquifers within the Stormberg, as does 

any basin-wide examination of potential discharge processes and 

ground~ater flow direct ions. On the basis of present 

knowledge, however, no positive statement on regional recharge 

and discharge mechanisms of piezometry of Stormberg ground\llaters 

is possible. 

3.3.6.4 Aquifer Parameters 

A limited number of physical properties tests have been 

carried out on Stormberg Lava samples from the northwest Serowe 

region and results are enclosed as Table 9, Appendix B. Individual 
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samples of weathered, scoriaceous and amygdale-rich basalt 

exhibit s~rprisingly high porosity (between 15 - 18% ) , with high 

grain density (around 2.8 mg/cc ) but clearly possess few 

interconnected voids as permeability values are extremely low 

(in the case of the scoriaceous basalt below the testing 

range). A sample of fresh basalt, relatively amygdale- free, 

indicated low porosity (7%) , high grain density and also very 

low permeability (0.8 x 10- 4 m/day) . Additional indications 

of basalt permeability have been obtained from analysis of leakage 

components during aquifer tests of the Cave 

(Bell, 1977 ) and range from 1 x 10- 2 to 6 x 

Sandstone at Drapa 
- 4 10 m/day and from 

model- based studies in the northwest Serowe area (Gibb, 1980) 
- 3 where an average value of 3 x 10 m/ day has been calculated. 

Both these latter sources of information give apparently higher 

values of permeability than the laboratory tests but it must be 

borne in mind that the techniques used in their estimation sampled 

the mass of the Stormberg Lavas and hence included the effects 

of any interconnected fissures and fractures. 

Aquifer tests on boreholes which draw water solely from 

the Stormberg in the Lephepe-Dibete area (Rept. GSIO/ 8, 1979; 

Rept. GSIO/ 13, 1981 ) have, by traditional analysis methods, 

produced values of transmissivity and storage, which because of 

the nature of the aquifer, must be treated with great caution. 

Transmissivlty values range from less than 1 m'/d/m to over 

400 m'/d/m at the different sites, with rapid decrease in apparent 

transmissivity (and hence rapid increase in the rate of drawdown ) 

and no equilibr ium attained during the period of testing. In the 

Lephepe area, it has been shown that actual pumping water levels 

at the times of occurance of several apparent 'barrier' conditions 

(i.e. at the points of accelerated drawdown ) correspond very 

closely to fractures and inter flow zones recorded by geological 

and geophysical logging, with the consequent conclusion that 

overall aquifer test behaviour simply reflects the sequential 

drainage of a series of subhorizonta1 fractures contained within 

these interflows. (Fig. 3.18 ) . Since this is the case, the 

application of traditional aquifer analysis methods, relying 

as they do on aquifer homogeneity, is questionable. 
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In all the aquifer tests undertaken, the calculated values 

of storage are high (2 x 10-2 to 3 x 10-1) and indicate 'specific 

yield' groundwater conditions in which water is released by 

gravity drainage, in this case from fracture horizons and not from 

inter granular porosity. However, a degree of confinement of 

each, possibly isolated, system of fissures has been indicated 

by the variation in piezometric heads of individual fracture 

zones intersected during drilling. That the bulk storage capacity 

of the Stormberg Lavas is small, despite these apparently high 

specific yield values, has nevertheless been proven during aquifer 

tests in which the uppermost fracture/inter flow systems have been 

totally drained and specific capacity values have been reduced 

to a minimum. 

3.3.6.5 Groundwater Chemistry 

Groundwater quality in the Stormberg aquifers is generally 

good, with total dissolved solids content ranging from around 

200 to 700 mg/l and chloride content frequently less than 100 

mg/l and unusually greater than 200 mg/l. In areas of minimum 

Kalahari cover (such as Dibete/Lephepe) groundwaters are predomi

nantly of the Ca-Mg-HC03 type, which down gradient and with 

increasing overburden becomes more sodic (i .e. Na-K-HC03) and 

finally more saline (Na- K- Cl) in a similar manner to groundwater 

in the underlying Cave Sandstone. It is believed that the general 

trend from calcic to sodic waters, together with an increase in 

the proportions of potassium, is produced as a result of the 

alteration of primary silicate minerals such as biotite, pyroxene, 

and feldspar5, within the basalt, with a further addition of Na 

from ion-exchange reactions between the groundwater and these 

basalt weathering products. 

It i5 , also possible that 'the generally poor hydraulic 

properties of the basalt has led to the retention of traces 

of halite' (Rept. GSlO/ l1, 1980), which causes a concommitant 

increase in chloride addition to the system may also occur as a 

result of the dissolution of the scapolite infi11ing of 

amygdales. 
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3.3.6.6 Resource Evaluation 

The problems of groundwater resource evaluation in regions 

underlain by Stormberg Lava are those that pertain to all 

consolidated formations in which all permeability is secondarily 

derived, and the groundwater transmissivity and storage capacity 

of the formation is a function of the nature and development of 

fractures and fissures within it. The principal difficulties 

that arise, concern the detection and accurate quantification of 

the size, degree of interconnection, and ver tical and lateral 

distribution of these secondary openings, and the evaluation of 

realistic aquifer parameters ( transmissivity/s torage ) which 

may apply to such a system. 

In connection with the first point, relating to the detection 

and assessment of distribution of Stormberg inter flow zones, it 

iS,unlikely that this can be resolved by any surface geophysical 

technique, unless the vertical 

small and they occur at only a 

separation of 

shallow depth. 

these horizons is 

(i.e. they are 

'concentrated' and near-surface). The use in this context of 

aerial photography may be possible in 'Kalahari-free' areas if some 

relationship between visible subvertical features and shallow 

subhorizontal fractures could be established. The examination 

of the degree of interconnection of these inter flow horizons 

and the evaluation of aquifer parameters (bearing in mind the 

limits of applicability of many analysis methods) will however 

only be feasible after extemely intensive ground truth studies 

involving extensive trial drilling, geophysical borehole logging, 

and aquifer testing, which may then provide information of 

sufficient detail and reliability to construct an aquifer computer 

model on which to base resource evaluation and predictions. 

3.3.6.7 Groundwater Potential 

The StoTmberg Lavas are the shallowest and most accessible 

of any of the units of the KaroQ'over wide areas of 

the Central Northeastern basins and , as such, and at first sight, 

may appear to constitute an important hydrogeological entity. 
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However, as a result of the nature and distribution of their 

aquiferous horizons, only relatively small, possibly isolated, 

portions of this extensive area are likely to be at all signi

ficant or quantifiable in terms of groundwater potential. 

On the basis of currently sparse evidence, the positive identifi

cation of such areas is difficult in the extreme, but their 

possible occurance has been tentatively related to the regional 

structural setting at the time of extrusion' of the lavas (see 

3.3.6.1 ) . Pretorius ( in Reeves, 1978 ) in his discussion of 

southern African regional tectonics, suggests a major northeast/ 

southwest downwarp coinciding with the main axial trend of the 

Central Karoo basin, and having along its margins a series of 

concentric anticlinal and synclinal structures concave in the 

direction of Zimbabwe (see 2.4). If this is the case, it may be 

reasonable to assume that the Stormberg Lavas will be thickest 

and possibly youngest , in the synclinal zones of these structures, 

and i f i t is also assumed that with the waning of vulcanicity 

the periods of quiescence between lava outpourings were longest, 

and hence allowed increase inter flow weathering and deposition 

then the proportion of potential aquifer horizons will also be 

greater in these same areas. 

areas of the Stormberg within 

Since the known better productive 

the Central basin and the similar 

but unevaluated Pandamatenga area of the Northeast basin lie on 

regional synclinal axes. similarly placed higher potential areas, 

provided they also satisfy the secondary criterion of minimal 

Kalahari cover, may be postulated elsewhere (Fig. 3.19). 

3.3.7 Post-Karoo Cover (Kalahari beds ) 

Despite extremely widespread distribution, favourable 

arenaceous lithologies, and significant thickness, the Kalahari 

superficial strata do not form extensive primary aquifers. 

Virtually everywhere in the central Kalahari area the base of the 

Kalahari deposits is above the general level of the present 

piezometric surface of any underlying aquifers, and in consequence 

the Kalahari beds do not contain groundwater. 
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Certain exceptions to this generalisation do occur, parti

cularly in the Molopo Farms area of southern Botswana where pre

Kalahari valleys preserve large thicknesses of saturated basal 

Kalahari gravels, and in the northeast sector of the Central 

basin and the marginal Makgadikgadi region, where shallow piezome

t ric levels related to the Karoo aquifers lie within the Kalahari 

sediments. 

Perched aquifers within the Kalahari beds are not infrequent 

in the cent ral Kalahari region, and appear to be primarily 

related to calcrete developments, particularly around pans 

and fossil watercourses. They do, however, provide only minimal 

water supplies, often subject to complete depletion and normally 

tapped by only shallow hand- dug wells. Groundwater quality in 

such situations is frequently poor, due to salts concentrated 

within the Kalahari beds by evaporative processes and also as a 

result of pollution. 

Innumerable similar wells exist near the northeast margin 

of the central Karoo basin, northeast of Mashoro, in a region 

where Kalahari cover is of limited thickness. Where wells are 

underlain by Stormberg basalt they probably derive their supplies 

from groundwater 'perched' on the weathered basalt at the base of 

the Kalahari beds, supplies which although apparently widespread 

are certainly very restricted in quantity. In situations in which 

wells are underlain by Cave Sandstone they most probably extract 

water from the upper Cave Sandstone proper, which in this region 

is most probably completely saturated as a result of high 

piezometric levels. 

The major exception to the general Kalahari beds distribution 

and hydrogeological situation is the vast thickness of 'Kalahari

type' sediments in the Okavango basin. Here largely unconsoli 

dated deposits, estimated to the several hundreds of metres in 

thickness, are almost certainly totally saturated and continually 

replenished by the waters 'of the Okavango swamp system, so 

providing for a very large quantity of groundwater in storage. 
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The magnitude of this storage, the hydrogeological properties of 

the ' Kalahari-type'aquifer material, and the groundwater budget 

for the area are, however, unknown quantities. 

To summarise , therefore, the Ka lahari beds do not constitute 

a major 'national' aquifer although they may be of great 

importance locally for minor supplies via wells and shallow 

boreholes. However, their distribution, co~position, and develop

ment, are of great hydrogeological significance in the considera

tion and evaluation of recharge processes and in assessment of 

the replenishment potential of the underlying Karoo aquifers • 
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CHAPTER 4 

APPLICATION AND LIMITATIONS or HYDROGEOPHYS ICAL 

TECHNIQUES IN KAROO STRATA 

4.1 INTRODUCTION 

Du Toit (1930) , discussi ng the siting-of water boreholes 

in the (then ) Bechuanaland Protectorate, states :- "It has 

seriously been suggested to us that better results than those 

ordinarily obtained could be got were the services of a water 

diviner secured, or some type of water finding instrument emplo

yed". He then proceeds (correctly) to deprecate water diviners, 

but continues:- "Then same arguments apply to mechanical water

finding instruments of the Mansfield or Schmidt t ype (magnetic 

va~iometers?), which departmental experiences have not shown to 

possess any reliability". 

Fortunately, since these early days, tremendous advances 

have been made in the under st anding of groundwater occurrences 

in Botswana, in the design and construction of geophysical 

equipment and in the techniques of interpretation of geophysical 

measurements. Today felll would deny that hydrogeophysics plays 

a very important role in the ~evelopment Qf Botswana's ground

water resources. Jennings (1974) notes that only 46.7% of 

Government boreholes drilled on a 'wildcatting' basis between 

1929-1958 were successful, whereas during the period 1953- 1971, 

when boreholes were sited using geological/geophysical aids, the 

success rate increased to 71.2% . Jennings states: - "The 

spectacular rise of approximately 25% in the percentage of 

successful boreholes sited following the takeover of siting by 

the Geological Survey is undoubtedly due in large measure to the 

use of geophysical aids in the sit ing of boreholes". Further

more , an analysis of the borehole yields for the period 

1929-1968 indicates that 59% of these boreholes yielded less 

than 1. 25 l/sec (1000 gph) while onl y 17~o yielded in excess of 
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2.5 I l sec (2000 gph.) If the yield criterion for _ a IIsuccessful" 

borehole were to be raised to a more realistic level (say 

2 l l sec (1600 gph» then the increase in the success rate due 

to scientific siting would be even more dramatic. 

In this chapter discussion is restricted to the applica

tions of hydrogeophysical techniques to Karoo lithologies. 

Hydrogeophysical applications for the remafning formations of 

Botswana are presented as Report GSIO/3 (1981) which includes 

a summary of the present work. 

4.2 THE KAROO AQUIFERS 

Three important aquifers have been recognised within the 

Karoo: -

1. Stormberg Lava 

2. Cave Sandstone 

3. Coarse fe ldspathic grits and sand

stones of the Ecca. 

For each of these, in turn, it is proposed to describe 

briefly the nature of the aquifer (for detai l s see Chapters 2 

and 3) and then to disc~ss the applications and limitations of 

traditional hydrogeophysical techniques. finally, techniques 

thought to have potential application for resolving some out

standing problems will be considered. 

4.2.1 Stormberg Lavas 

The Stormberg LavBs were extruded intermittently onto an undu

l ating dUQt surface of Cave Sandstone, both coevally and 

unconformably. Thin interflow zones of weathered basalt, tuffs 

and sandy material attest to quiescent periods of vulcanism and 

are locall y important aquifers and groundwater conduits . 

Subsequent block faulting has led to either preservation of ero-
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sion of the lavas and has resulted in considerable variations 

in thickness over short distances. Faults ~ithin the lavas may 

be important as zones of increased porosity and permeability, 

and they are also possibly the loci for recharge to the under

lying Cave Sandstone (see 3.3.6). Limited basins of decomposi

tion have occasionally developed on the upper lava surface, 

presumably along faults and preferentially at the intersection 

of fault zones. The yields of boreholes tapping the Stormberg 

Lavas appear to be highly variable, depending upon the presence 

or absence of interconnected water- filled fissures. 

Jennings (1974) notes that the 5tormberg Lava is the 

fifth most productive aquifer in Botswana, with average yields 

of some 1.5 l/sec (1200 gph) obtained at relatively shallow 

depths and a "success" rate of 73%. However, the secondary and 

inconsistent nature of this aquifer generally precludes predic

tion of yields t hat may be sustained • 

4.2.1.1 Delineation of areal extent 

The areal extent of the Stormberg laves is readily 

determined by examination of aeromagnetic or surface magnetic 

profiles (Figs. 4.1 and 4.2). The lava signature is especially 

strong on the surface profile where it is characterised by an 

abundance of short wavelength noise due to variations of 

magnetic susceptibility and flow geometry within the lava • 

Unfortunately, owing to the combination of this variable suscep

tibility the possible inclusion of flows of reversed polarity 

and the variable depths of weathering, it is not possible to 

determine the thickness of the lava from magnetic measurements. 

4.2.1.2 Detection of interflow zones 

Examination of borehole cores and geophysical logs from 

various parts of Bots~ana suggests that the sub- horizontal 

interflo\ll zones are thin in _relation to their_depth of burial-. 
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Fig 4 .2 Suliace magnetic profile indtcating subsurface Stormberg Lava (from : Hutchios. D.G. 1979) 



For example Fig. 4.3 shows that in the Orapa area the thickness 

of zones of weathered basalt (characterised by a decrease in the 

formation resistivity) is highly variable, but averages some 

2.4 m. Similarly, zones of decomposed basalt some 2 metres thick 

are indicated on the single point resistance logs from the 

Dibete area (Rept. GS10/ 8, 1979). Such thin layers, ~here they 

occur at depths below the water table, will not be detectable by 

surface geophysical means. 

Surface geophysics is only likely to be of value in 

delineating those areas where, for some reason, there occurs an 

anomalous concentration of sub- horizontal inter flow zones that 

cause the bulk phys ical properties of the lava to be locally 

reduced (i.e. resistivity, susceptibility, density or seismic 

velocity). 

4.2.1.3 location of Faults and Basins of Decomposition 

Faults, being sub-vertical features, present a far more 

favourable target for geophysical exploration. In those regions 

where the thickness of the overburden does not exceed a few 

tens of metres, initial exploration may be guided by an 

examination of aerial photography or satellite imagery and geo

physical traverses plan~ed to intersect lineaments at right 

angles. In areas of deeper cover, where prevailing fault trends 

are unknown, it will be neccessary to conduct traverses on a 

square or triangula r grid until such trends become apparent. 

The lavas will be weathered preferentially along fault 

zones and such weathering will cause a reduction in both 

resistivity (due to chloritisation ) and susceptibility (due to 

alteration of accessory magnetite etc.). Initially a combined 

resistivity and magnetometric traverse should be attempted, both 

these techniques being simple and rapid. When undertaking 

resistivity traversing it is important that an electrode separa

tion be chosen that is sufficiently large to give the required 

depth of penetration and yet not so large that the system 
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Fig. 4.4 The form of magnetic anomaly over a weathered fault lone 
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100ses its resolution For this reason a profiling survey is 

preceeded by several electrical soundings, the results of which 

~ill indicate the optimum electrode separation. Kunetz (1966) 

shows that in order to examine resistivity variations in a 

subst r atum, the current electrode separation (Schlumberger array) 

should be some forty times the depth of burial to ensure that 

the masking effect of the overburden is minimised. In areas 

where the Kalahari cover exceeds SO metres the Schlumberger array 

thus becomes impracticable because of the large elect rode 

separation required and the 'gradient array' (with fixed, widely 

spaced current electrodes) should be employed. Any low-resistivity 

zones thereby detected should be further investigated using a 

shallow- focussed array to ensure that the anomaly has a deep 

origin; the station interval (i . e. the distance between 

measuring points) should never exceed the anticipated width of 

the fracture zone • 

Fig. 4.4 depicts the anomaly computed for a 50 metre wide 

fracture zone with its upper edge 50 metres sub-surface . It is 

assumed that the original susceptibility of the lava 

(3 x 10- 3 cgs units) has been reduced to 0 by weathering within 

the fracture. An anomaly of similar form to t his, observed in 

the area northwest of Serowe , is shown in Fig. 4 . 5; this is 

believed to indicate a major fracture zone. 

Block faulting, involving relative uplift of the laves, is 

readily detected by magnetometric traversing alone, since a 

distinct magnetic level change occurs across the fault which is 

also marked by an edge-effect anomaly. fig. 4.6 indicates 

the appearance of such faulting in Stormberg Leves, again in the 

area to the northwest of Serowe. The down thrown block is on the 

southern side of the fault and is marked by e reduction in 

magnetic in~ensity of almost 200 gammas. 

In the vicinity of Drape the results of an INPUT survey 

(a deeply penetrating airborne electromagnetic system), flown 
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Fig. 4.5 Fracture zone in Stormberg lava indicated by magnetic profile 
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primarily for the exploration of kimberlitic pipes, have been 

used to locate faulting in basalts along which several success

ful boreholes were subsequently drilled (Jennings, 1974). These 

fracture zones contained weakly mineralised ground water and were 

thereby detected as linear conductors. 

Jennings (1974) also records the use of spontaneous 

potehtial traversing to detect a fault in ba'salts over lain by 

some 2 metres of sand in the Lephepe area. The survey was under

taken after heavy rains, when infiltration of run-off through 

fractures was greatest and hence large streaming potentials 

were set up in the sandy overburden. An anomaly of -400mv. 

was detected and a borehole subsequently drilled at this site 

yielded over 7 litres per second. 

Fig. 4.7 demonstrates how, in certain cases, resistivity 

traversing may be supplemented by induced polarisation in the 

search for weathered basaltic aquifers. It can be seen that 

resistivity traversing (Schlumberger array, A-B = 200M) across 

an alternating sequence of fresh- and weatheredg(water- saturated) 

basalts some 20 metres subsurface failed completely to 

differentiate between the two types. However, the results of 

induced polarisation traversing (using the same array) indicate 

that the weathered zone~ possess a chargeability of at least 1% 

greater than background and are thus detectable. This 

chargeability is believed to be due to the presence of secondary 

clay minerals (chlorite etc.) within the weathered basalt. 

Results of a recent induced polarisstion-, magnetometric

and resistivity t raversing excercise undertaken in an area of 

northern Kweneng where the Stormberg Lavas are over lain by up to 

50 metres of Kalahari deposits, are shown in Fig. 4.B. A major 

fault zone, . centred at station 9N, is apparent on both the 

magnetometric and apparent resist ivity profiles and coincident 

with this is a sizeable chargeability anomaly (Ml value c . 16%). 

Admittedly, this is a single point anomaly, but the negative 

chargeability values that occur on its southern flank lend 

122 



s 

Fig.4.8 

« 

TOt "' L <,HO 

"''''01ol(1IC1; 

I.u !! 

1 

/----------" /\ - " '- ' 
- 1K,m --

SIock faulting in Stormberg Lava indicated by magnetic profile 

I."" 

I 
\ ,--~--
,/ ',-,_.,--;---------

, 

N 

<from : G510 Record No. 7., 1978) 

r 

1 

11 

:1 
1 

1 

,I 
11 



Fig . 4.7 

I ,.. 

,\ , , , , 
• , , 

'. '. 

Profiles 01 chargeability and resistivity over fresh and weathered basalts 
(from : ()git.y, A.A. and Kuzmin.ll, E.N. 1972) 

r\ 
r \ 

• 

r , 
r , 

"" l\ " 

--,,_11--
, ' \1 ' , 

... ",\ .' ... , ,'1 
, <' 
'~. 

1Km 

" ' • • v 
• • v 

'f ., V ." 1 ,,...,. t...a 

, v 
V v 

, 
v " . v • 

• 

.. 



) 

. - ... - ."-

apparent resistivity 

gradient or:oy 

Cl C2 20CO m 
P1P] 50m 

Induced ~olo r.sohon 
gradient array 

C1C2 1000m 
P1P2 50m 
Id 30ms 
tp 30m s 

) 

210[ 
190, 

170 

150 

130 

110 

90 

70 

-. - . 

M,% 

-... 
, , , 

\ 
\ 

\ , 
\ I 

I 

I 
/ 

/ 
/ 

I 

, , 
I 

I 

/ 
f 

t~· 

,/ - .. , .. - ..... 

L ' . ./ . V'" / ' I . . \ - / -' " 

1\ f\t\. ./'V 
,./ V'/ ',\j\~i 

20 

:0 -----~,j\-

) 

, 30700 '. 
f 

.' . , 
30600' , , , 
30500. 

301.001 

30300. 

30,00, 

301001 

30000, 

29900' 

;---------------~--------------~~------------~~-------------c_c----------------c_---., 19'M SS 5 ~ 

I Fig. 4 .8 Magnetometric,apparent resistMty and induced po'-reation tt3Wf'M1S over a major fault zone in Stormb<arg Lava 

I I'TOm : ..... rt FU .. 19791 

1 

\~ 

" N 
~ 



support to its validity. 

Basi ns of decomposition developed on the upper surface of 

the basalt are probably best detected by a combination of 

resist ivity and magnetometric traverses w~th subsequent elec

trical soundings to locate t hose zones of deepest weathering. 

The interpretation of el ectrical soundings undertaken in areas 

of Kalahari cover is fraught with pitfalls, some of ~hich will 

be discussed later. However, a careful qualitative analysis of 

curves derived f r om the same environment ~ill usual l y yield 

reliabl e results and indicate the optimum borehole site. 

4.2.2 Cave Sandstone 

Underlying the Stormberg Lava i s an aeolian sandstone, 

typ~cally some 100 metres in thickness, composed mainly of poorly 

cemented, well rounded sand grains, with occasional harder bands. 

At the base of this unit occur the transi tional Red Beds, finer 

grained sandstones with a high proportion of silts and shales. 

The contact between Stor mberg Lava and Cave Sandstone is marked 

by a thin indurated zone below which occurs a l eached and highly 

porous band of sandstone up to several metres thick (see 3.3.5) 

Jennings (1974) quotes the success rate of boreholes penetrating 

thi s ' contact zone', formerly considered to be Botswana's most . 
consistent and successful aquifer, as being 97% with average 

yields of 2.1 l /sec (16"80 gph) IIIhilst comparative figures for the 

main Cave Sandstone aquifer are 65% and 1.3 l/sec (1000 gph). 

Recent evidence from the area north and west of Serollle, however, 

suggests that this indurated zone is relatively unimportant and 

that the Cave Sandstone itself i s 8 considerably better aquifer 

than the above figures indicate (Gibb, 1980) (see 3.3 .5). This 

previous underestimation of the Cave Sandstone potential almost 

certainly re.sulted from t he common practice of drilling only a 

few tens of metres below the contact zone and not penetrating 

the full aquifer sequence. 
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Considering the factors that appear to influence the 

productivity of boreholes tapping the Cave Sandstone, it is 

clear that there are four problems to which hydrogeophysics may 

be applied:-

and 

a. at what depth is the Stormberg/Cave Sandstone inter

face? (4 .2.2.1) 

b. the allied question, in whi ch areas is the basalt 

cover thin? (4.2.2 .2 ) 

c. in which areas is the full Cave Sandstone sequence 

present? (4 . 2.2.3 ) 

d. the location of fault zones and dykes (4.2.2.4) 

" 4.2.2.1 The depth of the Stormberg/Cave Sandstone 

Interface 

It will be appreciated from the earlier discussion on the 

difficulties of detecting thin inter flow ;ones in the Stormberg 

Lavas using surface geophysics, that it is not possible to 

detect the thin indurated zone directly, and therefore the 

problem has t ypically been approached indirectly, i.e. by 

determining the combined thickness of Kalahari beds and Stor mberg 

Lava. Some of these approaches will now be examined. 

Jennings (1974) shows examples of two Wenner array elec

trical sounding curves from the Serowe area, interpreted by the 

empirical method of Enslin, that do appear to indicate fairly 

accurately the depth of the basalt/sandstone interface (Fig. 4.9) . 

These examples must be considered aa fortuitous, however, a9 

Van Zijl (1977) has demonstrated the fallaciousness of the 

empirical method of interpretation of sounding data, and gives 

an example of how even qualitative interpretation of Wenner 

soundings can be highly erroneous. 

