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ABSTRACT

2
Botawana covers an area of 570 000 km and has a

population of abesut 600 000. It is estimated that three-
quarters of the human and livestock pnpulntinnnﬁnﬁa depen-
dent on ground water, with an estimated 26 x 10 m~ of water
from this source being used annually. Details of the
physiography, climate, denudational and depositlional sur-
foces and geology are givent-

Ground water occurs in both primary and secondary
aguifers under both water-table and artesian conditions
at varying depths from less than lm to over Jj00m, The
water-bearing properties of the various agquifers are des-
eribed with the basalt/Cave sandstone contact providing
the greatest number of successful boreholes and the sedi-
mentary rocks of the Pretoria Group provifling the highest
yields (208,45 litres/minute). The shallowest water is
found in the Kalahari Beds and the deepest in the Ecca Group.

Detailed descriptions are given of the hydrogeo-
logy of the Central Kalahari, Lobatse, Orapa and Serowe.
In the Lobatse area, estimates of the average monthly
recharge rate have been made as well as estimates of the
totn]l storage capacity of the various ground-water basins,
The percentage of arnual rainfall contributing te ground
water has alse been calculated. An annual recharge rate
has also been calculated for Serowe while the total amount
of water in storage in the important Cave sandstone agquifer
has been estimated. Hydrogeological details of the
Kalahari Beds, basalt/Cave sandstone aquifer and Middle Ecca
aquilfers are given following core drilling programmes.

ERTS photo phy was used to assist in obtaining
n figure of 56 x 10 m” of extractable water present in
storage in the "sand rivers® of eastern Botswana.

Detailed aquifer tests on a variety of aquifers
are described and show that the secondary aquifers generally

present often behave in a similar fashion to primary
agqullers.

Approximately 5 000 bareholes are presumed to be
present in Botswana, It is estimated that 17% of the
successful boreholes have ylelds in excess of 150 1/min.
The siting of boreholes using geologlcal/geophysical aids
has resulted in an increoase in the success rate of nearly
25%. New peophysical techningues for the lecation of ground
water have been investigated and ground geophysical methods
used include electrical resistivity, inductive and conduc-
tive electromagnetic, Afmag, self-potential and seismilc
reflection and refraction methods. The well-tried resls-
tivity method remains the most successful technique but
self-potential, Afmag and seismic methods have given
encouraging rasults.



Extremely detaidled studies using environmental
isotopes are described. These have enabled gquantitative
astimates of ground-water storage and turnover times to be
made; have given ground-water flow rates; have outlined
areas of recharge; have enabled permeabilities to be
caleculated; have enabled a clearer picture of recharge
meéchanisms through the unsaturated zone to be built-up;
and have provided impeortant evidence of areas in which
recent recharge has contributed to ground-water supplles.
The studies have shown that measurable amounts of tritium
are present over far wider areas than originally antici-
pated and thus more recharge 1s taking place than
thought earlier from laboratory tests and hydrogeological
considerations. In Lobatse a water balance model is
proposed and calculations based on this model indicate that
some leakage, hitherto unsuspected, between several of the
ground-water basins, taka place. The carbon-14% method has,
in addition, helpead outline areasa of recharge (Central
Basin, Lobatse) which tritium had falled to do and has
shown by using combined JH and 1%4C data that mixing of young

and old waters takes place. In the Kalahari, radiocarbon
haas bheen used to calculate ground-water flow rates, per-
meability and transmissivity. The oldest ground water in

Botswans has an age of 33 TO0 yvears.

Isotoplic studies in the unsaturated zone have
shoewn that water moves given rates dovoward at a rate of
between 31 and 41 cm per year.

Studies of water levels in boreholes have shown
that nearly all borelioles show responses which can be
directly correlated with seasonal recharge and hence the
nature and freguency of recharge can be estimated. In
addition, storage capacity and safe vield have been esti-
mated using long term water level changes and knowing the
amount abstracted from the basin. The rapid responses
shown 1in some boreholes indicates surprisingly rapid re-
charge. Two boreholes in Botswana showed elfects of the
Tulbagh earthquake on 29th September 1969, The dis=
turbance of semi-=diurnal fluctuations in boreholes could
possibly be used as an early warning device to predict
catastrophic earthguskeas,

A prelimlinary anmaal safe vileld for ground-water
supplies in Botswana is estimated to be 4 x 109m3 per annum,

Tree roots have been found in boreholes at depths
greater than 68m, This emphasises the role vegetation

can have In causing transpirational lessaes from ground-water
supplies.

Irrigation from boreholes is unlikely to be pro-
fitable unless exceptionally large supplies are obtained or
water be present at very shallow depth. Underutilisad
boreholes, e.g. boreholes drilled specifically for cattle
ranching, c¢ould also be profitably used for irrigation.



I

Details of ground=-water chemistry and examples
of fresh vwater overlying saline, saline water overlying
fresh, chemical stratificoation with depth and changes in
quality with time are given. The distributiocn of fluorlids
rich waters in Botswana 1s mlso given.

This thesis has therefore attempted to outline

the current status of hyvdrogeoclogical ressarch in Botswana
and it is hoped that this will lay the foundation for later,
more detailed and gquantitative, studies. These will becoms
even more vital than at present, as it 1s estimated that all
readily available surface water resources in sastern Botswana
will be fully utilised by the late 19B0's and the country
Will rely even morae heavily on ground water bthan at present.
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GENERAL _ NUTES

The grid co-ordinates referred to in the text can be found

in Flgures 3 and T.

Abbreviations usead.

cumecs - oubic matres per second.

&pm = millidquivalents per mlllion.
Epd - gallona per day.

£ph - gallons per hour.

1/min - litres per minute.

i~ - cubic metres (1 m = 220 gph).
i jfm - cubic meatres per month.

mar = maan annual run-off,

me - milllion gallons.

my - million years.

pmc - per cant modern carbomn.

pim - parts per million.

tds - total dissalved szolids.
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"Water shortage hampers economic expansion at every turn.
It limits the number of cattle that can be economically
grazed, the types of crops that can be economically grown,
the ri#ldn of those that are grown. It prevents
consideration of certain typeas of industrial activity,

or restricts them to locations that are disadvantageous,
on other grounds. And it predetermines the saflfe centres
of oxpansion of population and administration® {E:nﬂnuic

Survey Mission Report, 1960).

Drought, and hence thirst and hunger in man and beast, is
the underlying motif in Botswana. The writer gratefully
acknowledges the permission of Stanley Hall of Lobatse

to reproduce his peem "Desert Storm" given below, which
wxpresses the feelings of all who have experienced the

fragquent droughts in thia arid bot fascinating country.
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ATER- THE LIFE-BLOOD OF BOTSWANA.

e

Fl. 1 Bushwomen Filling ostrich egg shells with
wvater at a well in the Kalahari.

2 Cattlo watering - Kgwebe hills. (C.4).



Pl.

Pl .