Robins (1973) undertook a number of Schlumberger array 

soundings in the Serowe area a9 part of a major traverse 
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between Serowe and letlhakane; these have recently been reinter

preted quantitavely . While these curves indicate that a marked 

resistivity contrast (of the order of 7:1 ) exists between the 

Stormberg lava and Cave Sandstone in this area, it is clear that 

the interpreted thickness of the basalt is commonly over

estimated by some 60%, probably as a result of electrical 

pseudo- anisotropy. 

Successful application of electrical sounding to the 

problem has however been reported by Martinelli and Associates 

(Shell Coal, 1980), in the area east of Serowe, and by 

Australian Groundwater Consultants (1974) in the Orape region. 

It is to be noted however that in both of these areas the basalt 

possesses a relatively high resistivity, and the thickness of 

Kalahari bed cover is less than 5 metres. 

Electrical ~oundings and geophysical borehole logging in 

other parts of Botswana have shown that the St ormberg Lavas 

display an anomalously low bulk resistivity value, frequently 

overlapping the value for the underlying Cave Sandstone unit. 

For instance, in the region northwest of Sera we the weighted 

mean resistivity value for all basalts ( from matched parametric 

sounding curves) was found to be 44 ohm-metres while from 

corrected 16 inch normal· resistivity logs the value was 47 ohm

metres; the respective values for Cave Sandstone were found to 

be 41- and 42 ohm- metres (GSIO Record No. 7, 1979). In the 

Dibete area, a single point resistance log indicated a steady 

increase in resistance across the Stormberg Lava/Cave Sandstone 

interface, there being no abrupt level change at this level 

(Rept. GSIO/8, 1979). Basalts exposed on Taukome Hill in the 

Letshana graben yielded resistivity values (from sounding curves) 

~ of 20 - 55 ohm- metres and it proved impossible to interpret the 

depth of the interface with the underlying sandstones even where 

this was shallow. (Neumann-Redlin etal 1981). 

,. 
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Clearly the anomalously low bulk resistivity values of 

the Stormberg Lavas that are observed in many parts of Botswana, 

and which are thought to be due predominantly to the inclusion 

of numerous small amygdales of chlorite and other secondary 

minerals, precludes the use of electrical sounding to determine 

the depth to the Stormberg /Cave Sandstone interface. This 

technique is only likely to be successful in those areas where 

the basalt is relatively resistive and homogeneous and the 

interface occurs at shallow depths of say less than 50 metres 

sub-surface. 

4.2.2.2 The thickness of the Stormberg Lava cover 

The limited potential of the electrical sounding 

technique in this application is demonstrated in fig . 4.10 

which depicts sounding curves computed for the four geoelectri

cal models indicated. The values of bed thickness and 

resistivity chosen for these models are shown below; they are 

typical of those frequently encountered in Botswana with the 

exception of the ISO ohm- metre resistivity value for 

Stormberg Lava which is somewhat high: -

Lithology 

Kalahari sand (dry) 

Kalahari sand (damp) 

Sand with marly 

intercalations 

Clay , or sand, saturated 

with saline water 

Stormberg Lava 

Cave Sandstone 

Red Beds 
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Thickness (m) 

2 

B 

B 

2 

70 

100 

Specific 

Resistivity 

(ohm-metres) 

500 

100 

50 

2 

150 

50 

25 
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It can be seen from Fig. 4.10 that even in the absence of 

Kalahari cover the 100 metre thick Cave Sandstone unit is 

severely suppressed because it is of an intermediate 

resistivity value between the Stormberg and the Red Beds (curve 

number 1) . With increasing thickness of ~alahari cover (and 

the consequent increase in the complexity of the gee-electrical 

layering of this unit) even the shallow Stormberg layer becomes 

supp~essed and its resistivity value and thiekness increasingly 

difficult to determine. On curve number four, which assumes a 

20 metre thickness of Kalahari cover, evidence for the Cave 

Sandstone unit is lost completely while it is only possible to 

predict that the resistivity value of the Stormberg Lava is in 

excess of 70 ohm-metres. Had a lo~er, and probably more 

typical, value been chosen for the Stormberg resistivity in these 

models then there ~ould clearly have been even less chance of 

res~lving the Cave Sandstone • 

Andrew (1965) undertook seismic refraction studies in the 

region north~est of Serowe with the aim of· evaluating the 

the use of this technique in determining the thickness of 

Stormberg Lava. It was concluded that refraction seismic 

measurements were unable to resolve the problem due both to the 

low velocity contrast between the basalt and underlying sand

stone and to the presence of high velocity stringers (fresh 

basalt? ) within the weathered basalt horizons. 

A novel approach to the problem, involving an integrated 

gravity- and electrical sounding survey, has been tried recently 

during a study to evaluate the aquifer potential of the Cave 

Sandstone in this same area to the northwest of Serowe (Gibb, 

1980). Several previous de terminations of the saturated densities 

of Stormberg Lava and Cave Sandstone samples indicated that a 

minimum dens.ity contrast of 0.2 grms/cc was likely to exist 

between these two lithologies; this contrast would yield a 

Bouguer anomaly of only 0.008 mgls. per metre of change in the 

Lava thickness. Clearly an extremely accurate gravity survey was 
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indicated. It was also realised that variations in the 

thickness of Kalahari cover would generate significant 

gravity anomalies and it was therefore decided to determine such 

variations using Wenner array electrical soundings and 

subsequently applying a correction for them to the gravity data. 

Unfortunately the electrical soundings were unable to resolve 

the thickness of the Kalahari beds with any degree of accuracy 

and as a consequence the interpreted thickne~s of the basalt, 

which was predicted from the corrected gravity data, was 

considerably in error. However, it is believed that such an in

tegrated approach has great merit, provided that the thickness 

of the overburden can be more accurately determined . In this 

context it may be noted that Klinkert (1972) reports the 

successful application of refraction seismic soundings for 

determining the thickness of Kalahari cover in the Orapa area in 

connection with prospecting for kimberlitic pipes.' Possibly, 

therefore, a survey combining both refraction seismics and 

gravity would yield fairly accurate determinat ions of Stormberg 

Lava thickness. 

It is possible that the results of magnetometric surveys 

(both airborne and ground) may be used to delineate, at least 

qualitatively, zones of thin Stormberg Lavas. Well field 

Consulting Services (1976) report that in the vicinity of 

Letlhakane certain areas of low magnetic intensity revealed 

during a detailed aeromagnetic survey were subsequently 

investigated by electrical soundings, which showed them to 

correspond to zones of relatively thin lava cover. Figs . 4.11 

and 4.12 show the type of magnetic anomaly produced by a 

thinning of 40 metres within a basalt cover 150 metres thick, 

whose upper surface lies 50 metres sub-sur face. The la~gest 

anomaly (of some 20 gammas amplitude) occurs where the 

thinning has affected the upper surface, but a significant 

anomaly (of the order of 10 gamms ) is still evident over the 

thinning on the lower surface. Under real conditions these 

anomalies due to thinning would be superimposed on the typical 

noisy profile that characterises Stormberg terrains and the 
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F;g. 4.12 The magnetic anomaly produced by a !h;nn;ng of lava cover (lower surface) 
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application of a short wavelength filter would be required 

to facilitate resolution of the low intensity zones. 

Lastly,mention should be made of the possibility of 

employing Induced Polarisation OP) sound.ings to determine the 

basalt thickness. It is believed that weathered Stormberg 

Lava will display high values of chargeability, due primarily 

to its high content of chlorite. Furthermope, the complex 

distribution of resistivity values that has been observed 

within thick Kalahari beds sequences is unlikely to be matched 

by a similar distribution of chargeability values, and if this 

is so then the Kalahari beds may well appear as a single unit 

on an IP sounding curve. An IP sounding was attempted in the 

area to the northwest of Serowe (GS10 Record No. 7, 1979) 

and a massive chargeability contrast was observed across the 

Kal~hari/Stormberg Lava interface and it is believed that a 

similarly large contrast would also occur across the 

Stormberg/Cave Sandstone boundary. 

4.2.2.3 The Thickness of the Cav~ Sandstone 

Shell Coal (1980) report that electrical soundings were 

employed successfully to determine the thickness of Cave 

Sandstone in the area to the east of Serowe where, it appears, 

there is little overlap in the res~stivity values of the 

major lithologies. In general, ho~ever, it is believed that 

it lIIill not be possible to differentiate between the main 

Cave Sandstone unit (displaying a resistivity value between 

30 and 60 ohm-metres) and the transitional Red Beds (with 

resistivities between 20 and 35 ohm-metres), Where these 

sediments overlie Upper Ecca mudstones (typically of 

resistivity less than 10 ohm- metres) then it may be possible 

to detect t~is lower boundary by electrical sounding provided 

that the thickness of Kalahari beds cover is not great. 

There is also unlikely to be a sufficiently strong density 
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velocity contrast at the base of the Cave Sandstone to allow 

the determination of the thickness of this unit by gravity 

or seismic techniques. Clearly geophysics does not offer much 

towards the search for zones of thick Cave Sandstone development; 

it may be better to rely on the empirical observation that 

"the thinnest basalts overlie the thickest Cave Sandstone" 

( see 3.3.5 ) . 

4.2.2.4 Fault zones and dykes within the Cave Sandstone 

It is not clear to what extent, if at all, fault zones 

and dykes within the Cave Sandstone enhance the productivity of 

boreholes sited near to them . Some workers have favoured 

siting near such features (e.g. Australian Groundwater 

Consultants (1974) in the vicinity of Orapa) whilst others stress 

the role of such features as barriers to groundwater movement 

(Gibb, (1980) in the area to the northwest of Serowe ) . Evidence 

from South Africa shows a dramatic correlation between yields of 

boreholes t apppingKaroo strata and their distance from indurated 

dyke contact zones, while more recent studies suggest that auch 

features are to be avoided (Gibb, 1980). However, whatever 

their role, the location of dykes is important in resource 

evaluation and groundwster modellling studies and is best 

determined by magnetometric traversing. 

The detection of faulting within the Stormberg Lava cover 

has been discussed previously (4.2.1.3 ) and it is assumed 

that such fault zones may be expected to persist through the 

underlying Cave Sandstone succession. 

4.2.3 Feldspathic grits and sandstones of the Ecca 

Jennings (1974 ) indicates the Ecca Series to be Botswana's 

fourth most productive aquifer, with aversge yields of 1.7 

I l sec (1360 gPh.). The major aquiferous units are thin beds 

of coarse feldspathic grits and sandstones within the Middle and 
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lower Upper Ecca whose porosity and permeability are 

enhanced by the presence of narrow joints, enlarged by the 

leaching of the feldspathic matrix by circulating groundwaters 

(see 3.3.2 ) . Groundwater encountered in the overlying shales, 

coals and mudstones is frequently saline whereas groundwater 

within the grits is usually of good quality • 

4.2.3.1 Direct detection of the aquifer unit 

The generally thin nature of the aquifers will usually 

preclude their direct detection by surface geophysical means, 

except possibly by the costly seismic reflection techniques 

(see 6.2 ) . However, the successful detection and tracing of a 

60 metre thick bed of Mantshadidi (Middle Ecca) Sandstone under 

a cover of up to 120 metres of mudstones and shales in the 

Letshana graben by electrical sounding has been reported recently 

(Neumann-Redlin, et al 1981 ) . It should be noted, however, that 

in this case the sandstone is exceptionally thick and displays 

higher specific resistivities (between 100- and 200 ohm-metres) 

than would normally be expected. Even under these favourable 

circumstances the interpretation of the sounding data was 

confused over parts of the graben by the abundance of coaly 

intercalations in the overlying mudstones, that tended to 

increase the bulk resistivity of this unit. Unfortunately, also, 

the Mantshadidi Sandstone proved to be an exceptionally poor 

aqUifer in this area. 

4.2.3.2 Delineation of depositional controls 

Geophysical techniques have been used to locate features 

of pre-Karoo topography that would have influenced the 

deposition of Ecca sediments and as a result high- energy 

depositional zones have been identified where an accumulation 

of coarse sediments may be expected. Gravimetric -and magneto

metric traverses conducted over part of the southern margin of 

the Central Karoo basin, in the Jwaneng well field area, 
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indicated the existence of a complex pre-Karoo basin and ridge 

environment. It was suggested that the highest yielding 

boreholes were those sited over the flanks of the ridges in 

those energy depositional environments of potentially 

coarsest sedimentation (WeS, 1978). 

A similar geophysical exercise, with the inclusion of 

electrical soundings, was undertaken in the ~rea immediately 

west of Serule in an attempt to detect similar features of 

basement topography near the northeast margin of the Central 

Karao basin. (Rept. GSIO/12, 1980; GSIO Technical Note No. 10, 

1981 ) . In the main basin depths to basement were found to be 

in excess of 200 metres and the predominantly argillaceous 

nature of the Karoo sediments was reflected by their low 

resistivity value (of the order of 14 ohm-metres). To the east 

and closer to the Central basin margin, a sub-basin was located 

in which mainly arenaceous sediments had been deposited (typical 

resistivity values being of the order of 70 ohm-metres). 

Boreholes sited in this sub-basin 

were the highest yielding, but were disappointing when 

compared to those in the Jwaneng well field area. It has been 

inferred therefore that the depositional processes in the 

Se rule area were predominantly fluviatile, and not deltaic as in 

the vicinity of Jwaneng, (see 6.3) and that, furthermore, the 

provenance of the Karoo sediments in the Serule area was less 

favourable. However, it is further suggested that having 

located a positive basement feature, geophysical traverses 

should be undertaken parallel to its strike direction in an 

attempt to locate zones of preferential deposition of coarse 

sediments, which in such an environment may be represented by 

alluvial cones. 

Two a9ditional interesting paints emerged from this 

geophysical work in the Serule area: -

a. Goad correlation was noted between the proven depth to 
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basement and the value of S (total longitudinal 

conductance) derived from electrical sounding curves, 

and 

b. possible correlations were observed between yield (at 

six borehole sites) and specific resistivity, Sand T 

(transverse reistance) values of the Karoo aquiferous 

units. 

4.2.3.3 Fault zones and dykes within the Ecca 

Faults affecting the Ecca aquifers in the Jwaneng well field 

area have been found to be important as zones of enhanced 

permeability (wes 1978) (see 3.3.2). In this region they have 

been located by detailed airborne electromagnetic and magnetic 

surveys (undertaken primarily for mineral exploration) and by 

examinat ion of grav imetric profiles. Similarly, in the vicinity 

of Dukwe on the southern margin of the Northeast basin, faults 

have been located within the Middle Ecca Mea Arkose unit, and a 

series of high yielding boreholes sited near them (Peart, 1976). 

The detection of dykes by magnetometric techniques may be 

important since dyke- contact zones in Ecca mudstones often yield 

small supplies from an otherwise unproduct~ve formation. 

4.3 CONCLUSIONS AND RECOMMENDATIONS 

Botswana's principal aquifers of Karoo age, and in 

particular the Cave Sandstone, tend to be relatively consistent, 

of widespread extent, and essentially primary in nature. As 

such, hydrogeophysics probably plays a less important role in 

the exploration for these squires than i t does for the predominan

tly secondar.y aquifers of the older formations. Nevertheless it 

has been shown that there are several specific problems related 

to the Karoo aquifers to which hydrogeophysics may be applied:-
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a. the detection of fracture zones and basins of decompo

sition within the Stormberg Lavas, 

b. the delineation of areas of thin Stormberg cover and 

thick Cave Sandstone development, 

c. the detection of pre-Karoo topography that may have 

influenced the deposition of Ecca 'sediments, and the 

delineation of faults and dykes affecting these. 

Further work should be directed towards improving the 

resolution of electrical sounding techniques, possibly by the 

integration of electrical- and induced polarisation methods. It 

is also believed that the same combination of techniques will 

be of value in delineating, at least in the lateral sense, zones 

of ~aline groundwater within the Ecca sediments. Tests should 

also be undertaken on the efficiency of the combination of 

refraction seismics and gravimetry for outlining zones of thin 

basalt cover. Magnetometric surveys (both airborne and ground) 

may also prove to be useful in this context. 
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CHAPTER 5 

RECHARGE TO THE KAROO AQU IFE RS 

5.1 REVIEW OF INVESTIGATORY TECHNIQUES AND PREVIOUS STUDIES 

The replenishment of a groundwater body by the downward 

movement to the groundwater table of water infiltrating at the 

surface is termed recharge. Determination Of its nature, both 

in time and space, and establishment of its magnitude, is of 

fundamental importance in the evaluation, and particularly the 

quantification, of groundwater resources. Thus recharge is 

an intensively studied phenomenon, with a variery of different 

techniques or approaches having been developed in order to 

examine the complex physical processes involved. However, 

despite the arid nature of the climate, and the number of 

in~estigatory techniques available, detailed recharge studies 

have, until recently, figured little in groundwater research in 

Botswana. 

The earliest studies of infiltration processes and 

recharge in Kalahari areas are those of Van Straten (1955) and 

Boocock and Van Straten (1962) who, on the basis of laboratory 

porosity, moisture equivalent, and grading tests on numerous 

samples of Kalahari (superficial ) sand, apparently 

substantiated the then prevalent hypothesis that no active 

recharge of any underlying aquifer could take place when the 

thickness of the sand cover exceeds about 6 metres. This they 

attributed to seasonal moisture retention in the sand, and the 

subsequent complete moisture loss by evapotranspiration. It 

was however suggested that when sand cover is thin, and 

particularly if there are outcrops of calcrete, precipitation 

will infiltrate to the groundwater body. Similar physical 

properties analysis was undertaken by Baillieul (1975) which 

again tended to support this conclusion. However, such 

techniques, concerned as they were with only the surface layers 

of the Kalahari sand, and with tests performed under laboratory 
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conditions during ~hich samples are distutbed!'and repacked, may 

not truely reproduce nat ural conditions. 

A second approach, adopted by Jennings, (1974) Mazor, 

Ve rhagen and others (1974, 1977) involved the analysis of the 

isotopic composition of groundwater, and in particular the amount 

of tritium. Tritium, the naturally occurring , radioactive 

isotope of hydrogen has distinct advantages ~s a tracer of water 

movement during r echarge processes in that it constitutes an 

intergral part of the water mo l ecule, and i s unaffected by ion 

exchange or precipi tation processes. On the other hand, it has 

certain disadvantages, such as its very short half-life (12.26 

years) and its extremely weak radiation which requires sophisti

cated laboratory faci lities for its measurement. However, the 

thermonuclear weapons testing programme during the 1950's and 

60's contributed significantly greater amounts of tritium to 

the hydrologic cycle than was normal, and it is the measurement 

of the residue of this 'excess' tritium and its comparison with 

natural 'pre-bomb' levels (estimated to be between 5 and 10 

Tritium Units+ (T.U.) and maybe as low as 2 T.U. in Botswana) 

that forms the basis of thi s type of environmental isotope study 

of groundwater. 

Such isotope studies in various regions of the country 

( Sero~e/Orapa; Kweneng ) (Verhagen et al 1975, Mazor et a1 1977) 

have tended to indicate continui ng active recharge over wide areas 

but the results of such work may often be rendered inconsistent by 

the necessity to use pumped (and probably mixed ) samples from 

boreholes of frequently uncertain (and possibly not pollution 

free ) construction. More recent wo rk (Hutton Bnd ' L~ehnert 1977) 

has also presented an alternative interpretation of many such 

isotopic analyses, wh ich involves the chemical evolution of 

+ One Tritium corresponds to a concentration of I tritium 
atom per 1018 hydrogen atoms. 
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groundwaters that have infiltrated during different historic 

pluvial periods. 

The examination of groundwater piezometric level data in 

the form of hydrographs, and the comparison of such plots with 

precipitation and groundwater extraction information, is a 

direct 'water- balance' approach to the determination and 

evaluation of recharge. Studies that ha~e been undertaken appear 

to indicate isolated recharge events in certain localities in the 

southern Kalahari (Jennings, 1974, Rept . GSlO/4 1978 ) and in the 

Serowe/ Letlhakane region (Jennings, 1974) . Recent work by Gibb 

(1980 ) in this latter area appears to substantiate earlier rain-

fall events in the Serwe Pan area northwest of Serowe. This 

technique requires, however, continuous monitoring of all 

parameters over an extended period of time, and the only 

locality in which this has taken place with any reliability 

over the Karoo strata is in the 'developed'groundwater area 

centred on Serowe township. Here, however, Kalahari beds are 

absent and direct recharge into, and through, the Stormberg 

Leves has been clearly demonstrated from borehole hydrographs, 

and its quantity calculated by application of 'water-balance' 

theory. (Robins, 19728), (Jennings, 1974). Additional stUdies 

by Gibbs (1980 ) have utilized groundwater computer modelling 

techniques to determine .the amount and ar~al distribution of re

charge in their northwest Serowe investigation area. The aquifer 

model of the region (see also 3.3.5.6 ) has been divided into 14 

subareas in which uniform recharge is thought to be taking place, 

and net recharge or discharge to the remainder of the model is 

assumed to be negligible. (F ig. 5.1) The groundw8ter head 

distribution that would result from 8 recharge input of unity 

has then been calculated for each subarea and these computed 

head distributions combined, such that the final areal 

groundwate~ head distribution minimises the sum of the squares 

of the errors between the computed and actual water levels 

at each of 64 data points. The proportion of each of the 

different head distributions in the final least squares solution 

then indicates the amount of net recharge to each sub region 
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(Fig. 5.2). The reliability of the model calibration in terms 

of relative dates of measurement of water levels at the 

various data points, has also been included in this solution 

by assigning a weighting factor to each of the observations. 

As a result, the root mean square error bet~een the calculated 

and observed water levels (corrected for an appropriate number 

of degrees of freedom) was found to be only 6% of the overall 

range of groundwater levels in the area. Finally, the mddel 

indicates that a number of the subareas, particularly adjacent 

to the Kalahari beds escarpment, do receive considerable 

recharge, although quantities are estimated to be only of the 

order of 10% of the mean annual rainfall of the region, and to 

represent an average infiltration rate over the ~hole model area 

of approximately 3 mm/year. The exact mechanism of recharge in 

areas as this, where the Cave Sandstone aquifer of the region 

is cppped ~ by basalt, is not very clear, but permeability 

calculations based upon aquifer test results (Bell, 1977) and 

additional modelling studies (Gibb, 1980) suggest that sufficient 

leakage from a thin unconfined aquifer at the base of the 

Kalahari beds could take place through the basalt to maintain 

the observed groundwater head distribution in the underlying 

Cave Sandstone (see 3.3.5.6/3.3.6.6). 

A direct technique which examines the isotopic composition 

of interstitial water extracted from the unsaturated zone above 

the main groundwater body has been attempted at several localities 

in the southern and central Kalahari region by Jennings, and Verhagen 

et. al. (in Jennings, 1974). For this study pits were dug to depths 

of 4- 5 metres into the Kalahari beds, sand samples were 

carefully collected and the contained moisture extracted by 

vacuum distillation for isotope analysis. Both tritium and 

deuterium profiles were plotted, and infiltration rates calculated. 

The study cQncluded that present day rainfall penetrates to at 

least 5 metres below surface, that infiltration rates are of the order 

of 30-40 cm per year, and account for around 5~'; mean annual 

rainfall. However, the technique requires the important assumption 
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that interstitial moisture continues to move downwards at a 

constant rate, and no fractionation or reverse movement due to 

evapotranspiration occurs. The result of this assumption is that 

the quantitative calculations which ensue may be somewhat 

speculative. 

5.2 PROJECT INVESTIGATIONS OF RECHARGE PROCESSES 

The most recent attempt to investigate recharge processes 

relating to the Karoo aquifers in the Kalahari region was undertaken 

as part of the GSIO Project in late 1977. Investigations centred 

on a number of sites in central Kweneng adjacent to cored boreholes 

used for geological control, and comprised a detailed and carefully 

controlled sampling programme concentrating primarily on the 

unsaturated zone within the surficial cover of Kalahari sand. Profile 

samples were obtained by dry power sugering in the unconsolidated 

sand~ and air-percussion drilling and air- rotary coring in the more 

consolidated strata. A study of their geological and physical 

properties (grain- size distribution), together with the chemical and 

isotopic characteristics of their interstitial waters was then under

taken. (Report GS10/6, 1978 ) . (Figs. 5.3, 5.4) 

An additional, but intergral, part of the study involved the 

examination and extrapolation of all available meteorological data 

in an attempt to determine external limiting parameters such as lexcess 

rainfall'. This latter was achieved by imposing on the basic 

precipitation data a number of theoretical values of Iroot constant I 

(which itself embodies variations in soil structure, water content and 

evaporation, and then, using the Penman-Grindley method of calculation, 

begun at the end of the dry season (period of maximum moisture deficit), 

calculating all periods of excess rainfall in the 15 years period 

1962- 1977. The physical properties analysis of the Kalahari sequence 

also provided information on moisture content, bulk density at field 

saturation and grain size distribution which, together with field capacity 

figures for the sands (determined by centrifuge specific retention 

methods), was then used to calculate maximum 
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maximum moisture deficits and equivalent 'root constants ' . These 

latter calculations suggest that all the sand profiles considered 

during the study would have a sufficiently large 'root constant', 

compared with the theoretical values used to cal culate excess 

rainfall, to eliminate almost al l potential groundwater 

recharge during the 15 year period considered. 

Both chemical (particularly chloride) .and isotopic (tritium) 

sampling indicated the total quantities of each of these consti 

tuents in the profile; in the case of chloride levels, these 

were consistently higher than those in the saturated zone of 

the underlying aquifer, and several orders of magnitude greater 

than the probable solute load of historic Kalahari rainfall, 

which factors both indicate extremely slow addition of moisture 

to the sand sequence. The tritium profiles illustrated that 

although individual values, particularly in the higher levels, 

may exceed 25 Tritium Units (TU) the total amount of tritium in 

the sequence is small (less than 5 TU per metre) even compared 

to that contained in a single year of recent rainfall (estimated 

1976/77 at Letlhakeng 10-11 TU). However, this fact in itself 

need not imply the existence of any deep groundwater rechar ge 

since such tritium levels in the sand can be accounted for by 

seasonal and wet-to- dry year storage of water, and by minor 

tritium fractionation . 

This unsaturated zone study concluded that the physical, 

chemical, and isotopic data, when interpreted collectivel y, 

demonstrate that a Kalahari sand cover of 6 metres, and probably 

4 metres, will eliminate all potential groundwater recharge in 

areas with a similar, or less favourab l e, rainfall regime to 

that of central Kweneng and that any short-term 'excess 

rainfall' will be temporarily stored in the sands to be utilised 

in the dry season by the vegetation cover . However, in areas 

where the sand cover is thinner, significant 'excess rainfall' 

will occur in many years and groundwater recharge and/or l ocal i 

sed surface run- off will devel op. 
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The conclusions from the 1977 GSIO Project study, out-

lined above, tend to verify the ideas of Boocock and Van Straten 

and others in stating that a thickness of 6 metres, or possibly 

even 4 metres, of Kalahari sand will totally inhibit recharge to 

groundwater under the present climatic regime. These 

conclusions are apparently at odds with those drawn by 

Jennings (1974) in the same region using similar isotopic 

profiling techniques, although examination of the actual 

profiles of the 1974 study indicates virtually identical 

unsaturated zone conditions. However, what the latter study did 

not apparently consider were evapotranspiration effects, (inbuilt 

into the 'root constant' as discussed in Rept. GS10/4 (1978)), 

which have considerable influence on the availability of 'excess' 

rainfall, and control the dry season removal, and hence upward 

movement, of moisture from the sand body. Jennings (1974) supports 

hi~ conclusions with isotopic analyses of scattered groundwater 

samples from the Kweneng area, but, as discussed earlier, such 

sampling produces somewhat questionable results due to mixing 

of groundwater from different levels in the aquifer and to the 

rather uncertain nature of the borehole construction itself. 

5.3 GEOLOGICAL AND GEOMDRPHDLOGICAL FEATURES INFLUENCING 
RECHARGE POTENTIAL 

What many of the studies described above emphasize is that 

the thickness of the sand cover, whether it overlies bedrock or 

calcrete horizons, appears to be the critical factor which 

controls recharge processes. In this context, and in the 

Kalahari region proper, it is now also considered that the extent, 

distribution and possibly type of near surface (i.e. four metres 

of sand or less) calcrete has a considerable influence on the 

potential for recharge to the deeper groundwater body, 

particular~y in vie~ of the infrequency of 'excess rainfall' 

periods and the extreme areal variations of both rainfall events, 

and rainfall intensity. Direct infiltration through calcrete 

bodies, particularly if the calcrete is nodular or blocky, rather 
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than extensi vely massive, or infiltration around the margins of 

such bodies induced as a result of local concentration of 

precipitation by runoff from them, are both mechanisms which 

may enable water to penetrate beyond the sand retention/evapo

transpiration system of the upper reaches of the unsaturated zone, 

in sufficient amounts to reach the groundwater .' reaervoir. The 

occurance of near surface or exposed bedrock, particularly 

noticeable in the case of the Stormberg Lavss of the Lephepe area 

and in the Pandamatenga area of the Northeast basin, also appears 

to facilitate direct recharge to the main underlying Karoo 

aquifers (see 3.3.6.3). In these 'exposed' basalt areas recharge 

apparently takes place, despite considerable thicknesses of lava, 

probab~y in a similar manner to that described by Gibb (1980) 

in the Serowe region (see 3.3.5.3 and 3.3.6.3). 

The effects of localised concentration of precipitation 

caused by surface runoff related to other geomorphological 

features such as pans and fossil valleys may similarly enhance 

the prospects of groundwater r echarge in the Kalahari region. 

Fossil drainage systems, with their coarser valley deposits and 

frequently extensive calcrete developments, are often associated 

with shallow groundwater levels, which in turn implies recharge 

from runoff. They may also be themselves related to pre

Kal ahari valley featues (Jennings, 1974), the deposits of which . 
can form useful aquifers, which may feed, or be contiguous with, 

aquifers within the Karoo bedrock. Current knowledge of pans in 

the Kalahari (Lancaster, 1974) indicates that although they are 

local centres of drainage they are unlikely to be centres of 

groundwater recharge as a result of the argillaceous nature and 

considerable thickness of their associated deposits. However, 

some recharge may be possible as a result of 'spill-over' into 

the deeper portions of the Kalahari cover around the pan margins 

(frequently. associated with calcrete developments ) and some 

improvement of recharge potential may occur as a result of the 

relatively coarser nature of the surface deposits of grass as 

opposed to clay pans. 
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5.4 HISTORICAL RECHARGE - A POSSIBLE RECHARGE/DISCHARGE 
~'OOEL FOR THE CENTRAL KAROO BASIN 

All the foregoing discussion relates to recharge 

potential, and recharge processes, under the influence of 

Botswana's present day climatic regime. Evidence has been put 

forward (Jennings, 1974; Rept. GSIO/ 4, 1978 ) of vastly 

imprQved potential and widespread act i ve recbarge to groundwater 

within the Karoo aquifers during historic pluvial periods, 

when precipitation was greatly increased and evaporative effects 

reduced. This evidence, largely based on carbon-14 ages of 

groundwaters, principally from the Kweneng area, indicates that 

the two most recent pluvial periods (750- 2,500 and 13-18000 years 

B.P.) as described by Grey and Cooke (1977) may have contributed 

significant recharge to the sub-Kalahari Karoo aquifers. 

particularly the earlier event during which the 'Mekgadikgadi Lake' 

reached its maximum extension and the tributary, now 'fossil' 

valleys were re-excavated. 8ath (Rept. GS10/ll, 1980) however, 

extends a note of caution, in the absence pf complimentary 

carbon-13 measurements, as to the 'traditional' i nterpretation 

carbon-14 data to provide actual ages (i.e. by direct decay from 

an initial level of 85 pmc+ at the last major recharge event) 

due to the possible dilution effect of 'dead' carbon dissolved 

from calcrete and/or aquifer matrix material, and prefers to 

consider 'relative' rather than 'absolute' ' ages. The hypothesis 

of considerable historic recharge related to known climatic 

pluvials is, however, attractive and possible. 

As far as the present overall recharge/discharge regime of 

the Central Karoo basin is concerned there is limited evidence 

of either significant recharge or, more particularly, discharge. 

(see 3.3.2.2/3.3.5.2/3.3.6.2). However, if this same regime can 

be envisaged during the major historic pluvial period mentioned 

above, when rivers in the central Kalahari were flowing, the 

'Makgadikgadi Lake' was full and the Karoo aquifers we r e 

+pmc - percentage of modern (pre- bomb) carbon 
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presumably being recharged to a much greater degree assuming 

present groundwater flow directions and gradients, aquifer 

dispositions and relative elevations are a reflection of 

conditions existing at the time, then it is possible to 

postulate the following recharge/discharqe model. (Figs. 5.5 and 

5.6). 

Groundwater flow directions in the Cave Sandstone aquifer 

are predominantly northwest/northnorthwest, increasing in gradient 

in the same direction, and imply discharge conditions around, and 

into, the Makgadikgadi Lake (3.3.5.2). Around the Karoo basin 

eastern margins, where Ecca strata are at shall ow subcrop, 

groundwater flow directions are east or southeast in the direction 

of surface drainage, and not into the deeper parts of the basin, 

implying discharge of the Ecca aquifers around these margins, 

ra~her than a net recharge as may be expected. Assuming 

complete isolation of the Cave Sandstone and Ecca aquifers by 

virture of the nature of the intervening formations, it is thus 

possible to envisage, at lesst in the northeast portion of the 

basin, recharge of the Ecca aquifer underlying the Makgadikgadi 

area, as a result of the excess piezometric head created by 

the waters of the huge Makgadikgadi Lake, a consequent Ecca 

groundwater flow to the south and Bouth- east, and discharge into 

the easterly flowing rivers at the basin margins. Although 

little piezometric data exists, and current groundwater levels 

are well below any present river channel, this does not in 

itself preclude during past pluvial periods the existence of 

much higher levels (i.e. 'aquifer full l conditions) and 

discharge into these rivers. That some recharge to the Ecca 

aquifers on the basins margins, with a consequent development of 

local groundwater Imounds!, could occur is also possible, but 

given the differences in relative elevation between the major 

recharge a~d discharge areas, this would not detract from an 

overall easterly flow pattern. Thus, despite the fact that such 

a hypothesis assumes continuity of the aquifer over some 200 

kilometres, current groundwater flow directions in the Ecca of 

the Serule- Serowe region and a significant difference in 
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'ig.5.6 Sketch section illustrating historical recharge-discharge relationships and groundwater flow directions in the northeast portion of the Central basin 
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elevation between the maximum level of the ancient lake and the 

potential discharge points, support the formulation such a 

model. 

On the southern margins of the Central basin, in the 

Kweneng area, conditions may have been somewhat different, with 

the recharge occurring via the 'fossil' valleys whose rivers rose 

to the south in the higher pre-Karoo hills, which in this region 

lie within the 'Kalahari catchment', The general direction of 

groundwater flow from this southern marginal recharge zone may 

also have been dictated by the very large east/west structure 

in the region known as the Zoetfontein Fault (see 3.3.2.3 and 

2.4) but there is no piezometric evidence to the west or 

northwest to ascertain this. A similar recharge situation may 

have existed on the southwestern margin of the Central basin 

where the Okwa fossil drainage from the pre- Karoo Gantsi ridge 

crosses Ecca strata at subcrop, although in this region the 

direction of groundwater flow remains still totally unknown. 

During the same pluvial period fairly widespread areal 

recharge to the Stormberg Lava and the Cave Sandstone aquifers 

almost certainly occurred in the areas in which the Kalahari 

cover was thin or absent i.e. around the basin margins, and in 

zones where minimal Kal~hari forms 'Karoo windows' consisting 

of thin Stormberg or Cave Sandstone at direct subcrop. 

(see 3.3.5/3.3.6). Such recharge was probably expecially preva

lent in the northeast sector of the Central basin, where current 

groundwater gradients indicate a discharge zone around the edge 

of the Makgadikgadi pans. (Enclosure C - also 3.3.5.3). It 

may thus be postulated that during the last major pluvial, 

groundwater from the Cave Sandstone (and probably also the 

Stormberg) under the influence of steeper hydraulic gradients 

was discharging into the 'Makgadikgadi Lake', and that 

groundwater flow in these aquifers and in other parts of the 

Central basin, was also in the same direction, wherever they are 

situated 'internally' in relation to the basinsl groundwater 

divide. On the eastern margins of the basin, it would appear 
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that this groundwater divide corresponds very closely to the 

main surface water divide, which indeed would seem logical since 

a higher topographic elevation often implies a thinner 

Kalahari sequence, and hence increase recharge potential. 

Externally to this divide groundwater flow in the 

Stormberg and Cave Sandstone ia easterly/southeasterly 

(e.g. Serowe/ lephepe) in the direction of the surface drainage 

in a similar manner to that in the underlyi~g Ecca 

formations. 

Thus the overall picture in this proposed historical 

recharge model of the Central Karoo basin is one of significant 

recharge to the upper Karoo aquifers (Stormberg Lava/ Cave 

Sandstone ) around the basin margins, and a consequent flow 

towards, and discharge into, the Makgadikgadi lake, and 

recharge into the lower Ecca aquifer from this lake with ground

wafer flow in the opposite direction to that in the overlying 

units, and discharge into the easterly rivers flollling along the 

eastern edge of the basin (Figs. 5.5 and ~.6 ) . This 

simplistic model must, however, be treated with caution since 

hydrogeological conditions may have been somewhat different 

on the southern and western margins of the basin (see earlier ) , 

and since the historical (or current) possibilities of deep recharge 

from the huge thicknesses of saturated Kalahari deposits underlying 

the Okavango Delta, and-the likelyhood of large-scale discharge 

from the Central to the Southwest basin are both unknown factors. 

From the foregoing discussions it is, therefore, clear that 

the macro-recharge/ discharge relationships within the Karoo of 

the Central basin are far from being elucidated, and to attempt 

to do so will require a considerable amount of additional 

hydrogeological information in the more remote parts of the 

region in particular. 
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CHAPTER 6 
HYDRDGEDLDGICAL EXTRAPDLATIDN AND EXPLORATIDN 

IN THE KARDO 

6.1 THE BASIS OF HYDROGEOLOGICAL EXTRAPOLATI ON 

The fundamental basis of extrapolation of hydrogeological 

knowledge from a known area to one ~hich is unknown, is the 

recognition within the known area of some featue, or 

combination of features, be they physical, geophysical, geological, 

hydrogeological, or chemical, that have been proven to indisputably 

signify, or define, a particular hydFogeological environment or 

individual characteristic. The recognition of correspondingly 

similar features in the unknown area will then facilitate the 

tranference of the related hydrogeological theories, assumptions, 

or ~onclusionsJ to that area. However, and in order not to invali

date the whole concept of extrapolation of knowledge, certain 

fundamental assumptions about the nature of the two areas must 

be made. Firstly, the basic framework of both areas must be iden

tical, such that individual stratigraphic units are similarly disposed 

in relation to the overa ll geological and tectonic setting. Secondly, 

any inherent variability within these units must either be systemabic 

and quantifiable or be sufficiently small in magnitude and scale 

so as to render a particular unit, for geological /hydrogeological 

purposes, uniform over the whole of its extent in each of the 

areas . If these assumpt ions can be made, then the recognition 

of particular and characteristic features may be of extreme 

importance in a country such as Botswana where large tracts can 

be definitely c l assified as 'Hydrogeologically unknown'. 

The techniques by which interpretable features may possibly 

be identified are several in number, but the relative effectiveness 

of individual methods in different geological and physical 

environments may reduce the number of applicable techniques in a 

particular area to only one. Aerial and satellite photographs, 

which in one area may enable fracture traces that provide or 
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enhance aquifer transmissivity to be readily identified, may in 

another area prove worthless, as a result of excess or differing 

vegetation or increased thickness of superficial cover. 

Similarly, airborne or ground geophysical surveys may, for 

instance, in one area successfully delineate variations in bedrock 

disposition, or thickness variations of individual lithological 

units, but in a second area may fail to do so as a consequence 

of major differences in geophysical response, resulting from 

sedimentological, hydrochemical, bedrock composition, or superficial 

cover differences between the two areas. Thus, in general, a 

particular extrapolation technique is likely only to be capable 

of confident application to a single lithological (aquifer) unit 

~n a known geological environment , . with the degree of uncertai8ty 

of the geological differences between the hydrogeological known 

and unknown areas governing the level of confidence which may 

be placed on the predictive results. 

6.2 A REVI HJ or EXTRAPOLATION TECHNI QUES 

Extrapola tion or predictive techniques can conveniently be 

divided into three categories.. Into the first category fall a 

variety of 'remote ' techniques, ranging from satellite photo

graphy and remote sensing, through normal and oblique aerial 

photography to a considerable number of airborne geophysical 

methods; clearly the apprication of photographic techniques in 

the Botswana Karoo, and their ability to determine bedrock features, 

is limited as a result of the widespread cover of Kalahari deposits 

which effectively mask many of the underlying lineaments and 

fracture traces. In a similar manner the presence of any thickness 

of Kalahari cover will suppress geophysical response from the 

Karoo or pre- Karoo basement beneath, and will produce a 

corresponding reduction in geophysicsl resolution, and increased 

difficulty in geological interpretation of results. 

The second category of extrapolation techniques covers all 

aspects of ground surveying, and in particular those methods of 

ground geophysical surveying which are applicable to hydrogeological 
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studies. In the case of straightforward ground survey, the 

methods employed will be in general those which are appropriate 

to a normal geological mapping exercise, although in the 

Botswana Karoo, as with the 'remote' techniques discussed above, 

the effectiveness of this approach is likely to be limited due 

to the almost total Kalahari mantle. Ground geophysical 

methods which may be useful in hydrogeological investigations 

are ·many and varied, but again they are all·affected, to some 

degree, by the presence and nature of the Kalahari cover. 

However, the suitability and potential effectiveness of individual 

geophysical techniques when applied to specific problems in 

differing Karoo environments is documented more fully in Chapter 4, 

and only their appropriateness to extrapolation and exploration 

is discussed in the following sections. (see 6.3/ 6.4 ) 

The final category of extrapolation techniques covers all 

methods of analysing existing hydrogeological data, and in 

particular involves utilizing as a predicti ve tool information 

contained in the National Borehole Archi ve. A straightforward 

examination of borehole records existing the Archive is invariably 

undertaken prior to hydrogeologi cal studies in any area (and so 

this is probably more correctly termed an 'exploration' 

technique- see 6.4) and may provide an insight into the general 

characteristics of the area in terms of the possible range of 

hydrogeological parameters such as yield, piezometric level, water 

quality, and so on. A further advance (again an 'exploration' 

technique) which is valid only in areas having sufficient 

concentration of data, i s to produce a series of maps, possibly 

contoured, and based on field reconnaissance, as well as archiVe 

information, which will indicate the area 1 dist ribution and 

variation of selected parameters within that area. Such maps 

could include piezometric maps, water quality maps, and aquifer 

performanc~ maps. This latter is probably the most important 

and could be based on actual borehole yields, 
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specific capacity+ or specific capacity per unit of aquifer 

penetration. 

If such distribution maps csn, in areas of known aquifer 

productivity, be directly related to overall aquifer 

performance, or to a particular aquifer parameter, then the same 

type of maps will be potentially important extrapolation or 

predictive tools in other geologicallly similar areas. 

Statistical techniques used to manipulate pre- existing information, 

and to produce correlations between various parameters, may be 

utilised i n exactly the same manner as parametric maps , in that 

proven hydrogeological relationships in a known area may be 

extended to an 'unknown' area by application of identical 

statistical methods to the data of this area. 

When examining the usage of the three different categories 

of extrapolation technique described above, it is probably true 

to say that they have been discussed in the order of their 

decreasing overall complexity, and hence the order of their 

decreasing costs of application, and their' increasing general 

usage in hydrogeological investigations. In Kalahari covered 

Karoo areas in Botswana, however, no one individual category 

may be universallly applicable, with the result that any attempt 

to extrapolate hydrogeological knowledge may require the use of 

a wide variety of different techniques. 

6.3 EVALUATION OF SELECTED TECHNIQUES 

In order to assess the viability of differ ent extrapolation 

techniques, certain of the techniques mentioned above were applied 

by the Project to the Karoo aquifers in the Central basin, and 

certain other methods utilised by private sector consultants 

were also examined. The three major categories of techniques 

(see 6.2) again form a convenient basis on which to discuss the 

evaluation. 

+$pecific Capacity of a borehole is defined as the yield produced 
per unit of Qrawdawo of the static water level

I 
expressed at a 

part1cular t1me atter the commencement of pump ng. 
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Satellite (LANDSAT) imagery was employed by the Project in 

the north west Serowe study area, where a major lineament was 

discerned. It was believed that such a feature could well represent 

a broad fracture zone, which when encountered in other, although 

mostly basement, areas considerably enhances aquifer productivity. 

However, this correlation did not prove to be valid since 

subsequent ground geophysics only tentatively identified the 

lineament feature and trial drilling and aqu~fer testing demonstrated 

no enhanced hydrogeological conditions (GSIO Technical Note No. 1; 

1979 GSIO Technical Note No. 7 1980). In the same area Gibb (1980) 

used similar satellite imagery to delineate accurately the eastern 

limit of the Kalahari beds, but failed to extrapolate-by this 

technique, faults and dykes visible on the basin margins to more 

westerly areas beneath Kalahari cover. 

The LANDSAT imagery covering the marginal Ecca of the 

Jwaneng Well field in central Kweneng was also examined during the 

consultants feasibility study of the area (WCS, 1977) and a 

number of lineaments were identified during the early stages of 

the programme. The exact causative nature of the lineaments 

was not apparently determined but it was suspected that they may 

be expressions of major joint, rather than fault, patterns within 

the Ecca strata, and it is notable that a number of boreholes 

drilled on them proved to be relatively h~gh yielding. Such 

identification and correlation may prove to be a useful extrapo

lation method in similar areas elsewhere, and this may also 

imply that satellite imagery is, on the whole, more applicable 

to marginal Ecca strata, particularly with 8 minimum cover of 

Kalahari beds. 

A second remote technique which may be applied as a 

predictive or extrapolative tool is airborne geophysics. 

Although such surveys, because of their high cost, are rarely 

undertaken solely for hydrogeological purposes, considerable 

predictive information may be gleaned from national 'general' 

purpose' ~ surveys or from surveys undertaken specifically for 



mineral prospecting. In Botswana the National Aeromagnetic 

Survey (Reeves, 1978) has been utilized by the Project in the 

Stormberg/Cave Sandstone area of northwest Serowe to identify 

zones of thin or absent basalt capping, zones of excessively 

thick basalt, faults and dykes, and zones in which Kalahari 

cover may be expected to be absent (or very thin) (GSIO 

Record No. 3 1979). The hydrogeological influence of such 

features or zones was then able to be postulated from a 

knowledge of their role in other, better known areas. 

Similar aeromagnetic data from a commercial mineral 

prospecting source and with much closer 'line spacing' has 

enabled Wellfield Consulting Services in the Letlhakane area 

to delineate relatively small zones of reduced magnetic 

response and hence probably thinner and more weathered basalt, 

which appears to overlie thicker developments of Cave Sandstone. 

(Wellfield Consulting Services-personal communication). 

This same inverse relationship between thickness of 

basalt and thickness of Cave Sandstone has also been demonstrated 

by ground geophysics in the Serowe area (Gibb, 1980), and it is 

likely that such a geological situation will result in increased 

productivity of the Cave Sandstone aquifer (see 3.3.5). Over 

marginal Ecca strata, ~eromagnetic data has also been utilized 

in an attempt to provide information on the disposition of 

sub-Karoo formations, and hence pre- Karooo topography which may 

have influenced Ecca deposition (see 3.3.2). WCS, 1977; 

Rept. GS10/12 1980. However, the interpretation of this data 

in such an environment is so open to ambi~uity that the 

technique appears on present evidence to be of little value as 

a predictive tool. 

A second category of extrapolation technique which has been 

evaluated by the Project in relation to a specific extrapolation 

hypothesis is ground geophysical surveying. The hypothesis 

under examination has been put forward for the Ecca of the 

hydrogeologically 'known' area Central Kweneng(the Jwaneng 
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well field area) and relates the disposition and nature of the 

better Ecca sandstone aquifers to their proximity to, and the 

primary depositionsl processes around, pre-Karoo topographic 

elevations ewes 1979). In order to test this hypothesis 

elsewhere, and also to assess the applicability of certain ground 

geophysical techniques to such a 'pre-Karoo resolution' problem, 

the Project undertook 8 detailed hydrogeological investigation, 

including test drilling, in an area of Eees ~trata west of Serule, 

Central District . Results of this hydrogeological study have 

been produced as Report GSIO/12 (1980) and GSIO Technical Note 

No. 10 (1981), but briefly; overall conclusions indicated that 

although the geophysical techniques employed (magnetometry, 

gravimetry, and geoelectrical soundings) did determine the 

general trends of the pre- Karoo topography, they were unable, with 

any degree of precision, to predict the total thickness of Kar oo 

strata, or to distinguish between pre-Karoo topographic features, 

or those generated by post-Karoo tectonics. It was also 

concluded that the relationship between pre- Karoo 'highs' and 

the disposition of aquifers proposed for central Kweneng (the 

tested hypothesis) may not be valid in all marginal Karoo areas, 

as a result of differences in depositional environment and 

sources of primary sedimentary material. A further general 

conclusion which may be drawn, is that virtually all ground geo

physical techniques employed in geological situations which en

compass many variables will al~st certainly be ambiguous in 

their interpreted results, and it at present does not seem likely 

that sufficiently reliable, hydrogeologically predictive features 

can be positively identified in marginal Karoo (Ecca) strata by 

geophysical means. 

In a Cave Sandstone/Stormberg Lava environment Project 

studies have indicated that the lack of resolution by ground 

geophysical " techniques of the important sandstone/basalt inter

face, and the poor definition of the base, and hence the thick

ness, of the Cave Sandstone aquifer makes extrapolation of 

overall aquifer dimensions by such means rather tentative. Only 

in areas having good borehole control, which implies considerable 
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pre-existing data, can reliable predictions along these lines be 

made. Ground geophysical methods can, however, relatively 

easily delineate sub- vertical features such as dykes and faults 

which form an important part of the aquifer framework, and are 

vital in computer modelling studies. How,ever, such features 

transecting the Cave Sandstone strata, and particularly faults, 

have been shown not to enhance overall aquifer productivity 

(Gibb. 1980)- see 3.3.5. 

Finally, the rather specialised ground geophysical 

techniques of borehole logging has been shown by Project studies 

to have potential as a highly specific extrapolation tool in the 

Cave Sandstone aquifer. In the northwest Serowe region, a 

tentative correlation between Bulk Density logging profiles and 

laboratory generated aquifer porosity data has been establiphed 

(GSIO Technical Note No. 7 1980) . This correlation may then 

enable aquifer porosity values to be determined directly from 

geophysical logs in other similar Cave Sandstone areas, although 

on a cautionary note it is considered that significantly more 

laboratory core analysis and logging will be necessary before 

such a technique can be utilized with a sufficient degree of 

confidence. 

The third and final category of extrapolation technique 

involves the manipulat ion of existing data, and the construction 

of predictive maps therefrom, (see 6.2 ). In order to 

determine the usefulness and veracity of this type of map 

compilation (and of the Na tional Borehole Archive in general) the 

Project undertook a detailed study of the areal distribution of 

specific capacity+ of all boreholes penetrating the ECCB in 

central and northeast Kweneng. (GSIO Technical Note No. 8 1980). 