Cattle watering from sand river north of
Serowe. (E.T).

Stock watering at well on pan in Kalahari.(F.
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Pll f}

Bushmen drinking from author'a water bottle
in Kalahari.

Bushwoman arriving at woll in Kalahar-i to

fill hor beg of ostrich-egg shells with water
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PrL. B

Mokgalalkgadi woman drawing water from a well
in the Central Kalahari.

Motswanas womomn 37171 +hady ocnmiboied e see d o



PL. O Bushmen drawing water from a well - Kgwebe
hills. (C.%).

Pl. 10 ¥ater in sand rivers constitutes an import-
ant source of ground water.- Cattle watering
in the Mahalapshwe River. (F.T).



Pl.11 Filling up water drums at Lone Tree Borehole.

(E.3).-

Fl.12 Rangva Spring. {II.::}.



Pl.19 halahari Desert Storm.



DESERT STORM

Braggart black the bellied clouds
Shoulder the sun to eclipse,
And mass in funereal orowds

To cast their souls to

The shrivelled earth
Shimmering in the

Wilting heat

Heath droughted dust.

A whisper at birth

Now sibilant strength,

The vagrant wind spirals
Through brooding bush.

Voice of the suns' dying glare,
W¥hile armour limbed

The stirring thorns

Claw the rumbling airj
Horizoned violet wveil
Umbilicals the land,

Promise to straw crisp grass
And dormant Toot.

The first drops die

In dusty shroud

As the rain splits

The roaring sky,

Gathering strength from

Clashing oloud,

Misting down in sheeting flood
Churns the smoking red soil

To earth blood,

Trickling, rTuahing in gathering rout,
Fingers of life probe

The wounds of drought,

As the sodden land rellects

The pewhter sky.

Growls the thunder deep and distant,”
The rain pecks puddles and stops.
Droop and dripping trees

In silent homage.

The rain washed alr vibrates to
The languid music of serpentine
Streams

And the heavy sensuous smell

Or hot

Wet earth.

Stan, Hall

Lobatse, Botawana, 1972,
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FREFACE

Hydrogeology

Hydrogeology was defined by Mead (1919) as "a study of
the laws of the occurrence and movement of subterranean
watersdénd which presupposes or includes a sufficient
study of general geological limitations which must be

expected in hydrographic conditions and of the modi-

fications due to geological changes".

Period of HResearch, Object and Scope of Study

This thesis represents the results of 18 years of study

and research into wvarious aspects relating to the hydro-
ceology of Botswana. During the first fourfeen years,
dating from January 1956, the writer was employed
initially as a geologist and later as a Senior Geologist
and then Deputy-Director of the Botswana (Bechuanaland]
Geological Survey. During the greater part of this
fourteen vear period, the writer was engaged on hydro-
geological work and was directly responsible for the
initiation and supervision of hydrogenlﬂgical records
and research in Botswana. During the last four years,
the writer has continued to be associated with research
in Botswana, particularly with regard teo the studies in-
volving the use of environmental isotopes, and has in
addition made numerous trips to Botswana to update

information.

The purpose of this thesis is to set down the results of
pioneering studies initiated and supervised by the writer,
relating to ground water in Botswana, in the hope that it

may lead to a better understanding of the complicated
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processes governing its ocourrence, movement and location
in Botswana, and in so doing, that it may l.lr- the foundation
for subsequent more detalled quantitative studies by other
workers, as well a5 assisting the planning ol water resource

and utiiitntlnn Studies.

This whole thesis is the writer's original work, except

where specifically indicated to the contrary in the text.
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INTRODUCTION

Hotawana is a large semi-arid tableland, situated at an
avorage height of about 1000 m above sea lavel. The

country is characterised by its large size; its relatively
amall population of just over 600 000 people; the pre-
dominance of the cattle industry in the couniry's economyj
the chronic shortage of water with dependence mainly on
ground water supplies and the limited potentialities

for arable agriculture. Recent mineral discoveries

ave given Tise to great potential in the mining and
industrial fields and hence considerable attention is now
heing focused on the rational utilisation of Botswana's
limited surfaoes and underground water resources which

are so esgential to the netion's development. In

addition, the extremely rapid demographic growth rate, rising
standards of living and hygieno and improved Farming Ilthﬂﬁl;

have led to A wmarked increase in the demand for ground

wvater.

Desplite a vast body of water Iin the Okavango Swamps,

there is a general shortapge of water elaswhere, and the
traditional sources ol water over the greater part of

the country are hand-dug wells, boreholes or water held

in storage in the large,; ephemeral, sand={illed river
COUTHGE ., Because approximately 84 per eent of the surface
area of Noltswana is covered by an absorbent mantle of

sands of Kalahari type, and because evapotransplration
excoods the rainfall, no perennial rivers and only a

handful of springs have their origin in the country.

f’ﬁ.l.ﬁuli--l.
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As a result, it is estimated that at least threse-gquarters
of the country's human and cattle populations are dependent
on ground water. This includes not only the rural popula-
tion of Botswana, but every sSingle major town or willage

in the country, with the solltary exception of the capital,
Gaborone, while both the major diamond and copper-nickel
mining enterprises were seen through their early stages

on ground water,
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DIESCRIPTION OF DOTSWANA

Background

On the 27th January, 1885, the British Government proclaimed
Dechuanaland a PBritish Protectorate, extending as far

north as latitude 22°8 and westwards to longtitude 20°E,
Shortly afterwards; the area south of the Molopo Hiver

was proclaimed a Crown Colony and given the name British
Bechuanaland. This becameé part of the Cape Colony 1in
1595, The northern boundary of the Protectorate was
extended to its present position between 1592 and 1895,

In 1899, the British Government was prepared to transfer
the Protectorate to the British South Africa Company
(B.S.A. Company), but following strong protests in 1895,
from the three prineipal Tswana paramount chiefs, the British
Government abandoned their intentien of handing the whole
territory over to the Company, and it was agreed that the
strip of land required for the rallway would be ceded to
the Company by the Chiefs; that the tribal lands should

be demarcated; and that only lands outside the tribal areas
would comse under the control of the B.S5.A. Company. In
1904, all the land held by the B.S5,A. Company was declared
to be Crown Land, with the exception of the Tuli, Gaborone,
and Lobatse Hlocks. Following a long period commencing
with the establishment of separate African and Furopean
Advisory Councils in 1920, progresaive responsibility was
given to the people of Bechuanaland, culminating in the

country becoming the Independent Republic of Botswana on

30th September, 1966,
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Location

The Republic of Hotswana is a large landlocked country,
sltuateod in central southern Africa, with an area of

569 800 mquare kilometres fklE}. and is the same size

as Kenya and a little bigger than France. It is

bounded in the north by the Caprivi Strip, Angola and
fambia, in the weat by South West Africa, im the south
and south=sast by the Republie of South Africa and in

the northeast by HRhodesia. It liea between latitudes
IT':' and 27° south and between longitudes 20% and 307 sast.
(See Fig., 1). The country is divided into two almost

equal northern and southern halves by the Tropiec of

Capricorn.
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PuEulltiﬁn nnd Employment

A census of population held im 1964, showed that the
country's inhabitants numbered 5343 525, comprising

595% 373 Africans, 3 921 Buropeans, 3 489 persons of
mixed race and 382 Asians. The 1971 population census
arrived at a total of 630 379, which is an incremse of
16 per cent. Overall population density is 1Ak | person
per sgquare kilometre. Growth in population since 1964
has thus been between 2 and 3 per cent per annum.
Should this growth rate be maintained, the population
by the year 2 000 will be about one and a half million.
The Aotswana Government is aiming to reduce this rate
gradually over the next three decades to a Tigure of
half a per cent and in so doing, keep the population
down to a figure of just over 1 million by the year 2000.
This would result in a 50 per cent higher per capita

income than 1if the present trend were to continua.

The majority of the populatlon leads A pastoral and
agrlocultural B:iﬂtiﬂﬂi. living in central villages, the
Largest belng Serowve (L5 560), Kanye (4% 279) and
Molepolole (34 711). The malin business centres are
the capital Gaborone (18 800), Francistown (21 0B3) and
Lobatse (12 362), all situated along the line of rail.
Although large scale mining will be in progress by the
middle seventies, these operations will be essentially

capital intensive projects and the main increase in

g & lf“‘mplﬂmnt
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employment will be due to a substantial increase in

private sector activity in response to the mining development.
At present, 60 per cent of the population is engaged in

the hand-to-mouth existence of subsistence agriculture.

At any one time, about 46 000 Batswana are temporarily

absent from Botswana and are mostly engaged in working

on mines in South Africa.

The seat of government is the noewly established capital

of Gaborone, which is a modern and fast-growing town.
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Land Utilisation

Dotswana is divided into eight districts {ETE Q00 hmz},
six freehold farming blocks (22 100 knE] and State Lands
(273 000 km>), which are largely uninhabited sandveld.

The various districts are shown on Fig. 2.

Pastoral and agricultural activities have long been
traditionally carried out by wvillagers in separate

areas with cultivated tribal lands, usually starting

a few miles from the villages and in the case of the

larger villages, stretching in any direction for up

to forty-eight kilometres. The grazing areas, consisting
of scattered cattle posta; are usually situated beyond

the "lands" areas and draw their water from boreholes,
hand-dug wells or from wells in the sands of ephomeral
rivers. Each cattle-owning family maintains a cattle

post which may be shared wiith other members of the extended
family. Small cattle owners are sncouraged to lform
syndicates to pay for boreholeos, Grazing areas areo
traditionally unfenced. Traditionally families were
granted areas in which they could graze their cattle

or plough by the Tribal Authority. There is an increasing
tendency for people to make permansant homes at their lands
or cattle posts and to abandon the former system whereby
lands areas were only inhabited during the crop growing
season and cattle posts left largely in the care of serviles

tribesmen or younger male members of the family.

It is estimated that there are 4,45 milllen hectares
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of land sultable for cultivation in eastern Botswanaj of
this ares, only one tenth or less is under cultivation.

Most of the country except the extreme southwestern

portion, wvhere bare sand dunes occour, offers good grazing.
The national herd of cattle is estimated to be approx-
imately 2 milllon head, while the carrying capacity is
estimated to be 2,5 million head, depanding on the provision

of sufficlient waterling points,
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Physiography

Altltude

Although Botswana is generally regarded as a vast plateau,
it can be divided into two maln physilographiec reglona,
ponsiating of a large central sauvcer=shapead platean {hut
excluding the inland deltaic area of the Okavango Swampas
in the nnrthaaat}, now almost completely mantled by sands
of Kalahari type, and an eastern Bushveld region. Thoao
two regions are genernlly separated by a clearly defined
escarpment below which, in the east, several late Tertiary
and younger cyclie denudational surfaces can be recognised,
These willl be described later in more detall, The erest
of this escarpment varies in altitude from 1 097 metres to

1 34%1 mwetres above sea level,

0f the two regions, the eastern Bushveld region has the

most favourable rainfall (apart from a rain shadow area

in the extreme northeast between the Shashe and Limpopo
Rivers), and the most suitable agricultural land. Con-
sequently, about 80 per cent of the population is distributed
here in the vicinity of the line of rail from the Republic

of South Africa to Rhodesia. Drainage from this sectlon

is ephemeral and forms part of the Limpopo catchment.

The southern portion of the Kalahari area slopes gently
towards the Molopo and Kossob Rivers on the borders of tho

Hepubliec of South Africa and South West Africa respectively,

&= & % *f{Thiﬂ Puint
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{This point is at an altitude of B23 metres ). The main part
of the Kalahari, however, slopes very gently towards the
ancient internal drainage centire of the Makgadikgadi
Depression at an elevation of 914 metres. This vast
andoreie drainage system is now fed only occassionally

by overflow rom the Okavango-Boteti-Lake Xau (Dow) system
and from a number of sonthwesterly or westerly draining
ephemeral rivers west of Francistown which debouch into

the sastern or Sua section of the Makgadikgadi.

In the eastern region, the lowest point (518 metres) is
at the confluence of the Limpopo and Shashe Rivers.
The highest point in Botswana is in the southeast at

Ootse Hill ( 1 491 metres).

Further detail regarding the altitude of hills in Botswana

is given in the descoription of the morphologsy of PBotswana.

The depths to ground water in the two main physiographic
regiona are, In general, markedly different with the
eastern bushveld reglon, having depths to water of about

one third that of the central Kalahari region.
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Pl. 14 The Kelmhari - Dikgomo di kae hills on
central skyline. fl.'_.'.._'j].

FLLS Main road across Kalahari. Note deop sand.
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The Kalahari.

A well din banded irenstone (Griquatown)

MOLES e, {"!_:j]'.



The Kalahari [egion

The Kalahari is a great sandy plain, whleh extends [rom the
Orange River near Upington as Cfar as l“ north latitude in
the 1nw;r Zaire bealn ond thus forms the largest contlinuotis
sand surface in the world. Although known as a desert, it
is almost entlrely covered with grass and woodland, nand

is more correctly termed a thirstland which is practically
devoid of surface water and which 1a well nigh uninhabited,
except for a few hardy bands of Bushmen and BHakgalekgadi
The latter lead a simlilar hunter=food gathering type of
gxistence to that of the Bushmon. The Bakgalakgadi may
in additlion keep a Tew cattle and some goats and are hence
confined to areas where water is avallable from wells or
boreholes. The Bushm' n on the other hand are able to deo
completaly without water ms such, and ean obtaln thelr moisturs
from the stomach content of animals and from a varlety of

melons and other watery plants.

The Kalalhoari is generslly so flat that one often has the
illusion that the land rises gently in the direction in

wvhich one is travelling - only to bave the same illusion

when returning.