Prior to this study, a groundwater inventory of the area had 

+the specific capacity referred to throughout this section is 
calculated theoretical specific capacity-see 3.3.5.2 
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indicated a region of elevated specific capacity corresponding 

approximately to the area of the proven high potential 

Jwaneng Hellfield (GSIO Record No . 2 1978 ), but subsequent 

interpretation of this information with a view to verifying the 

usefulness of Borehole Archive data \IIas complicated by the fact 

that a number of the mo r e recently dri lled high yielding 

boreholes of the Jwaneng Wellfied investigation itself had been 

included in the map, imparting a consequent ~ositive bias to 

the specific capacity distribution. However, even after 

exclusion of this new data, the zone of high specific capacity 

was still evident in the same area. As a followup a similar 

map based solely on archive data was compiled for an area of 

assumed identical geology in northeast Kweneng, and a zone of 

higher specific capacity was also indicated in this region. Using 

this northeast Kweneng region as a test area, and bearing in mind 

the apparently good correlation between the distribution of 

speci fic capacity indicated on the maps and aquifer performance 

in the Jwaneng well field , a series of maps indioating subcrop 

geology, Beaufort and Ecca isopachytes and structural features, 

were compiled in an attempt to examine any relationship 

between the archive-generated specific capacity map, and identi

fiab le geological or hydrogeological controls. Clearly, this 

i mplicitl y assumes that the basic specific capacity map based 

on archive data is valid before any comparisons can be made. 

Resul ts of this exercise" indicated that no correlation existed 

between the specific capacity distribution, or any of the other 

geological parameters mapped. However, a comparison in the 

original central Kweneng area, between the plots of specifc capa

city per unit aquifer penetrated before and after, the addition 

of the more accurate Jwaneng Well field information, and similar 

plots of specific capacity alone, did indicate that the former 

type of map could possibly be a more useful method of data 

evaluation, and aquifer productivity prediction in other 

geological similar areas. 

As a second stage of study a statistical approach was 

adopted, with frequency graphs used to illustrate the overall 

167 



specific capacity distribution, and to examine the effect of 

the the presence of a confining unit (Beaufort) overlying the 

Ecca aquifer on this distribution. Results in this case showed 

no significant differences between the two situations, 

indicating that in this region the presence of the Beaufort 

beds has no influence on the specific capacity of boreholes 

penetrating the underlying Ecca. A final statistical 

technique (linear regression ) was applied in an attempt to test 

possible relationships between specific capacity, and specific 

capacity per unit aquifer penetration on the one hand, and a 

number of possible influencing factors such as the presence or 

absence of Kalahari cover, thickness of Beaufort beds, and 

various depth parameters on the other. Only three linear relation

ships emerged; thickness of aquifer against specific capacity 

per unit aquifer penetration. Both these latter have a 

negative coefficient of correlation indicating an inverse relation

ship. However, one of the priocipal conclusions to emerge from 

this study is the apparent lack of correlation between archive 

deduced specific capacity information and" any identifiable 

geological features which could possibly be used in the 

extrapolation of hydro geological knowledge to any other 

similar Ecca environment. 

A follow-up to th~s statistical desk study was a drilling 

and aquifer testing programme aimed at evaluating the validity 

of the specific capacity per unit aquifer penetration map 

compiled for northeast Kweneng. The outcome of this programme 

was disappoinEing in that there emerged "n6 relationship whatsoever, 

between borehole productivity as predicted f r om the archive gene

rated map, and actual productivity determined in the field. 

Clearly, the apparently inconsistent validity of such 

maps, together with their lack of correlation with any 

identifiable hydrogeologically predictive feature, ascribes to 

them a minimal value as a hydrogeological extrapolation tool in 

marginal Ecca environments. 
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A similar exercise over an area of hydrogeologically less 

complex Cave Sandstone may well yield more encouraging results, 

although it would be rather more difficult to undertake, since 

there is at present no large area of proven productivity with 

which to compare the results. 

6.4 EXTRAPOLATION VERSUS EXPLORATION-AN INTEGRATION OF IDEAS 

6.4.1 Extrapolation or Exploration 

Any discussion which is concerned with expl oration for 

groundwater will invariably involve, and overlap with, many of 

the techniques and approaches referred to above under the 

general heading of 'extrapolation'. Exploration in its true 

sense, implies the examination and study of a particular region 

beginning from the fundamental position of having no pre-existing 

kndwledge and no pre- conceived ideas about the area. In 

groundwater 'exploration' programmes, however, this is frequently 

not the case, in that a certain basic knowledge of the geology of 

the region, and with it certain ideas formulated in geologically 

similar areas elsewhere as to its hydrogeological nature, are 

often in existence at the beginning of the investigation i.e. 

a degree of 'extrapolation' of ideas has already occurred. This 

brings to the fore a number of extrapolation techniques aimed 

at substantiating these-ideas, and which themselves would para

llel any primary 'exploration' methods also being employed. As 

a result, a groundwater 'exploration' programme is a study 

involving both the extrapolation of ideas and subsequentl y 

knowledge, and the input of additional primary exploration in 

order to determine any new fundamental hydrogeological controls 

in the region. 

6.4.2 Exploration approaches in the Kalahari Karoo 

Having briefly attempted to draw a distinction between 

'extrapolation' and 'exploration' and yet to indicate their 

intimate relationship, it may now be useful, having 
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previously discussed extrapolation techniques, to outline the 

major lines of primary exploration which may be applicable in the 

Kalahari Karoo. Clearly, test drilling, and primarily diamond 

core drilling, is the most positive exploration tool available, 

since it will provide an unambiguous sample of formations not 

visible at the surface, but again, quite obviously, the very 

widespread use of such a tool which would be necessary to produce 

a reaonably reliable hydro geological picture" of an area would be 

prohibitive, both from the point of view of finance and time. 

6.4.2.1 Regional Geophysical Appraisal 

The exploration tool most frequently utilized in the 

Kalahari involves the use of ground and airborne geophysical 

surveying methods. As stated previously (6.2), geophysical 

techniques are many and varied, but a detailed review of the 

applicability of certain of these techniques, to the delineation 

of the basic aquifer framework, and the resolution of specific 

hydrogeologically important features in tne Karoo, beneath the 

Kalahari cover and away from the better-understood basi n margins, 

is now proposed. 

Unquestionably the most valuable adjunct to a programme of 

hydrogeophysical exploration in that Kalahari area is the 

interpretation repo~t (and accompanying maps) of the Reconnaissance 

Aeromagnetic Survey of Botswana(Reeves, 1978). This survey has 

facilitated an assessment of the thickness of the Kalahari 

deposits, and of the extent and thickness of the Karoo strata within 

the basins,and also indicated the disposition of post-Karoo intrusive~. 

A summary of its conclusions in these respects, and comments on 

the diffcu1ties and reliability of interpretation of such 

aeromagnetic data is included below. 

One of the hydro geologically important and somewhat 

surprising conclusions drawn from the survey is that the cover of 

Kalahari beds is generally far less thick than was previously 

believed, and is unlikely to exceed 100 metres, over most of the 
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central and northeastern Karoo basins. (Fig. 2.3). Values 

of the thickness of the Kalahari have been mainly derived from 

calculations of the depth to post-Karoo (and assumed pre- Kalahari) 

dykes, and from the depth to pre-Karoo formations in those areas 

~here the Karoo sequence is kno~n to be a~sent. It is accepted 

that such interpretations may be in error by up to ± 40 metres, but 

the results however, are generally in agreement with the spare 

borehole data that exists in the Kalahari region. 

In assessing the areal dispositi~n of the various Karoo 

units, it has been observed that the Stormberg Lavas, while of 

anomalously low bulk susceptibility, possess a most characteristic 

!lnoisy!! magnetic signature that is readily identified on 

unfiltered airborne profiles. Consequently, it has been a fairly 

straightforward task to delineate those Kalahari covered areas 

und~rlain by such for~ations (Fig. 2.1). However, it should be 

noted that this interpretation indicates the minimum areal 

extent of the Stormberg, since the edge of the unit" can only be 

precisely established from airborne profiles in those areas 

where it is terminated abruptly by block faulting (e.g. the 

southeast edge of the Central basin which is bounded by the 

Zoetfontein fault). In other areas, where "feather-edging" 

gradual on-lapping o( the Stormberg occurs, or where this unit 

is locallly deeply weathered, it is not possible to predict its 

true extent fDom airborne .profiles. 

In this connection Hutchins (1979) notes that Kalatraverse 

borehole C3 (Xhobe), situated approximately 50 kilometres north 

of the aeromagnetically interpreted edge of Stormberg cover within 

the Central Karoo basin, penetrated some 75 metres of partially 

weathered basalt underlain by sandstone. However a surface 

magnetic traverse had clearly indicated the presence uf this 

basalt (the. amplitude of the 'noise' being some 20- 30 gammas.), 

which had not been detected during the airborne survey, and 

similar, other extensions of the Stormberg cover will no doubt 

exist elsewhere. It may be." suggested therefore that Fig. 2.1 only 

depicts the occurrace of the thickest, and least weathered, 
• 
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gravity "highs" may reflect pre- Karoo ridges that could 

possibly have influenced the deposition of the Karoo sediments. 

A final contribution to the regional geophysical knowledge 

of the Karoo, is provided by three deep Schlumberger array electrical 

soundings (~ith AB expanded to 10 kilometres ) undertaken adjacent 

to cored boreholes in the central Kalahari region in order to 

supplement earlier geophysical work on the Kalatraverse I 

Project (Hutchins, 1979). 

6.4.2.2 Suggested Applications of Surface Hydrogeophysical 

Techniques 

Within the main areas of Stormberg cover, geophysical 

efforts in the form of surface magnetometric profiling on two 

or mo re parallel traverses, should be directed to the detection 

of fault features, which may be important as zones of increased 

permeability within the Stormberg, and may have considerable 

influence on the recharge potential of both the Stormberg and 

the underlying Cave Sandstone (see 3.3.6), and to the 

delineation of upthrown blocks, over which the basalt cover may 

also be expected by "lawn zones in filtered surface magnetic data, 

as described above (6.4.2.1). A quantitative assessment of the 

thickness of the Stormberg Lavas may be attempted by an integrated 

survey using both seismi'c refraction and gravimetric techniques, 

but in areas of thick Kalahari cover, the gravimetric technique 

will loose much of its resolving power. (see chapter 4) . 

Surrounding the main Stormberg areas, there may frequently 

exist a wide fringe of thin or highly weathered basalt, except 

where the main lava unit has been terminated by block faulting. 

Hhere underlain by Cave Sandstone, such areas often possess good 

groundwater . potential. This 'Stormberg' fringe may be readily 

located by surface magnetic profiling (cf. adjacent to Xhobe 

borehole) and then deep electrical soundings subsequently undeaaken 

to determine zones of thick Cave Sandstone development. 

Fig. 6.1 depicts the sounding curve obtained at borehole C3 
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(Xhobe). If the quantitative interpretation of this curve, 

~hich was faci litated by the borehole data, is disregarded, a 

qualitat i ve assessment of the ascending portion indicates quite 

clearly that a relatively thin (and resistive ) basalt layer is 

underlain by a considerable thickness of lower resistivity sedi

ments (20 - 40 ohm-metres), which in this case is known to be 

Cave Sandstone . Also indicated on this same ,sounding curve , i s 

the quadripartite geo-electrical nature of the Kalahari beds 

( ~here these exceed some 50 m thickness) that has been observed 

elsewhere in Botswana and in Nami bia (Worthlngton 1979). 

Considering that the electrical sounding technique has been 

described as near-sighted ie it rapidly looses the ability to 

resolve individual l ayers as these become more deeply buried or 

as the number of layers increase, it is clear that such layering 

complexity impairs interpretation and it should be appreciated 

that' the chance of successful quantitative interpr etation of sub

Kalahari geology by electrical sounding techniques is minimised. 

Bertin and Loeb (1976) however, describe cases where the inter

pretation of a complex resistivity curve was aided by a compl e

mentary induced polarisation sounding, that displayed relat i vel y 

simple layering, and it is therefore suggested that a similar 

integrated approach should be attempted in Botswana. Whilst 

dealing wi th electrical techniques it may also be noted that the 

presence of a basal- Ka lahari unit (the Kalahari clays see 2. 5) 

of low resistivity , typically I to 2 ohm-metres, precludea the 

application of any electromagnetic methods. 

Turning now to ground geophysical techniques which may be 

applied to groundwater investigations involving the lower 

units of the Ka roo, i.e. the [cca, the following comments can 

be made. Within the Ecca, prima r y aquifer horizons having the 

greatest potential occur as limited and impersistent sandstones 

and grits within the Middle and Lower Upper Ecca subunits, and 

may be presumed to sub- crop somewhere between the 'Stormber g 

fr i nge ' and the main basin margins. These subcrops will be 

relatively narrow and, when buried beneath up to 100 metres of 
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Kalahari deposits, will not be detectable using currently 

available geophysl cal techniques. They may , however, be 

detectable by reflection seismic techniques and could then 

possibly be traced laterally towards the basin centre. However, 

a recent tender for undertaking similar seismic work in the 

Kalahari region indicated costs of the order of PB,OOO per mile 

which would immediately exclude such techniques from any 

groundwater investigation. Attempts should therefore concentrate 

on the indirect location of aquifers by the identification of 

positive features of relief, that may have controlled the 

deposition of Ecca sediments. In this context a combination of 

gravimetric and magnetometric techniques has already been 

successfully applied in a number of areas (see Chapter 4 and 6.3). 

On a much more local scale, the indurated and fractured 

contact zone of dykes, which are readily located by surface 

magnetometric traversing , may yield useful supplies of 

groundwater from otherwise unproductive strata such as mudstones 

and shales within the Ecca. 

In the deeper sub-Kalahari aquifers, and particularly in 

t he Ecca, saline groundwaters have frequently been encountered 

(see 3.3.2.5 ) . However, there exists the possibility that such 

occurences are either limited in lateral extent (i.e. are 

related to surface pans) or that they are vertically isolated 

and restricted to a single horizon, and that better quality water 

may exist at depth (Rept. GSIO/ll 1980). From the point of view 

of hydrogeophysical exploration, however, only 'electrical' 

geophysical techniques can yield information on water quality and 

their application to this problem is suggested. As has been stated 

above, the presence of thick Kalahari deposits may preclude 

quantitative interpretation of electrical soundings, and 

complementary induced polarisation soundings will be required. In 

this connection, recent work in Canada has indicated that such 

a combination of electrical and induced polarisation soundings 

can be successfully used to delineate saline and fresh water 

zones. (Roy and EHiot, 1980). 
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6.5 Summation 

The extrapolation of hydrogeological theories and 

knowledge to new areas underlain by Karoo strata has been discussed 

and evaluated in the previous sections (6.1 - 6.3). Evidence 

indicates that analyses based on existing records has little to 

offer in regions of Ecca rocks, but ma y be rather more promising 

in Cave Sandstone areas, and that conversely,. certain ground 

geophysical techniques are apparently more applicable in Ecca 

rather than Cave Sandstone/Stormberg terrains. Remote techniques, 

both photographical and geophysical, both suffer from lack of 

resolution due to the Kalahari cover, although the latter could 

be of much greater importance in Cave Sandstone/ Stormberg areas, 

if surveys were more detailed. 

When considering primary hydrogeological exploration in 

the Kalahari Karoo, it is clear that only geophysical methods 

are at all practicable. Since aeromagnetic evidence suggests 

that the thickness of Kalahari deposits ov~r the Central Karoo 

basin rarely exceeds 100 metres, then similar hydrogeophysical 

techniques to those used in non-Kalahari areas of 80ts~ana may 

also be applied in this region. However, it should be appreciated 

that because measurements are further removed from the source of 

any anomalies by virture of the Kalahari cover, then the 

resolution of any of the techniques will be reduced, and subsequent 

interpretations are likely to be less accurate, and more ambiguous. 

Electrical techniques will be those most affected, for the 

Kalahari beds themselves are seen to be geo-electrically complex. 

In addition, the basal- Kalahari layer of very l ow resistivity 

precludes the application of any el ectromagnetic t echnique. 

Nevertheless, certain geophysical approaches which 

integrate several techniques have been suggest ed, and their 

testing and trial application to hydrogeological exploration acti-

vities in their appropriate geological environment is to be 

encouraged • 
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CHAPTER 7 

DISCUSSION OF PRDJECT RESULTS ANO RECDflMENDATIDNS 

7.1 HYDROGEDLDGICAL FINDINGS IN RELATIDN TD THE KARDD 

In setting out its hydrogeological findings in relation to 

the Karoo, the Project has assimilated, coll~ted, and critically 

analysed both its own studies undertaken during the past four 

years, and these completed previously ~ithin the Geological 

Survey Department, and both earlier and concurrent studies by 

private sector consulting organisations. Such an analysis has 

formed the basis of this Final Report, of which the present 

section is intended to present summarised, overall interpretation, 

expressing solely the opinions of the Project, of the hydrogeolo

gieal nature and groundwater potentia l of the Karoo strata in 

Botswana ( see also Figures 3.9, 3.16, 3 .1 9 ) . 

~Jithin the Karoo, the Ecca and the Cave Sandstone are 

recognised as the t~o principal aquifer units, ~ith the 5tormberg 

Lavas forming a lower-rated, but locally important and productive, 

subsidiary aquifer. However, as a result of their geological 

disposition, and the nature and extent of the Kalahari mantle, 

Hydrogeological kno~ledge of all of these units, and particularly 

the Ecca, is restricted to the northern/eastern and southern margins 

of the Central Karoo -depositional basin. In other regions under

lain by Karoo strata there exists insufficient viable information 

on which to make even preliminary hydrogeological assessments, 

A second major conclusion which relates to the actual nature 

of the two main aquifers, is concerned with their relative 

variability. It has become clear that the most important of the 

Ecca units, because of its predominantly fluviatile deposition on 

the higher energy, more activ~basin margin, and because of the 

localised lithological control exercised by the nature of its 

source materials, is inherently extremely variable both vertically 

and laterally. The deposition and extent of the more productive 

aquifers within the unit is almost entirely facies controlled, 

179 



~ith the result that they are often limited in both thickness and 

area, and possess gradational lithological boundaries. Location 

and recognition of such aquifers is problematical; transmissivity 

i s highly variable, although ground~ater storage in the unit as 

a whole may be significant, and overall productivity i s extremely 

inconsistent • 

. AIl such factors combine to produce a uoit which is hydro

geologically difficult to evaluate with any great degree of 

confidencej wh ich does not lend itself to extrapolation of 

systematic exploration, and which is so regionally unpredictable 

that every potential development, and hence every groundwater 

investigation, will have to be considered 

individual entity . 

as a separate and 

The Cave Sandstone, on the other hand; the ~hole unit of ~hich . 
constitutes a major aquifer, is, because of its predominantl y 

aeolien character, relatively homogeneous over wide areas, and 

hence relatively much more predictable than the Ecca. The unit 

possesses generally low, but consistent, transmi ssivity , 

considerable storage resulting from a fairly large aquifer thickness, 

whose regional variability 

form overall productivity . 

may be quantifiable, and much more uni

Explora t i on to determi ne the 

presence of the Cave Sandstone is fairly straightforward, and the 

possibilities of extrapolation of existing knowledge, as a result 

of the overall consistency of the unit, appears to be promising. 

Similarly, the evaluation of regional groundwater resources wi thi n 

the Cave Sandstone aquifer is much more feasible than in any 

corresponding exercise aimed at the Ecca unit. When discussing 

aquife rs within the Stormberg Lava unit of the Karoo , it must be 

stressed that all are 'secondary' and result from transmissivity 

imparted by fractures and fissure s , unlike the Ecca and Cave 

Sands tone units which possess intergranular 'primary' permeability. 

As a res ult they are localised, extremely variabl e in thei r 

properties over very short distances, and almost totally 

individually un detectable and non-predictable. Areas of better 

potential for the existence of such aquifers have been tentativel y 
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identified on the basis of structure and extent of Kalahari 

cover, although any precise regional quantification of the ground

water resourees of such zones is likely to be both difficult 

and unreliable. 

A final important point related to the groundwater recharge/ 

discharge situation within the Karoo; the only potential current 

recharge zone for the Ecca aquifers appears· to be at subcrop 

around the basin margins, although even here both the thickness 

of Kalahari deposits, and the litho logical nature of the bulk 

of the Ecca sequence, may inhibit or completely preclude this. 

In consequence, any abstraction from the Ecca should be regarded 

as 'mining' of an essentially 'fossil' resource. The current 

recharge potential of the Cave Sandstone, however, appears to be 

much more widespread and, as a result of its apparent hydraulic 

continuity with the overlying Stormberg Lavas, seems to be 

particularly encouraging~in intra-basinal areas, where the thinnest 

sequences of both the volcanics and the Kalahari cover coincide. 

Such an assumption clearly also implies the existence of 

continuous Cave Sandstone/Stormberg aquifer in these zones. With 

regard to overall discharge with the Karoo, there is no evidence 

of any natural discharge of the Ecca aquifers occuring at the 

present time, while the main discharge zone of the Cave Sandstone 

(and possibly Stormberg). is assumed to be in the region of the 

Makgadikgadi Pans, and to occur by evaporative processes, 

7.2 ADDITIONAL PROJECT CONTRIBUTIONS TO THE OVERALL 
GROUNDWATER SCENE IN BOTSWANA 

Since Botswana is to a great degree dependent on underground 

water, the existence of a major groundwater resources evaluation 

project during a period of rapid natural development has resulted, 

apart from its purely scientific, hydrogeological findings, in a 

'spin-off' of benefits, real and intangible, to both groundwater 

research and groundwater users in general. During the life-span 

of the Project, and particularly within the implementing 

Government Department, substantially increased 'impetus' has been 
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with the result tha t they are often limited in both thickness and 

area, and possess gradational lithologi eal boundaries . Location 

and recognition of such aquifers i s problematical; transmissivity 

is highly variable, although groundwater storage in the unit as 

a who l e may be significant, and overall productivity is extremely 
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that every potential development, and hence every groundwate r 

investigation, will have to be considered 

individual entity . 

as a separate and 

The Cave Sandstone, on the other hand; the whol e unit of which . 
constitutes a major aquifer, is, because of its predominantly 

aeollan character, relatively homogeneous over wide areas, and 

hence relatively much more predictable than the Ecca. The unit 

possesses generally low, but consistent, transmissivity, 

considerable storage resulting from a fairly l arge aquifer thickness, 

whose regional variability may be quantifiable, and much mo re uni~ 

form overall productivity. Exploration to determine the 

presence of the Cave Sandstone i s fairl y st raightforward, and the 

possibilities of extrapolation of existing knowledge , as a result 

of the overall consistency of the unit, appears to be promising. 

Simil arly , the evaluation of regional groundwater resources withi n 

the Cave Sandstone aquifer is much more feasible than in any 

corresponding exercise aimed at the Ecca unit. When discussing 

aquifers within the Stormberg Lava unit of the Ka roo, it must be 

st ressed that all are 'secondary ' and resul t from transmissivity 

imparted by fractures and fissures, unlike the Ecca and Cave 

Sandstone units which possess intergranular 'primary' permeabil ity. 

As a result they are localised, extremely variabl e in their 

properties over very short distances, and almost totally 

individually undetectable and non-predictable. Areas of better 

potential for the existence of such aquifers have been tentatively 
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identified on the basis of structure and extent of Kalahari 

cover, although any precise regional quantification of the ground

water resourees of such zones is likely to be both difficult 

and unreliable. 

A final important point related to the groundwater recharge/ 

discharge situation within the Karooj the only potential current 

recharge zone for the Ecca aquifers appears"to be at subcrop 

around the basin margins, although even here both the thickness 

of Kalahari deposits, and the lithological nature of the bulk 

of the Ecca sequence, may inhibit or completely preclude this. 

In consequence, any abstraction from the Ecca should be regarded 

as 'mining' of an essentially 'fossil' resource. The current 

recharge potential of the Cave Sandstone, however, appears to be 

much more widespread and, as a result of its apparent hydraulic 

continuity with the overlying Stormberg Lavas, seems to be 

particularly encouraging~in intra-basinal areas, where the thinnest 

sequences of both the volcanics and the Kalahari cover coincide. 

Such an assumption clearly also implies the existence of 

continuous Cave Sandstone/Stormberg aquifer in these zones. With 

regard to overall discharge with the Karoo, there is no evidence 

of any natural discharge of the Ecca aquifers occuring at the 

present time, while the main discharge zone of the Cave Sandstone 

(and possibly Stormberg). is assumed to be in the region of the 

Makgadikgadi Pans, and to occur by evaporative processes. 

7.2 ADDITIONAL PROJECT CONTRIBUTIONS TO THE OVERALL 

GROUNDWATER SCENE IN BOTSWANA 

Since Botswana is to a great degree dependent on underground 

water, the existence of a major groundwater resources evaluation 

project during a period of rapid natural development has resulted, 

apart from its purely scientific, hydrogeological findings, in a 

'spin-off' of benefits, real and intangible, to both groundwater 

research and groundwater users in general. During the life-span 

of the Project, and particularly within the implementing 

Government Department, substantially increased 'impetus' has been 
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given to both fundamental and pr~ctical hydrogeological research, 

ranging in kind from the demonstration of a requirement continually 

to upgrade existing hydrogeological data banks, and their necessary 

accessibility, to the application of an integrated hydrogeological/ 

hydrochemical approach to ground~ater exploration, and resource 

assessment. A concurrent increased a~areness by Central 

Government of the role of hydrogeology, and the importance of the 

information and kno~ledge it can generate, to many spheres of 

natural development, has also been stimulated by the existence of 

such a project, and by the simultaneous emergence of a number of 

substantial ground~ater demands which have themselves necessitated 

major private sector investigation, and with which the Project 

has also been associated. Additional 'real' benefits to the 

implementing Department have also improved the capacity of the 

Department to undertake similar quantitative ground~ater studies, 

and have taken the form of the provision of a significant amount 

of ~ydrogeological equipment, in particular an aquifer testing 

capability, and the in-service training of local personnel in 

the operation of such equipment. 