The Kalashari may be defined as & large ssucer=shaped basin
separated in the east by a clearly marked escarpment from
the Limpopo catchment area, Towards the Makgadikgadi
DNepression, this boundary becomes indefinite, whilst the
Kalaharl extends northwards into Hhodesla nenr Wankie,

westwards inte Soutn West Africa and Bouthwardas into the

----fﬁar harn



P1.20 - View across Mababe Depression. Gubatsaa

hills in distance.



29

Northern Cape Province.

In Botswana, the rim of the Kalahari attains its maximum
elevation along it= eastern and northwestern margins.

In the east, the most prominent hills are Kwagkwe (6.6,

1 472 metres); Kgoro (H.6, 1 371 metres); Lobutse

(6.6, 1 97h metres); and Dikgomo Di Kae (G.5, 1 199 metres).
Further north,the Shoshong hills {E.T, F.7) attain a
maximum height of 1 348 metres, while the Mokware hills

(E.7, south of Enrm} reach a maximum height of 1 316 metres.

In the southern Kalahari, only two small hills emerge from
beneath the ublquitous sand cover - at Yaaneng {H.h] and
at Motasaje [H.j. Seo Plntelﬁﬁhnth are formed by resistant

Griguatown banded ironstone).

In the central vestern portion of the Kalahari In Botswana

a rasistant rib of northeasterly striking Chanzi Group
sedimentary rocks amd associated siliciec lavas interrupts
the general monmotony of the plain and runs from Mamono [E.l]
on the South West African border, past Ghanzl to south and
southeast of Lake Ngaml. Prominent hills (Mabeleapudi,
Ngwenolekau, Shulsbompe, C.3) of quartz feldspar porphyry,
run from the veterinary cordon fence separating the Chanzi
and Ngamiland Districts to the Kgwebe Hills,(C.4) whilo
prominent gquartzite hills form the Tsau (D.7) and Haing

Hills (c.4) along a line further southeast,

Xortheast of the Kgwebe Milla, after a gap of 250 km,

similar rock types form the Gubatena (Platu 20) - CGohm Mills

eras i DOvahyre
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Pl.21 Tsodile hills. (A.2).

PlL.22 ALot cluarim =

= Noxth af M

akgadi kgadi.
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(porphyry) (A.5) and the Shinamba Hills (A.5, Ghanzi

Formation quartzite).

Tn the area west of the Okavango delta, prominent hills
(Aha, (ﬁ.E} and Koanaka, fC.E})are formed by Outjo facies
dolomite of the Damara Supergroup, while the Tsodilo hills
(A.2) of ferruginous and micaceous quartzite (Damara
Supergroup) reach a height of 1 375 metres and form one

of Botswana's most famous landmarks (Plate2l ).

Sand dunes, - Examination of aerial photographs of Botswana

reveal a number of extensive dunefields which are mnow fixed
by vegetation, except in the extreme southwest. The major
dunefields are present: 1in the extreme southwestern portion
of Bobswana hetween the Molopo and Nossob Rivers; west and
north of the Okavango Swamp, where massive alab dunes reach
heights of several tens of metres above the intervening
trough and run in dead straight lines for scores of kilo-
metres; and north of the Makgadilkgadi where low linear
dunes similar to those described by Flint and Bond (1968)
extend into western Rhodesia (Plate,22,B.7). Barchan dunes
are present on the western Nitwetwe Pan section of the

Makgadikgadi (Plate 23,C.6).

The dunes of Botswana have been described in detail by

Grove (1969).

I+ is interesting to note that sand is often piled high
on the eastern side of many of the hills in northwestern

Hotswana. e.g. Tsodilo, Koanaka and Goha Hills. In the

Jralya



Coha Hills, the difference in elevation between the sand
on the eastern and western marglns is 49 metres. This
fact, together with the general easterly trend of the
alab dunes, leads to the conclusion that prevailing winds
at the time of the dupe Tormations were roughly sasterly
in direction in northern Botswana. In the southwestern
_pnrtinn of Botswana, the dunes have a northwesterly trend
and are regarded by Grove [(1969) as having been formed by

dominant northwesterly winds.,

Pans, = Early descripticns of pans in the Kalahari were
given by Passarge (1904) and Jaeger [1979). More recent
desoriptions have been given by van Straten (1955), Boocock
and van Straten (1962) and Grove (1969), Apart from the
occasional fossil river course, pans form the most distinet
morphological features in the Kalaharpi. They range in alze
from a Tew metres in diameter to the vast pans of the Mak-

gadikgadi.

They are widely distributed throughout the sand-covered ATEA
of Botswana, but two areas in particular contain remarkable
concentrations of pans - viz. a broad strip colnoeiding with
the drainage divide separating the Molopo and Makgadikgadi
drainage basinas {termed Bakalahari Schwelle by Passarge) and
the area between Lake Xau (D.5) and Ghanwzi (D.2). The
lowest point of the pan depression wmay lie up to 21 metres
below the surrounding plain. Most pans in central Botswana
have a sand ridge on their southwestern margin pointing to
thelr being shaped by northeasterly winds, The mode of

origin of these pans is still obscure, but Boocock and van

' f"lli--r-p'f'qn
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PL.25 Sekoma Pan aflter exceptional rains. (G.4),

PFl1.25,4 Tshane Pan. {F“F‘}.
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Pl.26 Tshabong Pan (note persussion drill)(I.3).

Pl,.2T Ukwa Fossil Valley just E. of Main Chanzi
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Straten (1962) suggest that the majority were formed along
the lines of sand-choked and fossilized drainage systiems.
Although this 1s probably the case in the area west of
Lake Xau, a study of the air photographs of the BHakalahari
Sehwalle area shows no trace of either ancient drainage

lines or a linear orientatlon of the pans.

Platea 24-26 show two typical pans in the central Kalahari.

Pans in the south-central Kalahari occasionally yield

ground water at shallow depths, whereas in the surrounding
Ealahari sandveld water is only found at deeper levels
balow the Kalahari Beds. Such shallow perched water table
vells may be found at Sekoma, Kukong, Kang, Tshane, Hukuntse
and Lehututu Pans and derive their water by infiltration
from accumulntions of ralnwater in the pans. Elsewhere

in the extremely flat Kalahari region, very little con-
centration of rainwater can occcur and most reinfall is

probably lost to evapotranspirative processes,

Fonssil River Valleys. - Fossil river valleys, known

locally as mokgatcha, dum or omuramba, form one of the most
prominent geomorphologlical features in the otherwise
monotonous expanse of the Kalahari (Fig.3 ). These may

be incised up to 100 m below the surrounding plain (Plate 27)
and, apart from limited localised flow noted by the writer

in the headwaters of the Okwa and Moselebe valleys and

by M.T. Jones (personal communication) in the Let{lhakana
valley near Orapa, have probably carried no water in

historiec timea, The Molopo River, which forms Dotswana's
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southern boundaory, is partly fossil with no flnw having
been recorded in recent times further weat than Phephanae
Laagte (H.3). Evidence of considerably greater flow
having ;nkan place in the past along this river is
afforded by a 30 m deep gorge cut through quartzite at
Khuls (I.2) and a similar gorge cut in banded ironstons

{Kramipan Formation) near Pitsane. (H.6).

Two fossil valleys, the Ukhwi (H.5) and Moselebe (H.5),
which form a tributory to the Molopo, are present in the

south.

The three main fossil valleys in the Central Kalahari, the
Okwa and Hanahai (Buitsivange, E.2) and the Letlhakeng (F.5)
valleys are separated from the Molopo basin by an bread
swell rising to an elevation of 1 200 to 1 300 m called

the Bakalahari Schwelle by Passarge (1904).

The Okwa river system probably once formed one of the

principal rivers Teeding the former Great Makgadikgadi
LIIII.

On the eastern margin of the Kalahari, only two major foassil

valleys are present - these are the Letlhakana valley (D.6)

and the Serurume valley (F.6).

Wost and southwest of the Okavango Swamps are a number of
long ahallow fomsil valleys which Tormerly drained into
the Okavango. The chief valleys in this saction, from
south to morth, are the Groot Laagte, (C.2), the Xai-Xai

valley (B.2) and the Xaudum valley (2.2, B.2).
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These previously strong-Tlowing rivers probably formed
the main recharge source for the chief aquifers underlyling

the Kalahari during Pleistocene times.

Enutarn.ﬂuﬁh?pld RHegion. - This eastern "bushveld" reglion,
which is largely composed of rocks of the Basement Complex
assemblage, lies to the east of the main scarp which Torms
the margin of the Kalahari. The country is generally
extremely flat and is broken only by occasional inselbergs
(Plate 28 ) or by ranges of more resistant quartzite and
dolerite hills such as the Matsiloje hills (D.8), the
Makhware (E.T7), Shosheng (F.7), Makere (£.8, Plate29 ),

Tswapong hills (E.B8) and the Uotse - Lobatse hills (H.6).

The Bushveld region 18 drained by & number of broad,

nermally dry, sandy rviver beds which ecan, however, come

down in spate after heavy rains [Platea 31,31).Thesea ephemaral
rivers are probably the main source of recharge to the
boreholes and wells in the vicinity of the river courses,
while thelr sandy beds form an important aguifer in Botswana

(See section on Sandriver Storage).

The rivers are described in more detail in the section on

drainage.

This eastern region has better communications; comparitively
good so0ils; a more favourable rainfall and shallower ground
water than tha country to the wost and hence the majority

of the population is concentrated here.
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Pl.28 E

- Bushveld Hegiom. PModipe Hill {gnhhru}
on skyline. (G.T7). MNote well-plansd Late-
Tertiary Danudational Surface.




Pl.91

b1

INry Hotloutse River Bed.

(D.B).

Shashe River in flood.(Dn.8).
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Drainage Systems

Three main drainage systems can be recognised within Botswana.
These are: a portion of the Limpopo basinj; the Okavango-
Makgadi%gadi basin and the Molopo-Nossob basin. In addition
the Chobe River forms part of the northern boundary

of Botswana. It is noteworthy that all of Botswana's

ma jor rivers are partly or wholly external in their origin.
Jennings (1971) gave a detailed description of the hydro-

logy of Botswana.

The Limpopo Basin

The total cat;hment of the Limpopo River up to the point
where it leaves Botswana is 179 020 km2, of which 77 700 km2

are in Botswana. The main tributaries within Botswana are

the Notwane (F.7), Metsemotlhaba (F.8), Motloutse (D.8,

Plate 30) and the Shashe Rivers (D.8. Plate 31). All are
ephemeral and flow at most for a few months every year.

Even though these rivers are of an ephemeral nature, they

convey large quantities of flood water annually (Plate 32) to the
Indian Ocean via the Limpopo River. Because of the con-
centration of population in this area and as a result of

recent mineral discoveries occurring in or relatively near

to this basin, serious consideration is now being given

to the conservation and utilisation of this water. The

very large Shashe Dam was completed recently and supplies

the Selebi-Pikwe mining complex. Other large dams Thave

been built on the Notwane (Gaborone Dam) and the Nuane

Rivers (for Lobatse).

.+++/The



The Olkavango Hasin

The perenninml Okavango River rises in Angola, crosses the
Caprivi, Strip and at Shakawe, where it enters Hotswana,

has a catchment of 137 270 hmg. The Okavango 1s the
largest river In Southern Africa after the Zambezi, and

has an estimated mean annual discharge of 11 881 x lﬂﬁmj.
Below Shakawe, the Okavango forms a large delta covering

16 B35 kma Ifrom which most of the water ls lost by evapo-
transpiration, Small quantitiesa however, {5 per cent of
inflow) spill over in several channels into the Thamalakane
River which forms o drain at the base of the delta (Plates 32-736)
The delta=shaped swamp ia bounded on its southern margin

by o low N.E.=5MWtrending ridge which runsa for hundreds

of kllemetres and is undoubtedly caused by faulting. This
has resulted in the Okavange River backing up againat the
fault and forming n cdelta. The hydrography of the Okavango
Basin 1s extremely conmplex with water ocecasionally spilling
over via the Magwegana (or Selindm) spillway (A.h) into

the Chobe River. The Chobe River itself may spill via

the Savutl Chunnel (A.4) inte the Mababe Depression.

Thlie Depression almo oconsionally receives overflow in the

south from the awamps via the Mababe River (B.4) or in the

northeast from the ephomeral Ngwezumba River (A.5).

The Thamalakane River (B,4) flows first scuthwest past Maun
into the Hoteti River {E;Q} vhigh then lemds away to the
soulheast past Rakops (290 km away from Maun by water) to

Leke Xau and occasionally into the Makgudikgadl Depression

s awwd ARP 'h;:m:l
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Pl. 32 Thamalakane River. (B.4).

Pl.315 Thamalakona River. {'ﬁ.ﬂ::] -



i i’l_jri Aerial view of Okavango Swamp.

P1.35 Boteti River - dry.
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{322 km) from Maun. ¥lien the Thamalakane River reaches
a discharge rate of 5,5 cumecs, in addition to flowing
down the Boteti River, it also flows southwestwards

as the Lake River (Nghabe, C.L) into Lake Ngami. In
addition, the Kunyvere River with 30 per cent of the total
swamp outflew, joins the Lake River at Toteng (C.3) and

is the major feeder to Lake Ngami.

Flow through the COkavangzo swamps takes 3 to 5% months with
maximum levels at Shakawe (A.2) in late March and atv Maun
(B.4) in June-August. The water in the Okavango swamps
is very clear; has a very lov dissolved solids content

and carries no suspended silt at any time of the vear.