In the much broader sense of assistance to groundwater users, 

the Project has undertaken the collection and collation, and has 

provided the primary analysis of, basic hydrogeological data 

in areas which will supply, or are supplying, major industrial 

and urban demands, and also in more specific studies related to 

the detailed commercial investigations of such areas. The 

agricultural sector, and in particular that part of it concerned 

with cattle ranching, may benefit from the Projects 'base- datal 

compilations, and individual areal groundwater inventories, 

and in the longer term from the more general assessment related 

to the regional potential of the more assessible aquifers (i. e. 

the Stormberg Lavas and Cave Sandstone) and the economic feasibility 

of searching for, and obtaining, water from such strata. The 

rural population may similarly benefit in areas which the Project 

has directly examined, and it is hoped that the hydrogeological 

guidelines and conclusions that have been established, and reco-

mmendations that were made, will increasingly benefit this 

sphere of national concern in the future. 
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7.3 SUGGESTED RESEARCH STRATEGY FOR KALAHARI KAROO REGIONS 

A number of fundamental divisions, which have profound effect 

on the establishment of future strategy, are those between 

development and research orientated hydrogeology on the one hand, 

and the vast contrasts in groundwater requirements in the 

livestock/rural and mining/urban sectors on the other. Brief 

comments of each of these controlling influences, and their 

inte~-relationships are therefore most appro~riate before any 

discussion of groundwater research strategy. 

Development orientated hydrogeology, as its title suggests, 

is directly concerned with detailed hydro geological investigation 

of reltively limited areas, in order to produce a quantitative 

resources assessment aimed at satisfying a specific, often large, 

demand spread over a definite length of time. Such investigations 

frequently have associated with them , as a result of the nature 

of £he demand, be it industrial or urban, relatively large amounts 

of finance, which may be expended on this limited area with a much 

greater expectation of a groundwater resources evaluation in 

which a greater degree of confidence can be placed. However, they 

also often have attached to them great time constraints, with 

results required within a relatively short period, and with 

very limited time in which to evaluate all, or even the main, 

primary controls of the hydrogeological regime of the area. 

Nevertheless, even if such controls are not fully evaluated, their 

presence and general influence are, of necessity, noted, which in 

itself is an addition to the overall hydro geological knowledge of 

the particular strata. 

Research orientated hydrogeology, on the other hand, as a 

result of its 'non- tied' nature to provide a quantitative resources 

assessment of a defined area to satisfy an existing demand, can 

be applied on a much broader scale, beginning with increased and 

updated raw "data collection, and groundwater inventory, and 

hydrogeological reconnaissance map compilation, and progressing 

to specific studies of the controls and causes of hydrogeologcal 

features, fundamental to an understanding of the overall 

regional hydro geological regime. 
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Examples in the Kalahari Karoo of such features, may be the 

existence and mechanisms of recharge ( both current and historical ), 

the extent and causes of groundwater salinity, the influence of 

fracturing on flow processes, or the controls of pre-existing 

topography and depositional environment on aquifer distribution. 

A research orientated programme provides the only route to the 

solution of these basic and important problems, and in so doing 

establishes the hydrogeological framework into which development 

investigations can be intergrated, and from which improved 

extrapolation and predictive techniques are generated. 

Considering now the contrasting demands of the nations 

.greatest consumers of groundwater, the mining/urban and livestock/ 

rural sectors, in which the requirements of the former are for 

large concentrated supplies ( in the range 10 - 20 ml / day from 

seve val hundred square kilometres ) , the latter for small extremly wide

spread supplies ( say 0. 05 ml / day from each of several hundred 

abstraction points over areas of tens of thousands of square 

kilometres ) . As has been stated previously - CRept. GSlO/l, 1976) the 

hydrogeological need in the latter case is essentialIly for a 

knowledge of the occurance of groundwater, and the overall hydro

geological regime of the area , whereas for the former a comprehensive 

evaluation of groundwater resources is essental. Clearly these two 

contrasting requirements ~eccessitate different investigation 

strategies, with the hi gh demand, resources evaluation requiring the 

development-orientated approach and the low demand , regime study 

being satisfied by research- orientated methods. What must be 

stressed, however, is that the two can never progress in complete isola

tion - the former provides vital hydrogeological detail and 

identifies important hydrogeological controls while the latter 

provides the hydrogeological framework on which the former is 

hung, and attempts to evaluate such controls in a r egional sense - and 

ultimately both apply many of the same basic hydrogeologi cal 

investigatory techniques. 
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In conclusion, the following research strategy suggests 

itself. Specific, development orientated investigations should, 

as at present, be preominantly the concern of the private-sector, 

since the mobilization of additional expertise and techniques 

which may be required in such intensive operat ions can be much 

more easily achieved. Care must be taken, however, that such 

programmes are carefully conceived and closely controlled so as 

to provide the maximum contribution to the overall level of 

national hydrogeological knowledge. Within the Government sector, 

this bank of hydrogeological knowledge, must in the longer term 

national interest be maintained, and improved upon, by concentra

tion on research orientated hydrogeological programmes, which 

incorporate feedback from the private sector and emphasise the 

concept of applied research. 

7.4- SPECIFIC GRDUNDWATER RESEARCH OBJECTIVES RECOMMENDED FOR 

THE KAROO AQUIFERS 

After outlining ,a general research st.rategy, a number of 

recommendations can now be made, as to specific courses of 

investigation which would bring increased understanding of the 

hydrogeology of the Karoo in Botswana. In taking over the role 

of the Project , the Geological Survey Department is now well 

equipped to undertake virtually all aspects of such applied re

search programmes and, while retaining close liason with the 

development sector, to maintain its position as the Governments 

sole hydrogeological research establishment. It must be recognised, 

however, that any very specialised aspects of study which are 

related to the research objectives that are proposed, may require 

the expertise and technology only available from extra-Governmental 

organisations. 

Invest igations should be aimed towards the achievement of the 

following general objectives: 

a. Determination of the degree of hydro geological 

consistency of the Cave Sandstone aquifer. 

b. Determination of the degree of hydrogeological varia-
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bility of the Ecca aquifers. 

c. Assessment of the predictable productivity of both 

these major units. 

d. Determination of the hydrogeological characteristics 

of the Stormberg Lavas . 

. e. Further examination of the hydrogeological role of 

the Kalahari deposits. 

Specifi c research programmes, listed in a corresponding 

manner, and contributing to~ards these objectives, could include 

within them the following approaches: 

a. Integrated geophysical surveys, using new techniques 

to determine the upper and lower limits of the aquifer. 

Physical properties, and sedimentological studies, to 

establish areal continuity of deposition. 

Piezometric surveys to examine hydraulic continuity, 

and the effect of faults and dykes . 

Hydrochemical studies ( including isotopes) to examine 

processes controlling water quality, and groundwater 

movement. 

Aquifer analysis, and geophysical logging programmes, 

to establish.continuity of aquifer parameters. 

b. Additional geophysical investigations of sub-Karoo, 

depositional environments. 

Sedimentological studies to predict the scale of 

aquifer variability. 

Hydrochemical investigations of the causes and extent 

of groundwater quality deterioration in the more 

central basinal areas. 

Improved aquifer testing techniques, to determine the 

bUlk storage of the unit, and to quantify ground~ater 

availability. Piezometric studies to examine current 

recharge and leakage and to establish regional flow 

directions. 
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c. Use of additional statistical techniques, and the 

proving of their validity. 

Establishment, if possible, of geophysical 'produc

tivity' criteria. 

Overall improvement of (basic ) data aquisition and 

processing. 

d. Expanded investigations on the distribution of aqueous 

areas and their identification. 

Geophysical studies relating to the location of aquifer 

horizons. Improved logging, and tracer studies, to 

examine the extent of aquifer systems, and the nature 

of ground water flo w. Structural and fracture trace 

analysis, to establish relationships between vertical 

and horizontal fissures. 

Piezometric studies to examine the continuity between 

the. Stormberg and Cave Sandstone aquifers. 

Application of improved aquifer testing techniques, in 

an attempt to evaluate storage parameters. 

Establishment of lithological controls of hydro chemical 

variations. 

e . Sedimentological studies of the regional nature, and 

distribution of the Kalahari beds. 

Chemical, geo~orphological, and mineralogical, 

investigations into the origin, nature, and distribution 

of calcretes. Addi tional chemical and isotopic studies 

related to water movement in the unsaturated zone. 

Investigation of Kalahari aquifers, and their recharge 

contribution to underlying strata. 

Specific recharge studies related to improved climate, 

and better known metereological conditions . Evaluation 

of the hydrogeological significance of Kalahari surface 

features • 
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Although each of the above major objectives may constitute 

a medium- term research programme in itself, the attainment 

of onl y one of them would constitute a significant advance 

towards the total understanding of the hydrogeology of the 

Karoo, and with it, a greater appreciation of the vital 

groundwater resources on which the nation increasingly depends. 
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APPENDIX B 

Compendium of basic data pertaining 

to Karoo aquifer testing and physical 

properties. 
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PHYSICAL PROPERTIES DATA 

Table No. Geology Area Core Source Bore Location 
Map No . 

1 ECC8 Central KUleneng GSlO Project 1 

2 Ecca Central K\IIeneng GSlO Project 1 

3 Ecca Central Kweneng Shell Coal 1 

4 Ecca Morupule Area Shell Coal 2 

5 Cave Sandstone Serowe Area GSIO Project 3 

6 Cave Sandstone lechana Area GSIO Project 3 

7 Cave Sandstone Sero\Ue/Morupule Area Shell Coal 4 

8 Cave Sandstone Drape (Well field 2 ) Geological Survey 5 

9 Basalt Sero\lle Area GSIO Project 6 

• 
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• 
B()(ehoie No. Depth l itholOgy p~ Permeability Grain density Porosity Centrif>Jiju'; 

(Metres) (M~rcys) lMetres/08v) (g m./c.c.) 

"'" 
specific yield 

% 

GSlO/A15 58.5 (H) Sandstone 775 4.98 x 10-1 2.652 14. 74 
" 58.5 (V) " 618 3.97 x 10-1 2. 650 14.51 11. 38 
" 60.0 (H) 

, 
" 12.0 7.71 x 10-, 2.630 13.36 

" 60.0 (V) " 7.90 5.08 x 10-, 2.628 13.65 5.30 
" 62 .0 (H) " 10. 1 6 . 47 x 10- 2.629 12.97 
" (V) 

, 
62.0 " 7.29 4.69 x 10- 2.627 13.15 4.67 

" 64. 0 (H) " 283 1. 82 x 10-1
2 2.632 15.56 

" 64.0 (V) " 43.1 2.77 x 110; 2.631 15. 36 10.30 
" 74.0 (H) 71. 7 4.61 x 10-

2 2.620 14.55 
" 74 .0 (V) 78 . 2 5 .03 x 10=4 2.620 15 .04 9.26 
" 76.0 (HI ) 0.444 2.85 x 10 , 2.629 9.50 

, 

" 76 .0 (H2) 2.41 1. 55 x 10=5 2.640 11.19 
" 76 .0 (Vl) 0.152 9.77 x 10"4 2.628 9.22 0.69 
" 76 .0 (V2) 0.702 4.52 x 10_6 2.643 10.62 1.82 
" 78 .0 (H) 0.012 7.77 x 10_6 3.062 7.84 
" 78 .0 (V) 0.010 6. 38 x 10 1 2.940 9.36 1.14 
" 80 .0 (H) 252 1.62 x 10:1 2.623 15. 78 I 
" 80.0 (V) 515 3. 31 x 10_1 2.622 17.?3 13.28 I " 82 .0 (H) 405 2.60 x 10, 2. 640 16. 23 I 
" 84 .0 (H) 103 6. 62 x 10-

2 2. 628 14.51 
I " 86 .0 (H) 16.8 1.08 x 10=4 2.615 12.15 

" 88 .0 (H) " 0.666 4.28 x 10_2 2.635 12.11 I " 90 .0 (H) " 20 . 6 1.33 x 10, 2.615 14. 22 I " 92 .0 (H) " 
. 

3. 53 2.27 x 10- 2 2.627 13.42 , 
x 10- 2 

- , 
" 93 . 5 (H) " 31. 4 2.02 2. 624 15.02 
" 96 .0 (H) " 24 .6 1.58 x 10-

2 2.624 14 . 35 
" 98.0 (H) 25.1 1. 62 x 10-

2 2. 622 13.66 
" 100 .0 (H) " 433 2.78 x 10- 2.631 12. 69 

GSlO/A16 52.0 (H) Sandstone 1788 1.15 , 2.638 19. 83 
" 52 .0 (V) " 7. 34 4.72 x 10=1 2.635 15. 09 6.23 
" 53 .0 (H) " 972 6.25 x 10_1 

2 .637 17 .95 
" 53 .0 (V) " 724 4.65 x 10 2.632 20.48 14. 53 
" 54. 0 (H) " 1595 1. 03 -1 2.633 20.84 

L " 54.0 ( V ) " 445 2.86 x 10 2.631 20.14 13.22 
G !· u ; 



Boriohole No. Depth L,tholvgy PemlMbihty Permsability Grll1f1 denSity PorOSity Centrifuged 
(MelIti s) (M"lidarCfSi (Metres/ Day) (g~/c_c . ) "" specific vield .. 

, 
" , 

GSlO/16A 55.0 (H) Sandstone 2297 1.48 
10-1 2.634 20.71 

55.0 (V) .. 1342 8.63 x 2.634 20.50 15.34 
56.0 ( H) .. 342 2.20 x 1O-~ 2.636 20.97 
56.0 (V) .. 64 . 0 4.11 x 10=1 2.631 21.01 11.62 . 
57.0 (H) .. 203 1. 30 x 10 , 2.633 20.42 I 57.0 (V) .. 32.4 2.08 x 10-

2 2.630 20.07 9.15 
58.0 (H) .. 107 6.90 x 10- 2 2.626 19.73 i 
58.0 (V) .. 35.0 2.25 x 10-

2 2.626 19.80 
, 
I 

" 59.0 (H) .. 108 6.97 x 10- 2 2.632 20.09 ! , .. 59.0 (V) .. 61.9 3.98 x 10-
2 2.629 19.97 8.78 

" 60.0 (H) .. 17.9 1.15 x 10-
2 2.639 18.63 .. 60.0 (V) .. 16.6 1.07 x 10:1 2.634 20.29 7.08 .. 61.0 ( H) .. 214 1.38 x 10 , 2. 640 21.61 .. 61.0 (V) .. 47.1 3.03 x 10:1 2.641 19.92 7.00 

" 62.0 (H) .. 911 5.86 x 10_1 2.635 22.05 .. 62.0 (V) .. 236 1. 52 x 10 , 2.634 22.13 12. 69 .. 63.0 (H) .. 39.4 2.53 x 10-
2 2.605 23.03 .. 63.0 (V) .. 16.7 1.08 x 10- 2 2.634 23.82 6.99 .. 64.0 (H) .. 27 . 9 1. 79 x 1(3 2.643 19.41 .. 64 .0 (V) .. 10.1 6.48 x 10 , 2.641 19.68 .. 65.0 (H) .. 92.7 5.96 X 10- 2 2.627 20.43 .. 65 . 0 (H) .. 58.1 3.73 x 10- 2 2.627 20.20 7.64 .. 66.0 (H) .. 110 7.09 X 10- 2 2.627 20.85 .. 66.0 (V) .. 62.8 4.04 x 1(1 2.629 20. 52 9.78 .. 69.0 (H) .. . 733 4.72 x 10_1 2.628 20.46 . .. 69.0 (V) .. 216 1.39 x ,10_1 2.625 20.27 12.01 .. 72.0 (H) .. 1363 8.77 x 10 1 2.641 17.84 .. 72.0 (V) .. 375 2.41 x 10- 2.638 17 .03 11. 51 .. 74.5 (V) .. 2676 1.72 2.636 17.38 , .. 78.0 (H) .. 40.6 2.61 x 1°:1 2.625 17.28 , 

I .. 81.0 (H) .. 769 4.94 x 10_1 2.625 18.11 .. 84.0 (H) I .. 1142 7.34 2.634 18.43 x 10_1 .. 87.0 (H) .. 581 3.74 x 10, 2.630 17.76 
" 90.0 (H) .. 17 . 8 1.15 x 10 - 2.639 16.49 .. 93 . 0 (H) GRIT 1777 Ug , 2:m lH~ .. 96.0 (H) .. 150 x 10-

,. 



I 
I 

Bor~l~ No Depth lithologv P~bihtv PermeabIlity Grain densIty Porosity Centrifuged 

I (Metres) 1M,lhdalcys) (Metres/OilY) Igm./ c.c.J '''' speclf.c Yield 
% 

i 
! , , 
, 
I 

GSI0/A16 99.0 (H) GRIT 2428 1.59 2.622 18.16 
, , 

" 102.0 (H) Sandstone 35.2 2.27 x 10- ~ 2.628 15.56 
" 106.0 (H) GR IT /SANOSTONE 50.9 3.79 x 10=1 Hilt lHl " H5:8 f ~ l G¥~~stone 2a~1t l:~j " x 10 2.645 16.78 -4 " 124.0 (H) Sandstone 0.917 5.89 x 10_4 2.672 11.57 
" 127.0 (H) " 1.47 9.48 x 10 2.643 12.48 
" 129.0 (H) Grit 2338 1.50 2.648 17.29 -4 " 131.0 (H) Sandstone 0.298 1.92 x 10 J 2.657 12.37 
" 134.0 (H) " 5.18 3.33 x 10-) 2.631 15.22 
" 137.0 (H) " 2.61 1. 68 x 10-) 2.640 14.11 
" 140.0 ( H) " 5.85 3.76 x 10-

2 2.638 14.54 
" 143.0 (H) " 65.4 4.20 x 10:1 2.639 15.40 
" 145.0 (H) Grit 491 3. 16 . x 10 2.637 17.06 

GSI0/A17 65.0 (H) Grit 1815 1.166 2.635 20.31 
" 65.0 (V) , 535 0.344 2.645 19.33 13.22 
" 66.0 (H) 1675 1.076 2.637 20.70 
" 66.0 (V) 595 0.382 2.642 19.52 14.50 
" 67.0 (H) 625 \ ' 0.402 2.638 19.66 
" 67.0 (V) 295 0.190 2.641 20.67 14.40 
" 68.0 (H) 828 0.533 2.639 18.17 
" 68.0 (V) . 869 0.559 2.644 19.36 14.62 
" 69.0 (H) , 4608 2.962 

. 2.642 19.80 
" 69.0 (V) " 546 0.351 2.643 19.58 14.21 
" 70.0 (H) " 4279 2.751 2.645 19.32 
" 70.0 (V) " 1110 0.714 2.645 20.17 15.37 
" 71.0 (H) " 3149 2.024 2.660 19. 51 
" 71.0 (V) " 8077 5. 193 2.652 26.45 22.72 
" 72.0 (H) Mudstone 1.06 0.679 x 10- 2.627 16.38 
" 72.0 (H) " 0.93 0.599 x 10- 2.618 16.70 1.15 
" 73.0 (H) " NOT TESTA LE 2.628 22.31 
" 73.0 (V) " NOT TESTA LE , 2. 618 23.48 

-
" 74.0 (V) Silty ~ludst~me 2.53 0.163 x 10 2.624 17.56 , 

GS. l' 
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Borohoie No 

GS10/A17 
" 
" 
" 
" 
" 
" , 

, 

" 
" 
" 
" 
" 
" 
" 
" 
" 

Depth 
(Metres) 

74.0 (H) 
75.0 (H) 
75.0 (V) 
76.0 (H) 
76.0 (V) 
77.0 (H) 
77 .0 ( V) 
78.0 (H) 
78 .0 (V) 
79.0 (H ) 
79 .0 (V) 
80 .0 (H) 
80 .0 (V) 
81. 0 (H) 
81. 0 (V) 
82 .0 ( H) 
82 .0 (V) 
83 .0 ( H) 
83 .0 (V) 
04 .0 (H) 
84 . 0 (V) 
85 . 0 (H) 
05 .0 (V) 
86 .0 (H) 
86.0 (V) 
80.0 (H) 
88.0 (V) 
89.0 (H) 
89.0 (V) 
90.0 (H) 
90 .0 (V) 
93.0 (H) 
96 .0 (H) 
99 . 0 (H) 

102.0 ~ ~ l 105.0 

lithology Perr.~ 

(M ~rcv.) 

Silty ~lud stone 3.15 
Silts tone 0. 33 
" , 0.92 
" 0.27 
" 0.46 
Sandstone 330 
" 661 
" 2410 
" 12. 3 
" 213 
" 1071 
" 2321 
" 1241 
" 1582 
" 1710 
" 816 
" 437 
" 4143 
" 7. 07 

1267 
427 
456 

2.32 
5305 

'4641 
Silts tone 2. 58 
" 0. 24 
" NOT TEST ABL 
" 0 . 29 
" 0.056 
" 0.066 
" NOT TESTABL 
Sandstone 102 
Grit/Sandstone 144 
" 25.9 
Shal e 1114 

Permeabil ity Grain density Porosity Centrifuged 
(Metres/D_ .... ) (gm/c.c.) (%' specific yield 

" 
, 

0.202 X 10:, 2. 632 17.89 
0. 586 X 10 2.641 13.03 , 
0.214 X 10-, 2.638 13.28 1.46 
0.295 X 10-) 2.647 11.21 
0.172 X 10- 2. 638 11. 46 1. 57 
0. 212 2.643 20. 49 
0.425 2. 649 21. 39 16.14 
1.549 , 2. 642 19.30 
0.790 X 10 - 2. 642 15. 49 9. 50 
0.137 2.642 16. 07 
0 .689 2. 644 21.02 15. 70 
1.492 2 .642 21.09 
0.798 2.645 21.18 16.35 
1.017 2. 643 19. 18 
1. 099 . 2.645 21. 36 16 . 81 , 

0.524 2.644 17.71 , 

0.281 2.644 19.14 12. 96 
0. 266 , 2.644 19.20 
0.454 x 10- 2. 646 13.79 6 .14 
0.815 2.645 21.32 
0. 275 2. 644 21.46 15.28 
0.293 , 2.647 19.17 
0 .149 X 10- 2.646 16.14 6.56 
3.410 2.648 19.66 
2. 984 , 2. 647 20.85 16.47 
0. 166 X 10-, 2.608 17.30 
0. 156 x 10- 2.601 18.85 1.51 

, 2.604 16.58 
0.186 x 10-, 2.606 17. 02 1.42 
0.362 x 10=4 2.610 14. 12 
0. 422 x 10 2.602 14. 91 1. 30 

2. 57B 11.39 
0.65B x 10-1 2.738 IB. 39 
0. 926 x 10- 1 2.621 15. 74 
0. 167 x 10- 1 2.611 12. 69 
0.716 1. 712 21.44 



_No. Dep," uthcMogy P..-meabiIitr Permeability Grain diJnslty Porosity Centrifuued 
(MetrH) (MsIKiarcys) (Metres/Day) (gmJc .cJ ,.,,, specific yield 

% 

GSI0/A17 108.0 (H) Grit-Cl ayey 123 0.789 -1 2.628 14.06 x 10_1 " 111 .0 (H) " 72.7 0.468 x 10_1 2.636 17. 65 
114. 0 (H) Sandstone 42 .2 

. 
0. 271 x 10 2 2.484 14.58 

117.0 (H) " 1. 82 0.117 x 10- , 2.417 10.62 
120 .0 (H) SH tstone 0 .18 0 . 116 x 10=4 2.665 10.48 
123 . 0 (H) " 0.08 0.514 x 10_1 2.770 9.04 
126 . 0 (H) Shale 55 .0 0. 354 x 10 2.640 16.67 
129 .0 (H) Sandst one 399 0.257 , 2.627 17 . 77 , 132 .0 (H) Si! tst one 1.24 0.798 x 10=1 2.604 7.82 

" 135. 0 (H) Sandst one 30 .4 0.196 x 10 2.652 18. 54 
" 138 .0 (H) " 23 .6 0 .1 52 x 10-1 2.632 16.31 
" 141. 0 (H) " 189 0 .122 2.627 18.45 

- 1 
" 144. 0 (H) " . 127 0. 814 x 10_1 2.627 19. 30 
" 147 . 0 ( H) " 54 . 4 0 . 350 x 10_1 2.631 15 .18 
" 150 . 0 (H) " 43 . 3 0 . 279 x 10 2. 634 16 . 94 

. 

. 

I 

I 
I 
I 

! 
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69 . 00 Medium Grained Sandstone 15 
70.00 .. .. .. 15 
71.00 

.. .. .. 
17 

72.00 
.. .. .. 

19 
73.00 

.. " .. 
16 

74.00 
.. .. .. 

13 
75.00 

.. .. .. 
20 

76 .00 
.. .. .. 22 

77 .00 
.. .. .. 23 

78.00 
.. .. .. 23 

79. 00 
.. .. .. 

11 
85.00 Fine Grained Sands tone 13 
86.00 .. .. .. 

14 
87.00 M~dium Gr~ined San~stone 20 
88.00 20 
89.00 Grit 23 
90.00 Coarse Grained Sandstone 13 
91.00 

.. .. .. 
13 

92.00 
.. .. .. 18 

93.00 
.. .. .. 14 

94.00 
.. .. .. 17 

95. 00 .. .. .. 20 
96.00 Fi ne Grained Sandstone 22 
97.00 .. .. .. 16 
98. 00 

.. .. .. 15 
99.00 Medium Grained Sandstone 17 

100.00 
.. .. .. 14 

101. 00 
.. .. .. 23 

102.00 
.. .. .. 15 

103.00 
.. .. .. 15 

104.00 
.. .. " 18 

105.00 
.. .. .. 15 

106.00 
.. .. .. 21 

107.00 Coarse Grained Sandstone 21 
108.00 

.. .. .. 18 

,.. 

--T------ ·_--. 
'- ~r··"I'->led 
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GSI0/AI8 110.00 f1edium Grained Sandstone 17 
111.00 " " " 21 
112. 00 " " 00 16 
113.00 Medium/Coarse Sandstone 14 
114. 00 " 00 " 16 
115.00 00 00 " 16 
121.00 00 00 00 13 

GSI0/A20 79.00 00 00 00 15 
80.00 00 00 00 15 
81.00 Grit 17 
82.00 Fine Grained Sandstone 13 
83 .00 Coarse Grained Sandstone 16 
84.00 " 00 00 17 
85.00 00 00 00 19 
86.00 00 " 00 23 
87.00 " 00 00 23 

106.00 Fine/Medium Grained S/Storl' 14 
107. 00 00 ' " 15 
108.00 " 00 12 

109.00 00 00 13 
110.00 " 00 15 

111. 00 " " 15 

112.00 " " 13 
113.00 00 00 11 
114.00 " 00 9 

126.00 f·1edium Grained Sandstone 21 

127.00 " 00 " 11 
I 

130.00 Med ium/ Coarse Grained '"' 00 . 13 

133.00 " 00 00 I 13 , 
134.00 00 00 00 17 

135.00 00 00 00 17 

136.00 " " 00 15 

139.00 Fine Grained Sandstone 14 

140.00 00 00 " 8 

- -- _. 
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" " 
" " 
" " 
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-. 

Gr it<" 0."<;'1.,. 
tg n\/ C.C 1 

19 
14 
15 
13 
16 

L er...,f l.ged 
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I ' T '-,------

8or~No C'~Qtt, Li~.,. ?--.- Per;. _ b41,1'y (" a,,. dells.ty " ..... ~,~ L. ~fl'.,r~iQe'd 

tMel(es~ :M~n::y51 (Metfvs/D.-yl (gm. <:.r 1 i'\.l ~fkrelo1 
% 

(V) 0 . 74 -4 10.36 SHELL 545 I 135.6 Sandstone 0.12 x 10_, 

" " 135.6 (H) " 0.92 0.59 x 10 11.97 

(V) 0.05 0. 35 -4 6.41 SHELL 559 166.3 Sandstone x 10_4 

" " (H) " 0.10 0.63 x 10 5.83 

" " 177.8 (V) " 375 0.24 13 . 35 

" " (H) " 756 0.49 13.05 
N 

, 
~ " " 189.0 (V) " 6. 77 0.44 x 10- 2 12.38 
'" x 1°:4 9.71 " " (H) " 5.66 0.36 

" " 219.8 (V) " 0 . 04 0.26 x 10_4 
6 .19 

" " (H) " 0.08 0.54 xlO 5.92 

SHELL 576 165.0 (V) Silts tone 0.11 0.72 x lO-~ 9 . 29 

" " (H) " 0.27 0 . 17 x 10- 'l 8.95 

" " 173 . 0 (V) Sandstone 3.26 0.21 x 10- 2 13.00 
" " (H) " 5.99 0.39 x 10=1 13.11 
" " 181. 8 (V) " 16. 69 0 . 11 x 10_1 14.66 
" " (H) " 36.61 0. 23 x 10_1 14.01 
" " 191.5 (V) " 35.22 0 . 23 x 10_1 16 . 43 

~ 

" " (H) " 99 . 73 0.64 x ID ' 10_4 16.04 
0' " " 203 .9 (V) " 0. 09 0. 55 x ~ 10 , 7. 61 
rn 

" " (H) " 0.30 0.20 x 10- 8.56 
~ 

SHE LL 580 111. 7 (V) Sandstone 18. 50 0.12 x 10-1 
12.48 

" " (H) 17.09 0 .11 x 10-; 12.50 
" " 120. 8 (V) " 10.79 0 . 69 x 10 10 . 24 , 
" " (H) " 6.89 0.44 x 10 - , 9.42 
" " 144 .65 (V) " 4.70 0.30 x 10=1 13 . 21 
" " (H) " 18.55 0.12 x 10 14.43 

, 
SHE LL 581 101.6 (V) Sandstone 2.89 0.19 x 10-

2 16.07 

" " (H) " 13.47 0 .87 x 10-
2 14.74 

" " 104.1 (V) " 6.03 0.39 x 10- 2 14.81 

" " (H) " 5.16 0. 33 x 10- 14.52 

; 
~ -_._- -- ---_ ._.- ._- --.- , ._--_ .. .. - -- '--_ .. _.- --.. -~-. '- -- --- -- -_ ... ' .. -' 
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1

1 [~ptt", LI~y p.".,.,.~ Per;;lNbiLty (;'1"1" density f>orOS'1) I (.entnlU!)OO 801'ehQiI;, No 

r------------j--------t---------------+------+---------+--------t--------+I-----
! I 

(""'.elr~si (M>Ihd.ltCy$/ (Metr6'SlO..,,) (gm. ·.:.r I i'\:.\ 1 SPeCI~i<: YIeld 

N 
N 
co 

~i 
o I 
;;'1 
~. , 

~! , 

SHELL 582 
11 " 

It " 

" 11 

" 11 

" " 
11 " 

" 11 

11 11 

SHELL 598 
11 11 

" t! 

11 11 

It 11 

11 " 

I1 " 

11 11 

" " 

I 
I 
~ 

91.25 (V) Sandstone 44.67 0.29 x 10-
1 

14.81 ! 
(H)" 82.08 0.53 x 10-; 14.52 

97.6 
112.4 

(V) " 13.39 0.86 x 10= 1 13.61 
(V) " 16.02 0.10 x 10_

1 
13. 19 

(H) n 22 . 96 0.15 x 10 , 13.62 
(V) " 0.12 0.13 x lO-J 7.74 131.6 
(H) " 0.42 0.27 x 10 8.41 
(V)" 156 .13 0.10 1 14.81 
(H)" 26.95 0.17 x 10- 12.75 

139.7 

135.0 (V) 

( H) 
149.2 (V) 

(H) 
155.9 (VI) 
155.9 (V2) 

(H) 
171.0 (V) 

(H) 

Sandstone 

" 
" 
" 
" 
" 
" 
" 
" 

6 . 66 

7.32 
21. 75 
40.54 
1.18 
2.13 
1.11 

124.26 
65.17 

, 
0.43 x 10 , 
0.47 x 10=1 
0.14 x 10_1 0.26 x 10 , 
0.76 x 10 2 

0.14 X 10-, 
0.71 x 10=1 
0.80 x 10_1 0.42 x 10 

1 , 
1 

13.26 

13.78 
14.76 
14.73 
10.55 
13.22 
11. 74 
18.46 
14.99 

L-____ ~_ ,. 
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N 
N 

'" 

Boretde No. 

SHELL C78 

De~th 

(Metr,,) 

24.00 
224.00 

SHELL CI03 151. 40 
157.90 
165.30 
216.70 
222.33 
228.70 

SHELL CI08 77 • 60 
144.50 
150. 80 

SHELL CI09 172 .12 
177.50 

SHE LL C112 202.80 

SHELL Cl1 3 147.00 
2lO . 50 
215.15 
220.15 

SHELL C115 115.60 
116. 50 
118.00 
169.50 

SHELL C116 206.00 

SHELL C125233.90 

LtthokJgv 

Lower Ecca Sandstone 
Lower Ecca Sandstone 

Channel Sandstone 
Channel Sandstone 
Ecca Sandstone 
Ecca Sandstone 
Ecca Sandstone 
Ecca Sandstone 

Channel Sandstone 
Ecca Sandstone 
ECCB Sandstone 

Ecca Sandstone 
Ecca Sandstone 

Ecca Sandstone 

Channel Sandstone 
Ecca Sands tone 
Ecca Sandst one 
Ecca Sandstone 

Channel Sandstone 
Channel Sandstone 
Channel Sandstone 
Ecca Sandstone 

Ecca Sandstone 

Ecca Sandstone 

PenT"l(lCfbill!"f 

(Mitlidarcys) 
Permeabtlity 
(I'AetrH/O.yl 

-8.64 
-8.64 

- 5 
x 10_5 
x 10 , 

3.46 x 10-) 
3.46 x lO=5 

- 8 . 64 x lO_5 
-8.64 x 10_4 2 . 59 x 10 , 

2.59 x 10 

0 .26 
8.64 x 
4.32 x 

-

- 5 -8. 64 x 10_5 -8.64 x 10 

-8 . 64 x lO-5 

0.043 - 5 
-8. 64 x 10_5 -8. 64 x lO 
-8.64 x lO-5 

-4 8.64 x 10 ) 
1. 73 x lO=5 
8.64 x 10 

-8. 64 x lO-5 

-8.64 x lO-5 

-8. 64 x lO-5 

Grllin density 

(grn/c.c.\ 
PoroSIty 

('»1 

3.0 
3.0 

5 . 5 
2.3 
3.3 
1.8 
2.0 
3.4 

7 .9 
3.6 
3.8 

2.9 
2. 3 

1.5 

5.7 
2.2 
1. 9 
3 .0 

5.0 
5.1 
5.3 
1.2 

5 .1 

2 . 0 

Centrifuged 

specific vtekI 
% 

-

SHE LL C127 212.50 Ecca Sands tone I - -8. 64 x lO-5 - 2.5 

SHELL C162 236. 00 ~ ___ ~ __ C_ha_n_n_e_1_s_a_n_d_s_to_n_e __ . ~._-____ L_8_. 6_4_X_lO_-_
4 
__ 

L 
__ -___ I

L 
__ 5_._5 __ -L ___ -__ -1 



N 
N 
I> 

_No. 

SHELL Clll 
SHELL Cl 72 
SHELL C185 
SHE LL C186 

SHELL C187 

SHELL E3 

SHELL El6 

SHELL E32 
SHE LL E47 
SHELL E81 

Cop," 
IMetres) 

164.20 
226.05 
182 .34 
182.90 
237.00 
143.20 
i94.3o 
110.00 
181.00 
137.35 
138.10 
120.00 
128.90 
186.88 

Utho6ogy -., 
(M~ys) 

Channel Sandstone -
Channel Sandstone - . 
Channel Sandstone -
Channel Sandstone -
Ecca Sandstone -
Channel Sandstone -
Ecca Sandstone -
Lower Ecca Sands tone -
Lower Ecca Sandstone -
Channel Sandstone -
Channel Sandstone -
lower Ecca Sandstone -
Ecca Sandstone -
Ecca Sandstone -

, 

,. 

Perm&ebiilty Grain denSIty POI"osity Centnlvged 
(Metres/o • .,,) (gm/c.c .l 1'<1 specific yi8ld 

~ 

4.32 -3 5.4 x 10_5 -
-8.64 x 10_3 - 4.2 

2.59 x 10_5 - 5.6 
-8.64 x 10_5 - 2.6 

I -8.64 x 10 - 1.9 
0.035 

10-5 - 5.8 I -8.64 x - 1.8 1 
-9.64 x 10-5 - 4.0 I 
0 .01 7 , - 1.0 I 
4.32 x 10=5 - 7.5 

-8.64 x 10_5 - 0.7 I -8.64 x 10_5 - 2.3 
-8.64 x 2.2 • 10_5 -
-8.64 x 10 - 0.7 

I , 

• 

. 

~ c ' .' 
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8ot't>hoIe No. Depth 
u_ p- Permeability Grain density Porosity 

(Metr") (M itIida;,cys) (Metres/Day) 
Centrifuge<! 

(grn/c.c.) '''' specIfic Yield ,. 
i 

GSI0/C2 142.0 (H) Sandstone-Baked OELOH RANGE EST EQUIPMEN~, ? f.f.9 2. 04 

" 144. 0 (11) Sands tone 30. 6 0.197 x 10 2.664 6. 29 . 
" 146 .0 ( 11 ) " 567 0 . 365 2.644 24 . 05 

" 146.0 (V) " 267 0.1 72 2.639 24 . 59 11. 64 

" 148.0 (H) " , 806 0.518 2.643 24 .1 5 
, 
, 

" 148 .0 (V) " 1459 0.938 2.639 24 . 60 17.08 i , 
" 150 .0 (H) " 1038 0.667 2.643 23.88 I 
" 150 .0 (V) " 1191 0.766 2.641 23 . 64 15.60 • 

" 152.0 (H) " 357 0.230 2.643 22 . 54 ! 
" 152.0 (V) " 494 0.318 2.640 22 . 62 14.14 

" 154.0 (11) " 535 0.344 2.644 21. 99 

" 154.0 (V) " 603 0.439 2.643 22.50 14.20 , . , 

" 156 . 0 (H) " 1690 1.092 2.642 24.83 

" 156.0 (V) " 2166 1.39 2.645 24 . 50 10.24 

" 150 .0 (11) " 2240 1.446 2.644 23.30 

" 150 . 0 (V) 2215 1.42 2.665 23 .40 17 . 17 

" 160.0 (H) " 1422 11. 914 2 . 642 23 . 31 

" 16 0D ( V ) " 2578 1. 66 2.646 23.03 10. 43 

" 162.0 (11) " 1055 0.679 2. 647 22 . 60 

" 162.0 (V) " 1661 1.07 2.642 22 . 02 16.58 

" 164.0 (H) " 1842 1. 184 2.642 23 . 96 

" 164.0 (V) " 1821 1.17 2.640 23.65 16. 60 

" 166.0 (11) " 1520 0.970 . 2.642 23 .17 

" 166. 0 (V) " 1937 1.25 2.639 23 . 32 16 . 30 

" 168.0 (H) " 1353 0. 070 2.642 23 . 34 

" 160.0 (V) 2250 1.45 2.642 24. 01 17.48 

" 170.0 (H) 660 0.424 2.642 24.20 

" 170 . 0 (V) 837 0.538 2.640 24 . 27 15.47 

" 172.0 (H) 1321 0 . 850 2.642 26 . 63 
172 . 0 (V) 1404 0.903 2.644 23.91 17 . 08 

" 174.0 ( 11 ) 1591 1.023 2.642 29 . 11 

" 174.0 (V) 324 0.208 2.651 15.41 7.20 
-1 

" 176.0 (H) 29.3 0 .189 x 1o_, 2.663 7.82 

" 176.0 (V) " 1284 0.825 x 10 2.662 8.17 4.98 

" 178 . 0 (11 ) " 677 0.436 2. 645 24.79 

" 178.0 (V) " 739 0.47 5 2.641 24 . 30 15.02 



N 
N 

'" 

Bor.no6e No. 

GS lO/ C2 
" 
" 
" 
" 
" 
" 
" 
" 
" 
" 
" 
" 
" 
" 
" 
" 
" 
" 
" 
" 
" 
" 
" 
" 
" 
" 
" 
" 
" 
" 
" 
" 
" 
" 

Oap," 
(Metres) 

180.0 (H) 
180.0 (V) 
182.0 (H) 
182.0 (V) 
184.0 (H) 
184.0 (V) 
186.0 (H) 
186.0 (V) 
188.0 (H) 
188.0 (V) 
190.0 (H) 
190.0 (V) 
192.0 (H) 
192.0 (V) 
194.0 (H) 
194.0 (V) 
196.0 (H) 
196.0 (V) 
198.0 (H) 
198.0 (V) 
200.0 (H) 
200 . 0 (V) 
202.0 (H) 
202.0 (V) 
204.0 (H) 
204.0 (V) 
206.0 (H) 
206.0 (V) 
208.0 (H) 
210.0 (H) 
212 . 0 (H) 
214.0 ( H) 
216.0 (H) 
218 . 0 (H) 
220.0 (H) 

l'_ p--
(M il6id.rcys) 

Sandstone 252 . 
" 317 
" . 567 

" 572 
" 560 
" 572 
" 360 
" 498 
" 265 
" 325 
" 1154 • 
" 2642 
" 1258 
" 629 

1898 
1319 

840 
786 

20.8 
47.8 

265 
402 
202 
282 

, 1429 
" 1206 
" 34.3 
" 48.2 
" 82.2 
" 64.3 
" 165 
" BE LOW RANGE 
" 125 

" 431 
" 199 

Permeability Grain denllity POf"osity Centri fuged 
(Metres/Diy) (gm./c.c.) "" SPeCific Yield 

% 

0.162 2 .645 23.02 
0.204 2.643 22. 18 11.20 
0.365 2.644 24.91 
0.368 2.641 22.62 12.17 
0.360 2.644 23 . 94 
0.368 2.641 22.62 12 . 17 
0.232 2.643 22.82 
0.320 2 .641 22.92 12.68 
0. 171 2.643 21.18 i 0.209 2.641 20.73 11.21 I 
0. 742 2.651 18.38 
1. 70 2.646 22.29 17.13 
0.809 2.645 21.45 
0.404 2.645 20.93 13.66 
1. 220 2.644 23.14 
0.848 2.645 22.18 17. 28 
0.540 2.643 23.07 
0.506 2.646 22.10 15.01 
0.134 x 10-1 2.654 12.20 
0.307 x 10-1 2.654 12. 58 5.31 
0.171 2.639 22.17 
0.259 '2.638 22.31 13 .10 
0.130 2.639 22.11 
0.181 2.637 22.31 11.19 

-0.919 2.644 22.73 
0. 776 2. 652 22.22 15.61 
0.220 x 10-1 2.647 19.02 

-1 0.310 x 10_1 
2.643 19.07 5 . 39 

0.528 x 10_1 
2.641 19.94 

0.413 x 10 2. 640 20.59 
0.106 2.640 23.13 

0 TEST EQUIPMENT_1 
2.642 4 . 42 

0 .803 x 10 2.644 20.55 
0 . 277 2.647 20.68 
0.12B 2.642 21.52 

,.. ,.. 



N 
N 

'"' 

8ofehc:Me No. 

GSI0/C2 
" 
" 
" 
" 
" 
" 
" 
" 
" 
" 
" 
" 
" 
" 

• -

Depth 
!Melr8s) 

222.0 (H) 
224.0 (H) 
226 .0 (H) 
22B.0 (H) 
2}0.0 (H) 
232.0 (H) 
234.0 (H) 
236.0 (H) 
238.0 (H) 
240.0 (H) 
242.0 (H) 
244.0 (H) 
246.0 (H) 
24B.O (H) 
250 .0 (H) 

• 

lltM!otJy P ... ~jty 

!M ilhdarcys) 

" 201 . 
" B1. 9 
" 130 
" 158 
Silts tone 0 .026 
" BELOi-I RANGE 
" 4.64 
Sandstone 0.997 
" 0.332 
" 18. 03 
Siltstone 0.223 
" 

. 
17.07 

Sandstone-clay 0.026 
" BE LOW RANGE 
" 0.191 

. 

P8f1T-..,abdiW Grrun denSlty PorOSity Centriluged 
(MetrM/Oay) (gm.lc c.) "" sp8Clhc YIeld 

% 

0. 129 2.644 22.06 
10-1 0.526 x 2.643 20.96 

0.B37 x 10-1 2.647 22.12 
0. 101 -4 2.653 19 .68 
0 .16B x 10 2.654 10.04 

F TEST EQUIPME~T 2.660 B.34 
0.298 x 10-, 2.653 8 . 61 
0.641 x 10-, 2. 690 11. 97 I 
0.214 x 10- , 2.651 11. 36 
0.116 x 10-, 2.652 16.79 
0 .144 x 10-

1 
2.635 5. 44 
2.662 14.99 0.1l0 x 10:1 0.166 x 10 2.653 12.24 

F TEST EQUIPt1ENT 2.649 4.20 
0 .12 3 x 10-' 2.653 9.98 

• 

• 

"., 
'-

. 



aor.t'de No. 

GSI0/G13 34.00 

35.90 

38.00 

40.00 

42.00 

44.00 

46.00 

48.00 

50.00 

52.00 

54.00 

56.00 

58.00 

60.00 

62.00 

64.00 

66.00 

68.00 

(V) 
(H) 
(V) 
(H) 
(V) 
(H) 
(V) 
(H) 
(V) 
(H) 
(V) 
(H) 
(V) 
(H) 
(V) 
(H) 
(V) 
(H) 
(V) 
(H) 
(V) 
( H) 
(V) 
(H) 
(V) 
(H) 
(V) 
( H) 
(V) 
(H) 
(V) 
(H) 
(V) 
(H) 

\~l 

Fine Grained Sandstone 

Fine Grained Sandstone 

Fine Grained Sandstone 

Fine Grained Sandstone 

Fine Grained Sandstone 

Fine Grained Sandstone 

Fine Grained Sandstone 

Fine Grained Sandstone 

Fine Grained Sandstone 

Fine Grained Sandstone 

Fine Grained Sandstone 

Fine Grained Sandstone 

Fine Grained Sandstone 

Fine Grained Sandstone 

Fine Grained Sandstone 

Fine Grained Sandstone 

Fine Grained Sandstone 

Fine Grained Sandstone 

2110 
1754 
1780 
2767 
842 

1267 
1629 
1386 
1445 
1549 
1714 
1803 
1334 
1346 
1265 
1233 
2044 
2552 

758 
656 
565 

·541 
745 
535 
604 
550 
795 
860 

1467 
1469 
1678 
1141 

336 
241 2 

10- 2 

10-

,. 

1.36 
1.13 
1.14 
1. 78 - 1 
5.42 x 10_1 8.15 x 10 
1.05 -1 
8.9l x 10_1 9.29 x 10_1 9.96 x 10 
1.10 
1.16 -1 
8.58 x 10_1 8.67 x 10_1 8.13 x 10_1 7.93 x 10 
1.31 
1.64 -1 
4.07 x 10_1 4.22 x 10_1 3.63 x 10_1 3.48 x 10_1 4.79 x 10_1 3.44 x 10_1 3.88 x 10_1 3.53 x 10_1 5.11 x 10_1 5.53 x 10_1 9.43 x 10_1 9.45 x 10 
1.08 1 
7.34 x 10-
2.16 x 10-1 

1. 55 x 10=~ 
6.4 x 10 
6.4 x 10-6 

-

Grain density 
(grn/c .c.) 

2.636 
2.636 
2·. 638 
2.636 
2.638 
2.635 
2.635 
2.636 
2.634 
2.635 
2.635 
2.631 
2.636 
2.637 
2.639 
2.637 
2.641 
2.638 
2.635 
2.637 
2. 638 
2.637 
2·.634 
2.635 
2.630 
2.632 
2.636 
2.636 
2.637 
2.637 
2.634 
2.639 
2.638 
2.639 
2.662 
2.663 

,. 

Porosity 

1%' 

26.17 
26.23 
25.97 
26.85 
26.63 
27.22 
27.00 
27.67 
27.97 
28 . 41 
28.08 
28.58 
27.35 
27.90 
26.05 
26.13 
26.95 
28.22 
24.98 
24.54 
24.45 
24.47 
26.87 
26.57 
25.71 
26.29 
25.87 
26.23 
26.15 
26.18 
26.12 
26.17 
23.79 
23.76 
8.66 

9.04 

Centrifuged 
specific yield .. 

17 . 59 

18. 55 

17.40 

17 .38 

18.62 

18.82 

17 .06 

16. 01 

19.50 

14.18 

12.85 

15.23 

14.41 

14.37 

17. 12 

17.99 

11. 37 

1.20 

"c .. n 



I , - I 

i ~~No Depth Umok>gy PlIrn"ooe(obUit-r 
I 

Ptlnneabihty G rain denSity "orosity Centrifuged I 
lMetres) (M~rcya! (Metres/Day) Igrnlc.c.l "" . -;k<Y~1d I 

, 
GS10/G13 70.00 (V) Fine Grained Sandstone 22 1.44 x 10-

2 2.640 20.18 3.57 
(H) 20 - 1.29 10-, 2.640 20.80 x -

I 72.00 (V) Fine Grained Sandstone 6.3 4.06 x 10-, 2.645 17.69 1.73 
(H) 8.3 5. 31 x 10-, 2.647 16.84 -

73.80 (V) Fine Grained Sandstone 2.9 1.89 x 10- , 2.642 16.96 1.45 
(H) 3.9 2.48 x 10- ) 2.642 16.97 -

75.90 (V) Fine Grained Sandstone 5.7 3.65 x 10-) 2.641 16.43 1. 26 
(H) 6. 1 3.92 x lO-l 2.643 16.51 -

78.00 (V) Fine Grained Sandstone 30 1. 90 x 10-
2 2.640 19.21 3.11 

• 
(H) 27 1. 71 x 10-) 2.640 19.45 -

80.00 (V) Fi ne Grained Sandstone 9.3 6.00 x 10-) 2.641 17.29 1.86 
(H) . 8.8 5.66 x 10-, 2.643 17.39 -

82.10 (V) Fine Grained Sandstone 8.4 5.39 x 10-, 2.641 17.32 1.61 
(H) 9.0 5.81 x 10=4 2.642 18.00 -

84.00 (V) Fine Grained Sandstone 0. 68 4.37 x 10_4 2.646 16.97 0.85 
(H) 0.97 6.24 x 10 l 2.646 17.61 -

86.00 (V) Fine Grained Sandstone 6.6 4.25 x 10=4 2.642 16.08 1.66 
(H) 0.22 1.41 x 10 , 2.658 7.49 -

87.90 (V) Fine Grained ,Sandstone 5.9 3.76 x 10-, 2.641 17.69 1.04 
(H) 5.6 3.58 x 10=4 2.643 18.16 -

90.00 (V) Fine Grained Sandstone 0.66 4.26 x 10_4 2.644 . 15.34 1.07 
(H) 0.67 4.32 x 10_4 2 .• 646 15.39 -

92.00 (V) Fine Grained Sandstone 0.26 1.68 x 10_4 
2.649 14.03 1.31 

(H) 0.45 2.87 x 10_4 2.651 13.80 -
94.00 (V) Fine Grained Sandstone 0.69 4.45 x 10_4 

_ 2.650 14.92 1.28 
(H) 0.70 4.50 x 10_1 

2.652 15.05 -
96.00 (V) Fine Grained Sandstone 524 3.37 x 10_1 

2.639 22.39 11.39 
(H) 435 2.80 x 10 , 2.639 22.72 -

98.00 (V) Fine Grained Sandstone 7.3 4.69 x 10-, 2.645 17.08 -
(H) 9.4 6.03 x 10- ~ 

I 
2.644 17 .65 

I 
100.00 (V) sandstone/siltstone 25 1.60 x 10- 2 2.638 19.55 -

(H) 20 1. 28 x 10~4 2.640 19.50 -
102.10 (V) I f1uddy Sandstone/Silts tone . 0.77 4.95 x 10_4 2.642 15.96 

(H) 

11uddy san~.stone/Silt~:~J 
0.80 5.12 x 10 2.643 16.37 -

104.20 (V) 0.20 1.27 x 10-4 
I 

2.46 14.19 -
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8 ,)fe<'c .... Ne t .. p~!. ; ll '"'O~y P~bI..""" P!! f . .eabd.tv c.'It,,., d'!ln<;.,., "',)/05, ... 