The Okavango swamps have evoked considerable interest over
the vears and especially following publication of the con=
troversial book "The Kalahari: or Thirstland Redemption™
{Sehwarz, 1920). Other studies have been made by Stigand
(1923), du Toit (1923), Jeffares (1938), Mackenzie (1946)
and Brind [1954). Their researches have shown conclusively
that the formation of a wast interior lake would have little
beneficial effect on the climate of Southern Africa as
Schwarz belioeved. A comprehensive survey of this arema has
recently been completed by the Food and Agricultural
Orpanisation of the United Nations. The project was jointly
financed by the Botswana Govermment and the Imited Nations
Development Project (Special Fund).

Apart from the Lake Xau overflow into the western Makgadikgadi

a rumber of ephemeral rivers Flow inkto the sastern or Sus Pan



Pl1.136 Boteti River in flood. (Note clear water).

PLl.97 Merging of Zambezi and Chobe Piver lood=

witers near Kasnne. (. &8).
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sgction of this angient internal drainege centre. The
Okwa-Letlhakeng drainage system (E.h, G.5), with its catchment
of approximately 93 240 kmE. must once have contributed

large quantities of water to the Makgadikgadi. This

system is now fossil escept Tor the limited flow in the

ODkwa in the vicinity of the South West African border after

exceptional rains.

The Chobe River

The Chobe River forms part of the northern boundary beatwean
Botswana and the Caprivi S5ftrip amd has a catohment of

145 040 kmE above its Jjunction with the Zambezl River.

No hydroleogical datm for this large river are avallable,

but the flow has been estimated at 3 659 x ]DE m3 (Mackernein,
1946]), The Chobe River receives large guantities of water

from the Zambezi swamps lying upstream of the confluence

at Kasungula (Plate 47 ).

The Molopo=Nossob Ei?iﬂ

The Molopo and Nessob Rivers which form the southern and
southwestern boundaries of Botswana are ephemeral rivers
rising east of Mafeking and in South West Africa respec-
tively. The lower portion of the Molopo River has been
dry for the past 25 years and the sand-covered catchments

in Botswana contribute no run-off to the ephemeral flow.
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General Characteristics

Botswana has a semi-arid climate which may be classified

as being of low-latitude hot steppe type with summer
rainfall (B. Shw. of the Kdppen classification). The
sparse rainfall is associated with abnormally dry sub-
siding air masses (superior air) and horizontally
diverging wind systems of the subtropical anticyclones.

As a result of the dry climate and high potential evaporation,
there is no surplus of water with which to maintain a
constant water supply from rainfall and hence no permanent
streams or rivers and only a handful of springs originate
within Botswana. The climate is characterised by severe
seasonal temperatures with large diurnal temperature ranges
and extremely variable rainfall, high evaporation and low

humidity.

Circulation, Pressure Systems and Air Masses

The climate of Botswana, situated as it is in the centre
off the Southern African sub-continent, is controlled by
the regional climate of southern Africa as a whole, which
is bounded on the west by the Atlantic Ocean with its

cold Benguella current and on the east by the Indian Ocean

with its warm Mocambique and Agulhas currents.

During the winter months from April o September, anti-

cyclonic conditions persist for lengthy periods, and are

broken only by occasional tongues of low pressure from the

south or southeast which pass up the coast. The anticyclonic

’
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conditions result in exceedingly dry north-westerly winds
causing warm, dry sunny days with temperatures rising above
Eﬂﬂﬂ. fpllowed by clear cold nights during whieh radintien
is active and hence temperatures drop rapidly and often to

well below freezing point. (Pike 1971).

During the summer months from October teo March, a weakening
of the anticyclones permits the entry of moist maritime
air from the Indimn Ocean. Tropical Continental air,
originating from the sub-tropical high pressure belt and
modified during its passage over the hot, humid eastern
coastal belt, is uplifted across the Great Escarpment and
being warm and molst, gives rise to conditions conducive

to the development of thundersiorms in eastern Botswana.
Puring the late summer months, the tropical lew pressure
system over the interior may link with the temparature low
in the south, resulting in fairly widesproad rains as the
temperature low moves up the southeast coanst. Widespread
general rains, hovever, occur only when m cool, heavy air
mass from the South Atlantic Ocean forms a wedge extending
norithwards against the Drakensberg Range and 148 lower
layers are warmed by contact with the warm Agulhas current,
the air mass becomes unstable and with a low pressure
eystem pressnt over Botswana there 15 an enormous influx

of humld air inte the interior (Pike, 1971).

In northern Botswana as far as latitude 20°S, rain Ffrlls
mainly ms the result of the Equatorial air mass, forming

part of the Inter Tropieal Convergence Zone, meviag into

the arean.
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Rainfall

A glance at the isohyetal mmp (Fige.2,3) of Rotswana, shows
that there are three distinct rainfall reglons which are
a direct result of the weather processes affecting the
country and which have been described earlier,. These three
zones may be described as followa:-

1) Northern

ii) EBastern
and iii) Kalahari

The Northern Zone stretches to 204°S5, and shows a steady
decline in rainfall from 650 mm to 450 mm. It elesely
reflects the southern limits of the Inter Tropical
Convergence Zone and also shows a decrease westwards
towards the arid zoene of South West Africa whose climate

is alfected by the cold Benguella current.

The western limit of the Eastern Zone approximates with
the erosion scarp separating the Kalahari from the Limpopeo
watershed, The rainfall in this Eastern Zone is derived
mainly from molst esasterly ailr originating over the Indian
Oeoan, and varies from 550 mm in the socutheast to 7150 mm

in the north. The rainfall decreases steadily west of

the Kalahari scarp.

The Eastern and Northern Zones are separated by a drier

belt extending westwards up the Lower Limpopo and Motloutse

valleys,

The Kalahari Zone is an extension of the arid gone of

Southern South West Africa and the northern Cape Province.

o ow s fﬂlinfﬂ.ll
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Rainfall in this zone is highly variable ( the annual co-
efficient of variation ranging from 50-80 per cent), with

mean anhual totals of 250 to 330 mm., (Pike 1971) (Fig. 2 ).

Rainfall thus varies from 150 mm in the southwest to nearly
700 mm in the extreme north. It has been estimated that
the mean annual rainfall for Botswana is Jjust less than

400 mm. However, average figures for rainfall can be

very misleading as in any year at a given place the rainfall
may be less than half or more than double the average for

that area (See Fig.2 showing mean seasonal variability).

Rainfall Variability and Distribution

Pike (1971) has given monthly rainfall means for the 30

year periods 1939/40 - 1968/1969 (See Table 1 ) and also
coefficients of variation and probability of exceedence

ffor a number of stations in Botswana (Tables 2,3). As a
result of a study of the rainfall distribution and varia-
bility and combining this with the presence of soils
suitable for agriculture, he concluded that less than 5

per cent of Botswana may be considered as potentially arable,
and even here the risk of crop failure may be put at approx-

imately 4 in 10 years.

Rainfall TIntensity

The maximum rainfall intensity known to the writer in
Botswana was when 292 mm of rain fell in 3% hours in Ghangzi
in October 19673. Rainfall intensities of 165 mm in 3 hours

' 1
and 114 mm in 13 hours have also been recorded at Francistown.
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BATNFALL CRARACTSRISIICS
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This type of extremely intense rainfall results in rapid
run-off and consequent concentration of water and hence

often probably leads to periods of ma jor replenishment.

Schalk (1961) recorded a maximum intensity of 489 mm in

12 hours near Uhlenhorst in South West Africa in an area
with an average annual rainfall of 250 nm. During this
storm an average of 400 mm of rain fell over an area of

116 km2 or an average of 250 mm over an area of ohL,6 km2.
An estimated 45 per cent or 106 x 1O6m3vof water infiltrated

‘as ground-water recharge.

Drought Frequency

Drought and hence thirst in both man and beast are common
in Botswana and result in widespread famine and destruction

of grazing land.

Pike (1971) gives the following annual drought frequency

probability:-
Kasane 1 year in 20
Maun lvyear in 10
Ghanzi 1 year in 7
Francistown 1 year in 7
Mahalapye 1l year in 8
Gaborone 1 year in 15

A drought year is defined as one in which rainfall is less

than 60 bper cent of the mean annual rainfall.,

Evaporation

Evaporation from open water surfaces varies from- 1,7

to 1,9 metres bPer annum, with maximum daily rates up to 7 mm.

(Table 4)
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Past Climatic Changes

Wavland (1948, 1952, 1954) was the first to appreciate that
the Kalahari climate had undergone great vicissitudes in
the past and also recognised that these changes have had
a marked influence on the underground water resources of

the country.

Evidence cited by Wayland (1948) of climatic changes during
relatively recent times was; that the hills of Botswana
when viewed from a considerable distance appeared imposingly
high, yet appeared to lose half their height when viewed
from the base ~ this was due to gently sloping pediments
leading up to the base of the hills. These conditions,
indicative of desert climates, together with patches of wind-
blown Kalahari sands, extend over a huge area extending

as far north as Zambia, Angola and Zaire and indicate a far
greater extent to a former great Kalahari desert. Dune
features are also very widespread in Botswana, but except

in the extreme southwestern parts of Botswana, are now

invariably fixed by vegetation.

Other evidence of climatic changes quoted by Wayland (1948)
are the numerous long dry river courses; the ancient
cataracts of the lower Molopo River; the well-developed
gravels with stone tools; the stalactites and stalagmites
of Drotsky's cave (Plate 38 ) with later red wind-blown
sands. Wayland (1948) also noted the presence of well-
rounded boulder gravels underlying 21 metres of surface
limestone which are in turn overlain by Kalahari sand.

These gravels contain watc~ worn implements derived from



.38 “talactite, Drotsky's Caves - Kihabe hills.
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pre-axisting gravels as well as implements later than the

gravels.

Wayland (1948) concluded that the desert topography had
taken millions af years to produce, bot superlmpased on
this desert roglon were a number of wet climatic phases
which could in all probability be related to the Glacial

and Interglacial perlods of the higher latitudes.

An examination of air photographs for the siting of water
boreholes in Botswana, shows clearly defined former strand-
lines up to 50 km west of the Makgadikgadi and of the
present margin of Lake Ngami. In addition, the western
northern and northwastern margins of a former vast lake
occcupying the Mababe Depression, are also very clearly
discernable. These former vast lakes must surely have
been formed during more humid perieds, though suspected
rift type faulting [thvni, IQTE} could in some cases

have had a marked influence on the hydrography of thn
region. For example, movement of only a few metres mlong
the presumed fault line Porming the scutheastern marpglu of
the Chobe swamn from which the Savuti Channel takes aff,
could result in virtumnlly the whole of the flow of the vory

large Chobe [Llnrntij River being diverted into the former

Mababe Lake. (A.5).

Recent important indirect evidence of climatic Tluctuntlons
has come about as a result of exploration Tor uranium in
an area covered by Kalabari{ Beds in the south-central

Kalahari.

--..fﬂalrrmpla
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Dalrymple {19?2] states that minor uranlium mineralisation
present in the upper and middle Ecca Group of the Karoo
Supergroup appears to be directly related to the position
of the water table. As uranium has been detected up to
15 m above the present water table, this is regarded by
the writer as important evidence of the lowering of the
water table by this amount, since the period when

the fomsil drainage systems were actlive llowing rivers.
Effects of limates on Ground Water ly in Botswana

Wayland (1948) was the first to recognise the influence
of past climates on ground-water supply in Botswana and
stated "past climates have had long range effects, some
of which still affect the econemy of our lives and even

provide a threat for the future”.

¥Wayland recognlised three wet phases, of which the first was
the most intense, separated by very long dry periods.

Thesa sxiremely dry periods were regarded by Wayland aa
undoing the good of the pluvial perleods and were also
regarded by him as being responaible for the prevention

of any progrofasive results which the rains would have

achieved ,as far as ground water supplies are conocerned.

In addition, the relatively short humid periods favourable
Tfor chemical weathering along Joint planes have baen
insufficient for deep-seated weathering to take place and
hence ground-water storage in Joints is relatively limited,

Another factor mentioned by Wayland which adversely affects

ground=water supplles, is the mealing off of Joints near the
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surface by the precipitation of surface limestone. This
not only prevents replenishment by present day rainfall
but water from a previous pluviml below the sealed off
uurfuun'lnynr wlll be gradually lost by transpiration, by

hydration of certain minerals and by normal leakage.

Perhaps the moat serious result, however, of past climatic
fluctuatlons has been the concentration of saline ground-
water beneath the former vast lakes of the Makgadikgadi,
Mababe and Ngamli and posalbly southwest of the Okavango
Delta, so that the chances of Tinding potable ground

water beneath any of these former large lamkes covering

2 o
areas of 34 000 km", 920 km® and 1000 km° respectively

are regarded by the writer as being extremely remote.

‘PLIE' 35}¢

Soils

Van Straten (1959) was the first person to sSummarise

available information on soils in Botswana, This work

was revised later the same year by Van Straten and De Beer(1959).
Further work was carried out by Bawden and Stobbs (1963),
HBawden (1965), Blair-Rains and McKay (1968), Mitchell {1968)

and Siderius (1972). The latter was the first to apply the

modern concept of soil classification by using genetic

soil horizons. (See Fig. 4 ).

The soils of Botswana may be divided into five main units,

[ifter U.N.D.P. Map 1972). These are:-

t-!ll-f’]-i-||||ii||
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Limpopo Unit

These soils consist of dark, red-brown, medium-textured
soils of varying depth associated with dark coloured
clayey solls and medium-to-fine-textured brown-grey

mottled soils in depressions, with lnoclusions of

lithosols in very sandy soils, The soils may be regarded

aea ferruginous.

These soils are largely derived from the pre-Kalaharl

age geological Tormations, Their distribution coincides

closely with the Late Tertiary and Quaternary denudation

surfaces.