I 
l entnruged 1 , 

i ....... "es i • (~~TCy$) iMetr&$,'D~1 !gm. >::.c.) r\~ 

I -~ • ----
• 

GSlO/GD 104 . 20 (H) Muddy sandstone/sil ts t one 0.16 1. 06 x 10- 4 2.653 14 . 46 I I 
- 4 i - , 

106 . 00 (V) Muddy Sandstone/Si1tst one 1. 4 B.69 x 10_4 2.644 16 . 74 - i (H) 1.1 7. 18 x 10_4 ?642 17.1 7 I lOB.OO (V) Sandstone/Si ltstone 0. 33 2. D x 10_4 2.642 16 .09 I I 
(H) 0.40 2. 57 x 10_4 2.651 15. 47 I I 110 . 00 (V) Sandstone/si I ts tone 0. 76 4. 87 x 10_4 2. 653 15.34 I (H) 0.6B 4. 36 x 10_4 2.652 15. 77 I I 112. 00 (V) sandstone/Si1tstone 0. 73 4.66 x 10_4 2.652 15.55 , I 

~ (H) 1.1 6.77 x 10_4 2.650 15. 76 I I 
~ I 

I 
~ 114.00 (V) Muddy Jiltstone 0. 69 4. 43 x 10_4 2.644 12. 52 

(H) 10 6.63 x 10 , 2.644 IB .ll 
116. 00 (V) Sandstone/Si l tstone I B 1.13 x 10- , 2.646 19.B5 

(H) D B. 43 x 10- , 2. 646 19.21 
118. 00 (V) Sandstone/Si ltstone 14 9 .1 7 x 10- 1 2.647 19. BO 

(H) 19 1. 25 x 10- 2 2. 646 19. 64 
120.00 (V) Sandstone/Si l ts tone 17 1.10 x 10-

2 2.649 19. 72 
~ (H) 16 1.06 x 10=1 2. 649 • 18.88 
'" 122 .00 (V) Sil tstone 233 1.50 x 2.653 u , 10_1 l 23.02 ~ (H) 247 1.59 x 2.652 23 . 76 '" 10_4 
<» 123 .90 (V) Muddy Sandstone/Si1 tstone 1.4 8.66 x 10, RESULT UNRE IABLE 
n (H) 3. 0 1. 94 x 1°:4 RESULT UNRELIABLE 
0 126.00 (V) r·luddy ::;ilts tone , 0.95 6. 14 x 10_4 2. 641 16. 40 0 
~ (H) 1.17 7. 50 x 10_4 2.641 16 . B4 ". 0 12B.00 (V) Muddy SH tstone 0.85 5. 47 x ~ . 649 16.B9 c 10_4 .-
m (H) 1. 0 6 .62 x 10, 2.649 16.62 "-

DO.OO (V) Silty Sandstone 56 3.62 x 10-
2 2.646 19. BO 

(H) 51 3. 29 x 10- , 2. 64B 196B 
D2 .00 (V) SHtstone 6 . 7 4.31 x 10- , 2.649 19. 05 

(H) 8.5 5. 4B x 10- , 2. 650 19.21 
D3.BO (V) SHtstone 2. 7 1.73 

., -
2.640 17 . 70 x lU , 

(H) 2.2 1. 42 x 10=4 2. 639 I B.39 
D6.00 (V) Fine GI'a i ned Sandstone 0. 93 5.97 x 10, 2.656 15. 15 

(H) 27 1. 75 x 10-, 2.659 14.74 
140 . 00 (V) SHtstone 11 7. 10 x 10-

2 2.649 21. 02 
(H) 16 1. 05 x 10 2.650 21. 34 

I 
I - .------- -----.--- ~--- ---- - .---~- -------- - ----_. __ . -- --'" --- --- ---- . ,. 

r ,. 
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N 

" '" 

_No. 

VES 20 

VES 24 

SHELL C128 

SHELL C162 

28.50 
31.50 
32.50 
38.50 
41.00 
45.00 
46 .00 
50.00 
56.00 
59 . 00 
65.00 

27.50 
31. 50 
34.00 
40 .50 
44. 50 
46.00 
53.00 
54.00 
57.00 
63.50 
64.00 
77 .00 
81.00 
85.00 

19. 36 

18.40 
25.65 

Cave 
Cave 
Cave 
Cave 
Cave 
Cave 

Sandstone 
Sandstone 
Sandstone 
Sandstone 
Sandstone 
Sandstone 

Cave Sandstone 
Cave Sandstone 
Cave Sandstone 
Cave Sandstone 
Cave Sandstone 

Cave Sandstone 
Cave Sands t one 
Cave Sandstone 
Cave Sandstone 
Cave Sandstone 
Cave Sandstone 
Cave Sandst'one 
Cave Sandstone 
Cave Sandstone 
Cave Sandst one 
Cave Sandstone 
Cave Sandstone 
Cave Sandstone 
Cave Sandstone 

Cave Sandstone 

Cave Sandstone 
Cave Sandstone 

• 

Permeab!hty 

(Metres/D4lY) 

0.052 
0.130 
0.173 
0.017 _, 
3.46 x 10 
0.035 
0.035 
0.035 
4.32 x 
8.64 x 
0.017 

0.043 
0 .086 
0.173 
0.060 
0.052 
0.130 
0.022 
0.026 
0.017 
0. 026 
0.035 
8.64 x 
0.086 
0.035 

0.035 
, 

8.64 x 10=4 
8.64 x 10 

Grain dellSlty 

Igrntc.c.) 

. -

Porosity 

"" 

Total 
Porosity 
Range 

10% to 18% 

14 .40 

10.00 
10.0 

Centriluged 
SpecifIC ,,'eld 

" 

-- --__________ -L ______ ~ ________ L_ ____ ~ ______ _L ____ ~ 
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• • 

_No. Depth - lithology p~ Permeability Grain denSIty Porosity C8fltnfuged 
(Metr.sJ (Mi-.uarcysl (MetretlDavl (gmJc.c.) "" ,.,..;fic ..., .. 

2185 66 .45 (V) Cave Sandstone 4052 . - 2.63 30. 1 -
(DIP) 4036 - 2. 63 29.8 -

67.36 (D IP ) Cave Sandstone 2650 - - 26 .3 -
(STRIKE) 3627 - - 28.8 -

68.28 (DIP) Cave Sandstone 987 - - 16.9 -
(STRIKE) - - - 22.9 -

69 .80 (DIP) Cave Sandstone 3943 - - 32.1 -
(STRIKE) 5310 - - 31.4 -

70.10 (V) Cave Sandstone 3016 - - 31.3 -
(DIP) 3418 - - 31.4 -

(STRIKE) 3607 - - 31.4 -
76.81 (V) Cave Sandst one 1555 - 2.64 25.9 

(DIP ) 3128 - 2.64 26.15 -
87.34 (V) Cave Sands t one 2300 - - 28.3 -

(DIP ) 2425 - - 27.8 
(STRIKE) 2187 - - 28.2 

91. 44 (V) Cave Sandstone 3949 - - 28.7 
(DIP) 898 - - 24.4 

(STRIKi ) 1644 - - 23 . 2 

2183 85.04 (V) Cave Sands tone 25 • 11. 8 - - -
(DIP ) 330 - - 16.7 

(STR IKE) 196 - - 14.4 -.. . 

I 
I, 87.87 (V) Cave Sandstone 2261 - - 28.5 -

(DIP) 1883 - - 28.2 -
(STRIKE) 1710 - - 27.7 -

I; I 
, 

1 I, 1 
. -

~ ~ . , -
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Ek;wehoMl No. Oepth Llth<»ogy P&n"I'INblllty Perm&abllity Grain density Porosity 
;Metres l (Mlltldercys l (Metres/Day) 

CentnflJ98d 
(g m /c,c .1 '''' specIfic Yield 

" 
, 

GSI0/C2 il-9 !, (H) ~jeathered Basalt 3.09 0.199 x 10- 2 2. 853 15 . 42 
.. 108. 6 (H) Basalt 0.056 . 0.360 x 10- 2 2.863 21. 59 
.. 109.3 ( II ) Sllts tone 2. 14 0. 138 x 10- 2 2.602 10 . 89 
.. 114. 2 ( H) Basalt 0.133 0.857 x 10 - 2.804 7.42 .. 116.85 (H) Basal t-Scoriaceous BE LOW RANGE 0 TEST EQUIPMENT 2.782 18.34 

11 

. 

I 

I 

. 

1 

I 
, 
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16· JP I. 

· PO I. 

17 _ IB17 

- PSl1 

10118 - 1818 

_ POI B 

I 
"20 I 
m 
W22 

Wl) _ 18 2> 

1 
TABLE A 

• 

...... .... AQI,JIH " 
GEOLOGICAl. m.-tun; ~~~ OISC .. AAGE llIAN$MISS!VITY CO(flCiUlI 
SITUA TION ......... 1'1'Sf .",)"". . ! ... 2 ·0"'~' ".,.... 

!DAYSI 

l<M:R [CCA · D.IZS ,., 1.' · 

,UOCllE All) LOOlCR [ [C A · 1.'" 27.3 "" 1. ' • ui' 

LOWER (CCA · 0.011 19.5 2'" · 
LOWCR (CCA · 2.00 H.7 .'" ).11 I( 10"' 

UMR ECCA · (7 ) , JO . 
1'1 1001..[ [ CCA · 2. 01 IB.S no Z.S It 10·' 

lMR [CCA · 0.04 ' .0 2. ' · 

Hl00t.[ ECCA · • • 51 n .} 190 5.8 )( 10-~ . 
f'1100l[ [CCA (, STE PS, ?-

}9.26.'!h """' " .. (14), 123 1. 74 )( 10.4 

HIOCl.[ No() LO'W£R [ CCA · 6.BO 68 . 2 1300 2.1 • 10"' 

KiODlE AND LOWER [ CCA (, STEPS 10.8 . 8H 2.1 • 1O-A 

n .) .'/ h 

LOWER ( CCA · 2. ,. 4}.0 '" 1.1 • 10- 4 
'" . 

NO OCTAILS ' 2.00 71 .04 (269).27Y I IO-~ LOWCR ( CCA 

I j1.4 • 
ol.VAl lAOU 

·1 
lMR [ CCA · 0 . 0 > I 111 . 0 m ! · 
l OW( R [ C,", · 0 .04 26.4 60 

I 
· 

LOWE R ECC A . · 0 .'" ,., , · 
1 

., 
LMR [ CCA · I 2.Ul 

I 
", . , "'" I 2 . 6 )( 10 

; I , 
~- , ._. 

ECCA AQUIFER TEST MSULTS FOR THE CEIHRAL KWENENG AREA' 
(A ef. Wellf ield Consulting Services 1978 and 19801 (BorehoM location on map AI 

~ 
COtMr,l[NTS 

CONfiNeD 

CONrINt:O 

CCJ;r INto LEAK Y 

CW-It.t:D 
( LEAI<Y?) 

CM l flo(D? 

CONf i NED 
(LEAXY? ) 

CW- l t£D 

LEAXY 

CONf" I NCD 
LEAKY 

CONf I NED? 

CONf It£o 
LEAI<Y 

CeN" l'-'ED 

C~IN(D 

L[,6J(Y 
AAl ES I4N 

CCJro.fl N[D 

CONf It£D 

C~It£D 

L[AI(Y 

_-,r"""" ''''O __ --;;~ 



I _ ....... 
-~ ..... -.. AQUlfflll 

GEOLOGICAl. 

51TU""1OfoI 
STU TESTS 

.PB1J "'"" [CCA -

. 27 [CCA -

11128 _ 18 2B LoweR [CCA . -

- pozs L1MR (CCA -
'01 29 _ 11129 "1001.[ [CCA -

_ P829 MIDDLE [CCA 

WJO _ 18)0 "N" [ CCA -
- PO )O LIMR [CCA -
Ill)} _ ISH (CCA -
- PI!)l 5 Sl[PS 20.2 -

37. 0 .. '/h 

"2 (CCA -
.n [CCA -

'" _ 18)4 L""" ECCA -
- PO)I! L"'" [ CCA NO OC TAllS 

AVAILABLE 
, 

m ECCA -
." _ TB)6 1'l100I..[ [CCA 

. - . 
- PB)6 MIOOL[ [CCA NO DETAILS 

A~A J lA8l[ 

'" ECCA -

". I [[CA -
- --

TABLE A CONTINUED 

~""'~ 01$Ol"'1I<;( 
MAIN TUT ..3""1 .. ,. 
1.40 69.5 

4.72 ".1 

' .n )8 . 2 

2.00 71.44 

5.42 54.7 

5.41 54 . 7 

2.H 55.0 

2. 27 )9.6 

NONE "'" .... 21.6 

5.8) 29.8 

5.28 52.4 

2.00 68 . 95 

6 . 88 )2.0 

4.72 U., 
1. 7) 67.61 

2.)6 »,0 

, 
TflMl:>Ml$$1VI1"I' I l..,lm"vl 

(192),926 

600 

1'176 

0(17),1460 

95O 

( 987 ) ,2"16 

501 

(514) 

500 

(29hlJa 

18 

2l 

>61 

(lOJO),1l88 

" I ll. 

I 1 {Jae),71D 

". 
n 

, 
I 

CO£flCl(J<I'T OF 
ST~ 

5.0 11 ID"'" 

6.41 It 10-4 

1.2 " 10.
4 

5. )4 " 10. 4 

', 4 " 10.
4 

'.A " 10-
4 

2 

1 

L[Al(~ ARTESIAN 

D!:lolY(O VInO} 
SEMI UNCQI\'f I NCO 

OELAYEO YIELD/ 
SOU UNCONfIM:D 

COtElNEO 

(J(LAY[O YIELD/ 
SEMI UNCONf INEO 

L[ ~K,/, ~RI[ SlAN? 

CCf>f IN£O 

CCN"lN(.O 

((N" lN(.O 

C(H" H£O? 

aH' 1N[O 

C(H"IN[O 

CONfiNEO 

COhf IN£O 

CONF" IN£O 

L(AIC'I' 

L[AK'/' 

(0Nf" IN(() 

'I , •• 

N 

'" N 
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-.....~. I G(OlOGIC4~ DuRA lION 01' OISCH,o,l'!Cil TIlAHSMISSMTV COHOCIlENTOI' ... ""'" M ..... MlVlf~fII 

srrUATlO', 
STt, TtStS 

IoIo*.W fEST \ml~1 ( ... 2 'OAVI Ca..ot.IEN1S 

"""'" ()IIoVSI . 

'" ECCA - .. -
"0 - 60 - i "1 (CCA - " -
W42 _TPIl2 L(lW(R ECCA - I 6B7 -_ 1'." lOW(R l e e", NO ot:TAILS 2.00 11.n (6U).2Jn - CMIt£D , 

WII} _IPI.I) 1'lI0000( (CCA - }J6 
W44_Pe/IQ J1100L.( (CCA 10 STEPS 1.)) 67.98 (}J2) , 10)() . - C(N"U£D 
'il4~ _P84~ HICOL( ... LOW(R (CC 6 STEPS un 67.80 (114l) ,1105 - l(AJ(.l' ARtESIAN 
W46_f'S46 1"11 001..( ... LOWER (CC 6 STEPS 2." 4'.19 (70) , )4) - COtI'" iNEO 
1147 _ PB4 "'JOOL( [CCA NO DETAILS 1.66 12.90 (2669),1789 - (CH" INEO LEAKY 

.. VAllAOL( 
\148 _ P64 1"l100l[ (CCA S STEPS 4.38 66.70 (l8}) , Z64 - C(N" I~ 

WSO _ tP~ HIOOl( (CCA 11 STEPS 2.00 71.68 (6 56) ,929 - COl*" 11.(0 

'\ 
I' 

.. 

IH;R( 2 IR,uoSl11SS I V I' vALIJ(S AR[ Qt. 1(0 n« ""'(1(0 r"-oc OCOO 1LS t',.,.,.. "", HE: iHf1(R il(CO " 
. 

I I 
I I 

I 

, 

I 
I , , I 

I 
, 

I I I I I 
I i ! 

I 
, 

I , L_.-:.. ___ _ _~ ____ ----1 ___ ....L ___ ~_ _ _ I ___ __ ~---~ ---' 
TABLE A CONTINUED . ". .. 
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~~ G£OlOGOCA.I. ~~'" OISCJ.1AIIGE ",-,"SUISSMTY 

-""""" ...... IN 4QUtfU 
$ITVAflOfol ST'E'TlS" W_TEST \l1l'i3 ''''1 C..,I , O"'''I 

!DAVSI 

"" llAP~ ~STON[ suP(RrICIAl } SUPS APfi'ROX 0.14 21.6 '70 
COVER 

.16 P£A ARKOs( NT .... ~ SAA()- , . , 19.4 m 
,,,N:. I 
f LAP""'" f"I.D. 
STONE, OV£R 
HE" ARKOS[ I 

12)9 !'EA ARKOS[ NTAN( s.wJ-
, 

? , , Z76 
STQN[, 

, 
fLAPAN" f1JO- , ? '" ST()N(, OVER 

1'£" ARKOSE , ? '" . 
WEllrJ(lO I'£A ARXDS( HT ANE SAI'()- 11 STEPS '6 -119111 ' 1 0 •• 4~.S 400 - 1I0IX0 

STCWff: OV[R .. 2500 
K:A ARKOS( 

,! 

. 

~ __ 1 ___ ..:._1 __________ '- __ I I --
TABLE B ECCA AQUIFER TEST RESULTS FOR DUKWE AREi\ 

(fief. SWECO 1976) (8or"eh0le locations on map 8) 

COf.flClENT Of 
COIroot.lOtTS .",.,," 

- R[COV(RY OAIA 

- IOOAWOOWN DA 1 A 

• 
OOA~ DATA - I rROI1 a.. 12J9 

2.6 11 10-4 USUIG 616 AS 
005. 611. 

2.8 11 10.4 
R(COveRY DATA 
BIt 616 

I • 1.) 11 10:11 - ((jUllI6I111J11 
1.) ," 10 au T VCIIY SlIORI 

I 1[51 

~ 

I' 
I 
I . 

I 

I, 
, , 

J 
, , 
i , 

-- - - - _. - -_ .. - -- ' .. .. 
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TABLE C 

[CCA 

! [CCA 

I ,ec' 
'CCA 
tee. 

THJN AECOH 

DEPOSITS Ollt 

m" 

0.02 

0.17 

O.D 

0.42 

O . J~ 

, , 
I 

1.1 

1.2 

0.' 
1.1 

I 0.' I 
! 

(O.~) ,0.6 

I 
(0.4':» .o.,! 
(0"",1.

4
1 

(0.6) ,1.0 
, 
i , , 

. I , 
I 
I , , 
, 

• 

UI 5 TlNC NIXlOC

T 1 ON 801[10..[ 

T(ST STOPPED 
WHEN WAT(R l[V£l 
R[ACHeO Pl.M' 
SUCTIDN 
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APPENDIX C 

Summary of secondary programmes. 

(a) Groundwater Pollution Study. 

(b) TransvaaljWaterberg Aquifers-Lobatse 

Water Supply Study: 

(c) Stormberg Aquifers-an economic appraisal 

in rlllation to cattle ranching . 

(d) The National Borehole Archive-historical 

review and outline of a computerised data 

system 
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GROUNOWATER POLLUTION STUDY 

(A SUMMARY OF REPORT GSI0/ 4j TECH. NOTE NO. 5 AND LEfllS ET. AL. 

IN PROC. INT. CIV. ENGRS. 1980, 69) 

1. INTRODUCTIDN 

1.1 Groundwater is generally regarded as the safest source of 

potable water in Botswana. However during the mid 1970's 

many densely populated villages in Eastern Botswana were 

found to have polluted groundwater (Hutton, Lewis, and 

Skinner, 1976). Further water sampling showed nitrate 

pollution levels to be extremely high (mostly in excess of 

World Health Organisation drinking water standards ) and 

the problem to be widespread. The potential health 

implication for infants and possibly adults, of ingesting 

excessive nitrate concentrations from drinking water is the 

subject of considerable medical concern. Additionally, the 

nitrate concentrations, if derived from organic sources, 

may be associated with bacterial pollution. 

1.2 In view of the potential major health hazard, the GSlO 

Project, in conjunction with the Geological Survey 

Department, undertook a limited research programme to 

establish the cau~es and mechanisms of pollution. 

2. THE RESEARCH SITE 

2.1 The area selected was in a major village (population 

about 20,000) and was centred on BH 1018 which had a nitrste 

content in excess of 500 mg/ l. The area lies in an 

embayment of an escarpment composed of Waterberg sands tones 

and shales, and is underlain by weathered Basement 

Complex granite gneisses. The dark clayey soils, 0 to 

3 metres thick, grade downward into weathered rock. Such 

conditions of thin overburden overlying weathered pre-Karoo 

formations are very frequent over much of eastern Botswana. 
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2.2 An ephemeral stream, which rises in the Waterberg hills, 

crosses the area end passes very close to BH 1018. The 

stream, which maintains a base flow for part of the year, 

is impounded by a small dam about 150 metres upstream of 

the borehole. 

2.3 Regional groundwater flow is away from the escarpment, in 

the same direction as the surface drainage, but is only 

of small magnitude . The low pumping rate, and 

groundwater hydraulic conditions, appear to limit the flow 

frontage intercepted by BH 1018 to within 100 metres of 

the borehole. The local water table measured in BH 

1018 lies at about 5.5 metres below ground level. 

1.4 A survey of potential pollution sources within a 100 metre 

radius of the borehole revealed the existance of 30 pit 

latrines used by about ZOO people. The nearest latrine lies 

25 metres from BH 1018 and is about 2.5 metres deep, 

being floored by weathered bedrock • . Although located outside 

the 100 metre radius from BH 1018, the hospital toilets, 

used by about 300 people, were also noted. Some of the 

effluent from this source enters the reservoir, impounded 

by the dam, which periodically overflows into the stream 

which flows past ~H 1018. 

3. OBJECTIVES OF INVESTIGATION AND SUMMARY OF TECHNIQUES 

EMPLOYED 

3.1 The study involved the detailed evaluation of the factors 

which control water and pollutant movement in the 

unsaturated and saturated zones, around water supply 

borehole 1018. 

3.2 Three investigation/observation boreholea were drilled, 

using a variety of methods, at a 15 to 25 metre radius 

from BH 1018. Soil samples were collected at 0.5 metre 
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intervals, and drilling was continued to about 10 metres 

below the water table. Samples of soil and weathered 

rock were also obtained from a series of shallow auger 

holes. The locations of all boreholes are indicated 

in Fig. 1. 

3.3 The main methods of investigation were as follows: 

(a) test pumping of BH 1018 at a constant rate of 

1 l/sec. during which water leve~s were measured and 

geophysical conductivity/temperature logs run. 

Cb) chemical and bacteriological analyses of water 

samples obtained from BH 1018 during pumping, and 

on those obtained using a depth sampler in the observation 

borehole. 

(c) nitrate and chloride analysis of soil samples. 

Cd) chemical tracer experiments. 

3.4 The pumping test analysis shows the weathered granite 

gneiss aquifer to have a transmissivity of 15 - ZO mZ/day 

and a storage coefficient of up to 0.01. It was thought 

that some component of natural or induced recharge from the 

adjacent stream was present but could not be detected, as 

a boundary, in the pumping test. The proportion of recharge 

must therefore be-minor or intermittent. 

4. DETAILED STUDIES AND RESULTS 

4.1 Hydrochemistry and Bacteriology of the saturated zone 

Conductivity logs run in the observation boreholes QWl 

and QWZ show groundwater stratification at shallow depths. 

In both cases, the change between the upper low 

conductivity layer, and the deeper much higher conductivity 

layer, was abrupt. Under pumping conditions this 

stratification quickly disappeared due to the depletion of 

the lower, conductivity zone. Chemical analyses of 

265 



OWl 

o 

P,l li.ll1ne 

Seale 01 metres 

o le 20 

F 

8 

OWl 

o 

Fig. 1. O.u.iled Jit. ptan 

• 
J 
~ 

~ 
j 
< a 
~ 

Fig. 2. 

1-2 

0 

2 

• 
• 
8 

10 

12 

~l 

1.11",," 
(active and 
disused) 

HOflzontaJ scate 01 metres 
o 5 10 15 
, I , , 

81-11018 
E c 

d\-ir'-t-..;.----..:'~i~ Stream /-_____ 0'"" 

Soil NO
J 
-N contenJ 

(_ight ppm) 

mu lto-no 
ID Over 220 

Hvdrogaological section 01 study..rea 

eH 1018,1111'1" Injection in10 
OW2 

• om ,tier .njection into 
pil ll\1lne 

Elapsed l!me. h 

Fig. 3. Resuhs of gloundwater tracer el(perimenlS 

266 



f 

... . 

various pumped and depth, samples confirmed the conduc
tivity log observations. They also showed the deeper, 

higher conductivity, layer to be chemically compatible with 

the water pumped from BH 1018. This water chemistry 

type is heavily polluted with nitrate and also has high 

choride, sodium, calcium and magnesium concentrations. 

It appears to be representative of groundwater in the 

general areas. The lower conductivity layer is in certain 

respects chemically compatible with the adjacent stream 

water, but since it was depleted rapidly, this suggests that influ-

ent s ee page 264 must be small and perhaps intermittent. 

4.2 Water samples for bacteriological examination were taken 

under sterile conditions from the pump borehole and obser

vation boreholes. Total and faecal coliform counts were 

carried out using a standard membrane filter technique. 

Escherica Coli, the presence of which is indicative of recent 

faecal pollution, was particularly predominant in the 

observation boreholes, which also displayed hydrochemical 

stratification, whilst lower counts were found in 

BH 1018 and the other observation borehole. A similar 

examination of water from other village boreholes has shown 

general gross faecal pollution. Frequently pathogenic 

species were also. identified, and in some instance appeared 

to be strains which are resistant to many common antibiotics. 

4.3 Pollution of the soil and unsaturated zone 

Pore fluids from the augered samples of soil and weathered 

rock were removed in the field by centrifuge techniques 

(described by Lewis et al. 1978) and nitrate and chloride 

content determined. Nitrate is generated from 

oxidizable forms of nitrogen, by infiltrating rain water, 

and is leached from soils during the wet season. Several 

auger holes were drilled in the i mmediate areas of the 

research site, and four additional holes were drilled in 

and outside the village, in locations remote from pollution 
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sources in order to determine background nitrate and 

chloride concentrations. The highest concentrations 

of N03-N + Cl were found in the five auger holes 

drilled close to the pit latrine, and usually 

immediately above the rock head. The other two on site 

auger holes, about 40 metres a~ay from the latrine, recorded 

only background concentrations. The contaminated soil zone 

extends at least 15 metres around the pit latrine, and 

therefore represents a major source of nitrate from which 

contamination of the groundwater supply may occur. 

4.4 Groundwster tracer studies 

During the aquifer test at the research site a solution 

of lithium chloride was injected into the pit latrine, 

The regular collection of water samples from QW 2 showed 

a transi t time between the latrine and latter point to 

be less than 25 minutes, which, since the unsaturated 

bedrock between the two points was fissured, is indicative 

of very rapid infiltration. A transit time through the 

saturated zone of less than 235 minutes wes then determine 

by the same method between QW 2 and BH 1018, with the 

former bore hole being used aa the injection point. A 

sample taken from the observation borehole after the test 

indicated a residue of excess lithium chloride to be present 

in the water at depth. Since lithium chloride concentrations 

had returned to normal in BH 1018, this indicates that 

the flolll of tracer out of the observation bore hole occurred 

only via isolated fissure horiZons. Figure 3 shows 

graphically the results of the tracer experiments, and Figure 

2 illustrates a hydrogeological section through the study 

area with N03-N contents indicated. 

5. CONCLUSIONS 

5.1 The hazard of serious groundwster pollution by pit latrines 

in hydrogeological environments such as those frequently 
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5.2 

encountered in eastern Botswana, has two distinct 

components. 

(a) rapid transport of faecal bacteria to the water table 

before natural elimination can occur. 

Cb) major build- up of nitrogenous effluent in soil and 

weathered bedrock surrounding a latrine, and from 

which high nitrate concentrations are leached to 

groundwater. 

If pit latrines and water supply boreholes are closely 

associated in this type of hydro geological environment, 

s potentially grave risk to publich health results. 

Intermittent heavy contamination of the water-supply by 

faecal bacteria can be anticipated, and excessive nitrate 

concentrations may occur. 

Soil s and unconsolidated strata appear to remove 90% of all 

bacteria within the first 1 - 2 metres of ~ater movement 

through the unsaturated zone. However, any bacteria reaching 

the saturated zone may move substantial distances do~n the 

hydraulic gradient, normally in a thin layer close to the 

water table. Since viruses are smaller than bacteria it is 

generally believed that those strains that can resist 

changes in environment may be more peristant and mobile in 

groundwater systems, particularly where rapid bedrock fissure

flow conditions occur. Even in low-transmissivity basement 

aquifers like those in eastern Botswana, such relatively rapid 

groundwater flow, without significant bacteria filtration may take 

place at certain horizons over radial distances of at least 

25 metres and up to perhaps 100 metres, given the steep 

hydraulic gradients imposed during pumping. 

5.3 Numerous small ephemeral streams occuring in such regions 

may normally be expected to generate some influent seepage. 

Where they pass close to water- supply boreholes they repre

sent an 
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additional bacterial and chemical pollution source, 

although they are unlikely to have high nitrate 

concentrations. It is therefore inadvisable to site 

new water supply boreholes close to such streams. 

5.4 The best long term solution is the " relocation of public 

water supply boreholes in unpopulated areas with 

reticulation to the villages. Pollution protection areas 

should be established around all such new water supply 

boreholes, and boreholes should be properly constructed 

and the immediate area around them fenced and paved to 

eliminate direct pollution. In order to prevent pollution 

of the aquifer in the absence of adequate hydrogeologi'cal 

data and expertise, a protection zone of ZOO metres radius 

around the borehole is suggested, and no development, 

likely to create any potential source of pollution should 

be allowed within this zone. 
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THE TRANSVAAL/WATERBERG AQUIFERS - A STUDY FOR 

THE AUGMENTATION OF THE LOBATSE WATER SUPPLY (REPT. GS10/7. 

1979; GSIO Tech. Note No. 3, 1978; 

GS10 Tech. Note No. 9, 19BO) 

1. BACKGROUND 

It was proposed during the refinement stage of the GSIO 

Project objectives (Rept. GSIO/l 1976) that some studies 

of the hydrogeological nature of the Transvaal and 

Waterberg formations would be undertaken via a specific 

investigation related to the supplementation of the 

Lobatse/Gaborone water supply. This investigation was 

ultimately concentrated in the Lobatse area and began 

in mid 1978. During late 1978/early 1979 the water 

level in the Nuane Dam (Lobatse's principal supplier) dropped 

to a critical point (with the dam in 1980 drying out comp

letely) an occurance which gave gre~t impetus to the 

groundwater study, which was then underway, and which 

subsequently led to the development of 8 small production 

well field. 

2. FEASIBILITY PROGRAMME: 

The geology of the Lobatse area is well known (Crockett 

1971 and published maps) and brief examination indicates 

that the Transvaal dolomites and the Waterberg sandstones 

and conglomerates probably possess the best groundwater 

potential. Previous work also indicates (Jennings 1974) 

that in Lobatse area ,there are a -separate grouhdwater basins 

which correspond closely to the major surface catchment 

area. As a result, Proj~ct investigations were concentrated 

on the potential aquifer formations in the undeveloped 

Nuane and Pitsan'yane basins to the north of Lobatse. 

Investigations began in May 1978, with the field location 

and hydrochemical sampling of all boreholes in these areas 
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and the examination of all existing borehole records 

for the Lobatse region. Such records of boreholes 

penetrating the Transvaal dolomites and the Haterberg 

strata were examined statistically using theoretical 

specific capacities+. 

The resulting probability plots indicated a 75% chance of 

drilling a dry hole in the Waterberg, And a 60% chance in 

the Transvaal do'lomites, but that at the 10% probability 

level there is a greater chance of obtain1ng a higher 

specific capacity i.e. a higher yield with smaller drawdown 

in the dolomites than in the Waterberg. This is almost 

certainly due to the zones of highly developed keratic 

weathering present in the dolomites. During the period 

September - December 1978 test drilling and hydrogeologically 

chosen sites confirmed the dolomites to have considerable 

groundwater potential, in areas where semi-karstic weathering 

and fissuring created transmissive zones, and facilitated 

significant groundwater storage. Clearly subsurface 

weathering has been greatly influenced by the regional 

tectonism. 

However, the accumulation of manganiferous mud (wad) in 

the fissures present at some sites rendered them poorly 

transmissive and unsuitable for testing, and at other 

sites only the unprodLJctive sh.ales overlying ~ the' dolomites 

were penetrated. 

The conglomerate and rubbly slump conglomerate of the 

Waterberg also appeared to possess moderate to high ground

water potential, although the associated shale-siltstone 

horizons were very poor. Hydrogeological pumping tests were 

instituted following the drilling of successful boreholes. 

+(The theoretical specific capacity = test yield 

rest water level minus depth of pump section) 
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Six sites were tested, their discharge rates varying 

from 0.3 to 12 l /sec. and test periods ranging from 2 

24 days. 

High ( >100 m2/d) to moderate (50 -:- 80 m2/ d) transmissivity 

were recorded in the dolomites and moderate transmissivity 

were recorded in the Waterberg supergroup conglomerate. 

One of the boreholes penetrating in the latter, and the 

highest yielding hole" drilled (12 l / sec), was subjected 

to a twenty four day pumping test during which no 

equilibrium was attained. A late stage transmissivity 

(50 m2/d) was calculated and, allowing a maximum drawdown 

of 15 m, it was established that a constnat discharge 

of 7 lis could be maintained without dewatering the aquifer. 

Borehole geophysical logging at this site showed 

fractures at 14, 20, 23 and 30 metres b.g.l. major inflow 

is thought to take place from the lowermost fracture horizon 

at 30 rn, which coincides with a change in lithology. 

Three different techniques were considered in order to 

evaluate recharge in this area, namely; 

1. Comparing the amount of rainfall with the volume of 

abstraction during a period of constant groundwater 

stage. 

2. Examining the change in soil moi sture content during 

period of known rainfall and evaporation conditions, 

and taking into account the type of vegetation, 

'excess infiltration' can be assessed. 

3. utilizing an analytical technique for metereological 

data developed by Pike. 

The first two methods are inapplicable, due to the lack of 

required data in the area of study. The third technique 

of calculation uses mean annual rainfall and o~en water 

evaporation data from which actual evapotranspiration 

was calculated using a modification of Ture's formula 

274 



• 

relating annual evapotranspiration to rainfall and air 

temperature. If there is no subsurface ouflow from the 

catchment, and groundwater storage changes are very 

small, then the annual surface runoff may be calculated 

as a % of annual rainfall; 

Et = R-Q where Et = evapotranpiration 

R = mean annual rainfall 

Q = surface runoff 

In the Lobatse catchment under study, as there is no 

surface outflow, the surface runoff must become 

recharge to groundwater. 

Using the metereological data for the water years 1976-77 

and 1977-78 appproximately 10% of the annual rainfall 

may be recharged to the groundwater body. With the 

metereological data available from other climatological 

stations in Lobatse, however, the mean annual rainfall 

(~l.A.R.) estimate is reduced and a figure of 7.5% of 

the M.A.R. is obtained which may b~ the recharge to the 

groundwater Therefore the recharge volume per annum would 

be 45 mm over the 36.89 km2 of the Pitsanyane Basin 

catchment, i.e. 1.6 x 10-6 m3/ annum, and for the Nuane 

sub-basin 0.3 x 10-6/annum. 

These inputs to the groundwater main constitute the maximum 

amount othat can be withdrawn without depleting the ground 

water reservoir. These figures must be treated as maxima 

since they do not reflect the extreme variability of the 

rainfall, and losses due to under flow out of the basin and 

'acceptable abstraction volume' of 50% of the recharge 

figures has been proposed. However, more accurately to 

determine groundwater resources, a long term groundwater 

monitoring network is necessary. Groundwater levels may 

then 'be compared directly with rain fall events and a more 

accurate aquifer model constructed. 
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3. EXPLORATION AND PRODUCTION PROGRANf1ES 

Following the feasibility study, and acting on the 

recommendation that two production boreholes with 

accompanying observation holes should be sunk in each 

of the most promising groundwater basins, i.e. the 

Pitsanyane Basin and Nuane Sub-basin, exploratory 

drilling with the assistance of geophysics for siting was 

begun. 

. Both basins were surveyed geophysically (magnetometrics 

and resistivity) to locate structural features, primarily 

faults, which may enhance groundwater yields. Smaller 

diameter( holes were drilled at each of the most promising 

sites, with the intention that certain of these holes 

would subsequently be used as observation boreholes and 

\lIere equipped with water level recorders . Thirteen such 

exploration boreholes were drilled, 5 of them being on 

geophysically selected sites and six to nine hour airlift 

tests were undertaken on the more productive in order in 

order to assess the yields. 

The four most productive sites {more of which had been 

geophysically chosen)were then subjected to controlled 

testing. Three of the four sites were in the Transvaal 

dolomite and had yields ranging from 3.7 to 12.2 l is. 

The fourth test was attempted in a borehole drilled through 

Waterberg conglomerate to Waterberg shales, and resulted 

in the hole pumping dry after approximately 10 minutes. 

Thus 4 sites were finally recommended for water production 

development, including the site · investigated during 

the feasibility study, which was in Waterberg conglomerate. 

The suggested completion was a minimum of 6 in ch cased 

or 8 inch open hole with surface casing extending .to just 

above .the static water level and sufficiently grouted to 

prevent surface contamination. The recommended abstraction 

rates ranged from 6 to 10 l /sec and recommended that also 
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continuous water level monitoring during the first 6 

months of production should be instituted, to allow more 

confident analysis of borehole performance overall 

wellfield behaviour and to establish the optium abstraction 

regime for the basins. 

In conclusion, it appears that the Transvaal dolomites and 

the Waterberg Maladipe Hill formation. (conglomerate ) , are 

the most productive aquifers in the area in the following 

geological situations and should be investigated further; 

(1) The Transvaal dolomite along the line of the main 

Lobatse Slide where subsequent weathering processes 

have enlarged the tectonically generated fractures 

to form. semi-karstic environment. This zone appears 

to be very reetricted in width but, in areaS where best 

developed, detectable by surface geophysical magneto

metric techniques. The remainder of the dolomite 

sequence, even where cut by ot~er faults is probably 

not so intensively weathered, and is much less 

productive. 

(ii) The Waterberg Maladipe Hill formation, where this 

unit is at subcrop and fissured and weathered in its 

upper zone. 'Yields from this formation when 

encountered unweathered at depth are small. Since 

the formation does not outcrop location is difficult 

without extensive use of geophysical techniques, 

probably resistivity. 

277 



r • 

• 

• 

THE STORMBERG AQU IFERS - A TECHNICAL AND ECONOMIC APPRAISAL 

OF GROUNDWATER PROSPECTI NG TECHNIQUES IN RELATION TO 

CATTLE RANCHING. (REPORT GSI0/ 9, 19BO) 

1. Background 

The rearing of beef cattle is the traditional industry of 

Botswana and the major user of groundwater by total volume abstracted. 

Continued expansion of this industry into currently underutilized 

land in both the commerical and communal sections is envisaged, and 

as a result, several thousand new production boreholes will 

ultimately be required. Using as a basis the statement "that the 

scale of projected water demand and the economic value of the water 

resource in a given area should dictate the depth of knowledge of 

the local groundwater system required for practical planning 

purposes" (Report GSIO/l, 1976 ) the alternative approaches to ground

water exploration and development have been determined and evaluated 

within the limits of currently available information. 

2. Establishment of Study 

An area of 4000 km 2 in northern Kweneng, underlain mainly by . 
Stormberg strata, and recently designated as a commercial ranching 

area, was chosen for study, and all existing data examined. It 

became apparent that the geohydrological knowledge of the area, as in 

many other potential ranching areas, was sparse in the extreme, 

with no consistent information on any of the hydrogeological factors 

such as piezometric levels, water quality or yield distribution, 

which give the viability of groundwater development. The varied 

exploratory techniques which may serve to improve the basic knowledge 

of such an area before any hydrogeological judgements or assessments 

can be made, were thus examined in detail for their applicability 

and cost effectiveness in relation to this problem • 
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3. Results of Study 

Six different approaches of varying degrees of sophistication 

and capital costs were considered and their technical applicability 

to the Stormberg Study area discussed. The overall cost at tached 

to each exploration exercise was estimated on the basis of current 

commercial, and governmental, charge rates and this was reduced to 

the cos t of siting an individual ranch borehole.on the assumption 

that 40 such boreholes would be required over the whole area . 

Such groundwater search techniques are however only justified if 

they increase the chances of the subsequent drilling encounter ing 

water (i. e . the saving in drilling costs in t he long run must be 

greater than the cost of the initial search) but since the physical 

effectiveness of the different techniques is unknown, their cost 

effectiveness is difficult to evaluate with any precision. However, 

depending on the existing success rate in the area (assumed to 

have been achieved by 'wildcatting' method) t he maximum expenditure 

on groundwater search that can be justified can be assessed. In the 

study area it was apparent that if the pre-ex~sting success rate was 

60% only P28DD is justified for search purposes, whereas i f the 

success rate is only 40% any search technique may be warranted. 

A second approach was to examine t he minimum improvement in 

success rate which would be necessary to justify particular techniques. 

In this context both the minimum 'succes s rate per technique' itself 

(based on fixed drilling cost for the production borehole) and the 

magnitude of any increase in this value for each technique are 

important factors; in the study area a modified controlled drill ing 

technique (geologist-controlled) utilizing all existing data and 

evaluating by trial drilling major identifiable features, appears 

to require only a small increase in sucess rate over the pre-existing 

wildcatting rate, to make i t the most cost effective approach. 

4 . Conclusions· 

In general, however, the s tudy concludes that insufficient basic 

data exists on both the relative hydrogeological effectiveness of 

different groundwater search techniques, and t he maximum expenditure 
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on water provision that an individual cat t le ranch can bear 

(i.e. ranching economics ), with which to assess with any great 

degree of confidence the optimum approach to the problem of satis

fying the nations livestock industry groundwater requrements. 
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THE NATIONAL BOREHOLE ARCHIVE - HISTORICAL REVIEW 

AND OUTLINE OF A COMPUTERISED DATA SYSTEM 
(GSI0 Record No. 10, 1981) 

1. Historical Review 

The Geological Survey's Hydrogeology Division is 

resp,onsible for the National Archive which contains some BODO 

records dating back to 1929, of boreholes drilled both 

privately, and by government. Original Borehole Completion 

Certificates, which are required by law to be submitted on 

completion of a borehole for registration purposes, are received 

by the Geological Survey, and are assigned an official number. 

Boreholes are categorised according to whether they are 

government drilled (number code only ) or privately drilled ( letters 

P or Z prefix). Two cards are then completed containing all the 

borehole particulars, one of which is filed according to the map 

degree square in which the borehole falls, and the second in 

numerical order by the borehole's offici~l number. A water 

sample of new boreholes, or water samples from old boreholes 

sampled for the f irst time, or resampled, are usually analysed 

in the Geological Survey laboratory and the hydro chemical data 

transcribed onto. a separate set of cards, which are filed in 

numerical order according to whether they have been drilled 

privately, or by government. 

The original system of card indexing by numerical order 

appears to have been in operation for a considerable time but 

in the 1960's, Jennings expanded the system to include the 

second series of cards, cross referenced by map sheet number, the 

separate chemical analysis card, and introduced metrication. 

Various other attempts have been made to rationalise the system 

further. In 1975-76 a series of 125,000 scale degree square 

Water Source Location Maps were compiled from the pre-existing 

9istrict Borehole maps (on widely differing scales) such that they 

corresponded to the second, degree square catalogued card system. 

This was subsequently modified in the late 1970's by Nelisse 
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(Hydrogeologist, GS) who began the quarter degree catalogue 

system. In order to establish this system, the records were 

searched thoroughly and the Water Sources Location Maps updated. 

Each degree square was then split into 4 quarters, A,B,C,D and 

the boreholes in each quarter numbered fr.om the top left corner 

beginning with 1. When quoted, the new number is then 

prefixed with the quarter degree in which it lies i.e. 22268/ 40. 

Neliese also attempted to COdify borehole data on the revised 

Water Sources Location Maps by utilizing a variety of symbols which 

indicated that information was available for depth, lithology, 

yield etc. and which indicated the order of magnitude of the yield. 

On Nelisse's departure in 1979, the GSlO Project took over the 

responsibility of continuing to upgrade the system on a similar 

basis to the one he began. The Project had already been using 

the Nelisse renumbering system on maps, but without the coding 

of ~he borehole symbols other than to mark whether they were dry 

or productive. In the initial Project areas, this renumbering 

was already incorporated by Nelisae on his maps by late 1979. 

As the GSlO study areas expanded, information for ell quarter 

degrees was recor ded on Borehole Inventory forms together with 

corresponding Chemical Analyses Inventories (which had been 

devised in GSIO Technical Note No. 4 1978) and the Water Sources 

Location Maps renumbered. However, the actual borehole record 

cards were not renumbered. 

Computerisation of the borehole archives was considered as 

early as May 1976, and an inchoate form was drawn up. Computer 

experts from the Institute of Geological Sciences, U.K., visited 

Lobatse on two separate occasions in early and late 1977 to examine 

the feasibility of inaugerating such a system, and making use of the 

the computer facilities at the Government Computer Bureau, Gaborone. 

The data storage and manipulation system they tried to install 

was the IGS G- EXEC package. Attempts to actually get the programme 

operational failed and this computerisation approach was deemed 

non-viable for three reasons:-

1. Lack of core space in the main computer for a system of such 
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size. 

2. The communications problem from Lobatse to Gaborone. This 

would be via a telephone line which could not be 

dedicated to the computer full time. Inability to achieve 

a telephone line to Gaborone is frequent, and faults in the 

line are not unknown. 

3. The remote terminal (which would be installed at the 

Geological Survey ) would not be user i~teractive. This would 

badly incapacitate the value of the system as one of the 

desirable features of computerisation is the fast retrivel 

and sorting of data. 

During 1979 the Projects attention turned towards desk top 

computers, which were becoming, and continue to become, very 

powerful tools. The desk top computer then employed in the Survey 

Che~istry Laboratory (Hewlett-Packard 9830A) which had been in 

use since Dec. '74 was examined with the view of using it to 

store borehole records on cartridge tapes, making the data 

easily ' accessible and reworkable. Such a scheme was found 

to be feasible if extra memory were brought to increase the 

storage capability of the machine from 3520 bytes to 11600 bytes. 

Such en addition was purchased by the project in mid '79 and the 

experimental borehole data programme was demonstrated at a Hydro

geological Workshop held in Lobatse in June, 1979. The 

programme was however, rather cumbersome and inefficient due to 

the overall limitations of the machine. Borehole data, which 

was trancribed straight from the Borehole Data Sheets, could only 

be fed into storage in blocks of twenty boreholes, with the same 

constraint applied to the Chemistry analyses. Retrival of the 

data was by 'sort' programmes only i.e. on geology and location: 

complete printout for a single borehole, or a whole quarter 

degree was not possible. 

However, instigation of this initial system, and its 

practical demonstration, confirmed that computerisation of the 

archive data was both feasible, and could be carried out 

within the Geological Survey using Geological Survey peraonnel • 
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This fact, together with the ever increasing size of the Archive, 

and the growing demand, of both the private, and public sector, 

for hydrogeological information, presented a convincing case for 

the aquisition of a in- house mini-computer. Such a machine 

would also be used by the Economic Geologr, and the Geophysics 

divisions, of the Geological Survey for their own computational 

requirements. Thus, in early 1980 a Hewlett-Packard 9845T, with 

a storage capacity of 186,000 bytes (17 times the memor y of the 

HP 9830A ) was purchased. (The computer configuration and its 

peripherals is described in GSlO Record No . 10, 1981 ) . 

Following the arrival of the HP 9845T in May 1980 the 

Geological Surveys most competent computer programmer (P.L. Francks, 

chemist), was given a remit to establish 8 data base system which 

would incorporate all borehole details, and hydrochemical 

ana~yses catalogued by quarter degree, and using the boreho1e 

numbering system described above. 

2. The GSIO Computerised Record System 

In establishing this data management system (see GSlO 

Record No. 10, 1981) several important features have been incor-

porated. firstly extensive use is made of the CRT display 

in order to make the systems programmes self-documentary , i.e. 

the user is given, at ail stages, an explanation of what is 

required, or what form any input should take. Secondly, all 

outputs are self-documented, such that no additional decoding 

is required by the user and finally, only the Master Programme 

is user- accessible and all sub-programmes are loaded 

automatically under programme controls, making the system more 

accessible to users, also particularly those who are not familiar 

with the operation of the computer. The mode of data storage 

is based upon the individual borehole record, which contains· 

48 items of information. Each record is stored as a string 

of 218 characters in an array which forms a file corresponding 

to a quarter degree map sheet. Each item of information is 

located by its position in the record string, and all data is stored 
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on magnetic 

300 records 

tape. The system has the capaCity to handle up to 

per quarter 

capacity of some 20,000 

degree area 

boreholes. 

and a total 

Retrival of 

storage 

data is by 

individual record, or whole quarter degree, or via e series 

of 'sort' programmes IIIhich enable the user selectively to 

extract information using up to any 4 parameters of the 

borehole record. Further, a number of "manipulation" 

prog:ammes IIIhich facilitate statistical and mathematical operations 

on this sorted data are available, and additional programmes 

IIIhich lIIi11 enable the automatic plotting of information are planned. 

2.1 Primary Datd Input 

Borehole records and associated h'ydrochemical information 

is compiled on and 'punched' onto the system from specially 

designed data forms (see Forms 1, and 2) . Correct completion of 

these forms is vital, and data entered into the system, must 

be as accurate as possible. This can' often involve extensive 

research into the old record system, original completion 

certificates, internal reports, consultants reports, geologists' 

maps and field notes. At the same time Water Source Location 

Maps are upgraded with the nelll information, including corrected 

locations, nelll roads; village names etc, and a simplified 

system of symbols indicating productive or dry boreholes. The 

accurate establishment of grid references of all boreholes locations 

on these maps, such that they correspond exactly lIIith the stored 

data is facilitated by the use of a Hewlett Packard 9874A 

Digitizer. 

2.2 Benefits of a Computerised Record System 

The system as nOIll established makes redundant the various 

card and form systems used in the past, although a good cross 

reference to the original (and still issued ) ' official' 

boreholes number contained on the Borehole Completion Certificate 

is maintained. Inevitably some confusion lIIi1l arise until all 

the National Borehole Archive is entered on the computional 

287 



data base, but the advantages of a data storage system, ~hich 

enables information to be selectively extracted, sorted, or 

processed, clearly out~eigh such temporary inconvenience. 

2.3 Examples of Usage 

As an example of the use of GSIO computerised borehole 

data, systems application, quarter degree 222~B, containing a 

total of 127 records, has been chosen. Typical requirements 

for a hydrogeological study are to sort all boreholes ~ithin 

a certain portion of this quarter degree (i.e. bet~een 

22/00/00 and 22/ 20/00 latitude and 26/30/00 and 26/ 40/00 

longitude) that penetrate Semoro Hill (Cave Sandstone) and to 

list their test yields and depths. (Fig. 1 ) 

As a sequel to this, the same sorted data is ststistically . 
manipulated to provide the mean yield of this group of boreholes 

together ~ith its variance and standard deviation (Fig. 2), 

and then the specific capacities, whether ,actual or theoretical, 

are calculated for all the boreholes possessing sufficient data 

(Fig. 2). 

The total time taken to produce all results illustrated 

in Figs. 1 snd 2, including operator time, was of the order of 

five minutes. 
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