Malkgadikegadi Unig

These so0ils consist of brown and grey soils of medium-
to=-coarse texture, with inclusions of vertisols and
other fine-textured clayey soils in depressions. Thess
solla are often highly saline and alkaline and are
nssocinted with the large internal drainage basin of

the Makgadikgadi Depression.

KEalahari Unit

These have the widest distribution of all soills in
Botswann and conaist of yellow, reddish-brown and
grey usually deep solls of sandy texture. They are
of'ten underlain by calcrete with inclusions of dark

coloured, fine-textured soils in depressions,

cansfUena,
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4. Chobe Unit

Spils in this unit consist of reddish-brown, yellow
and grey sandy solls associated with medium-textured,
reddish=-brown soils, dark clayey so0ils and vertisols
in depressions. The wvertisols may be saline and

alkaline.

3. Okavango Unit

Soils in this unit have varying textures assoclated
with greyvish-brown coarse-textured solls developed
on the Kalahari sand and calcrete. These soils are

often saline and alkaline.

Soils and their influence of infiltration

The medium=textured soils of the Limpopo Unit {1], which
coincides with the sastern {Bushv&ld] phyvslographic region,
favour rapid infiltration and hence ground water is regularly
replenished and ocours at relatively shallower depth thanm in

the Kalahari area.

The fine-grained sandy 80ils of tha Kalahari unit {3} hawve
long been regarded fEaa chapter on Recharge and Safle Yiﬁlﬂ}
as preventing recharge of ground water where they exceed 9 m
in thickness. As a result ground water supplies are often
hard to obtain and are sncountered at greater depth than

in the Limpopo Unit. Isotopic studies have shown that in
general,; Kalahari ground waters are much older than in

the east, but nevertheless the presence of measurable amounts

SRR L
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of carbon-14 and even tritium indicates geologically

recent recharge. I:En-a- also Chapter on Ilntnﬁul}.
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ngntntinn

Pioneering work on vegetation in Botswana was carried out
by De Beer (1962) who produced the first provisional
vegetation map. This map was revised by Weare and Yalala
{1972} and again by the United Natioms Development Team
{1972). A description of the main vegetation types and

their distribution is given on Fig. 6.

Details of plants and their relationships to ground water

are given in the chapter on phreatophytes.



CYCLIC DENUDATIONAL SURFACES IN BOTSWANA

Following the pioneer demonstration by Dixey (1938) that
African landscapes could be widely interpreted in termr

of denudational cycles, many local studies were made by
Cahen and Lepersonne (1952), Mabbut (1955), McConnell (1956),
Dixey (1942, 1955), King (1951, 1955), King and Fair (1954)
and many others. The results of these were not always

in harmony and in fact different ages for a single land=
surface could be obtained when the surface was traced in
different directions. This earlier confusion was partly
due to the fact that researchers did not always appreciate
the magnitude of earth movements that have deformed the
various cyclic surfaces in relatively late geologle time
(Pleistocene). This confusion has now been resolved by
King and King (1959) and King (1962) and they have confirmed
Dixey's (1942) view that the Highveld surface of the Trans-
vaal is not of Gondwana age, but is due to planation in

the early Tertiary culminating in the Miocene. (King's
early Tertliary or African surface = Dixey's Miocens or

mid-Tertiary peneplainm).

Wayland (1948) was probably the first to remark that the
hills of Botswana were perched on the apices of long, low=-
angle rises or pediments typical of desert lands, McConnaell
(1956)and Jennings (1970) have given detailed descriptions

of the geomorphology of Botswana.

The landscapes of Botswana fall clearly into two contrasted

types - erosional, wherein glevated areas become eroded

-...fﬂﬂd



and are moulded under the pediplanation cycle (Li.e. by

scarp retreat and growth of pudim&nts}, and depositional.

Successive elevations relative to sea level will thereforse
result in new denudational oyvcles working their way pro-
gressively inland from the coast. The denudational
surfaces can alsoc be studied by mapping and section drawing.
The study of depositional surfaces can be undertaken by
stratigraphic study of continental type formations ranging
in age from Karco to Quaternary aided by borehole logs.
"Borehole geomorphology", is & particularly valuable method

in areas where terrestrial deposits are found.

CYCLIC DENUDATIONAL SURFACES

Two main cyeclic erosional surfaces are clearly represented

in Botswana (TFig. 3 ). Thoese are:-

(i) A high surface occurring at elevations of 1 128 metres
to 1 341 metres, the eastern boundary ecoinciding
roughly with Wellingten's (1946) boundary between the
Kalshari Basin (Region 1) and the Limpopo-Sabi Depression
(Sub Region 64). This scarp is alsc roughly coincident
with du Teit's (1953) Kalahari-Rhodesia Axis. (This
forms the divide between the Limpopo drainage and the
endoreic drainage to the Makgadikgadi Depression).
This surface can be traced without break from the Trans—

vaal Highveld and is thus the African landsurface.

(i1)An extremely well-planned surface ocourring below the

escarpment with occasional inselberg-like cutliars of

Y
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the higher surface. This surface is undoubtedly
polycyclic and can be correlated with the three Late
Cainozoic surfaces 1, 2 and 3 found in Rheodesia

(King, 1962). This was formerly knewn as the Victoria

Falls or Coastal Plain Cycle.

McConnell (1956) regards the summit levels in southeastern
Botswana at about 1 372 metres and 1 467 metres, e.g.

Kanye (G.6), Lobatse (H.6) and ODotse (H.6), as belonging
to cycles of a polycyclic Gondwana landscape while he
correlates an intermediate surface at 1 280 to 1 311 metres
with Mabbut's [1955} intermediate surface of end-Cretaceous
BEE . A later widespread surface {Afrinan) dips westwards

beneath the Kalahari sands.

The Tsodilo (A.2), Aha (B.2), Kwebe-Mabeleapudi hills (C.3)

in northwestern Botswana are probably unercded residuals

of the African surface and are thus probably also of

Gondwana age. North of Mamona (E.l1) on the South West
African border there is a magnificently planed erosion

surface of probable post-Gondwana age standing at an elevation

of over 1 280 metres. The scarp leading to this surface is

60 metres high.

The above dating is thus in acecordance with Cahen and
Lepersonne's (1952) and Mabbut's {1955} African surface,
dipping eastwards beneath the deposits of the Kalahari on
the western side of the continent. Similarly in the east
the African surface dips westwards beneath sediments of
the Kalahari. In the Serows area (E.7) the Stormberg

basalt at the ftop of the escarpment {(overlain by silerete and
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Kalahari type :nndl], poccurs at an elevation of about 1 230
metres. At Letlhakane (D.6), northwest of Serowve, this

same surface has been downwarped to about 1 006 metres.

in the ;uuth. the African surface west of Kanye dips gradunlly
wostward. This surface reappears along the Chanzi ridge

(D.2) in western Botawana.

The Early rtis i 1l Sorf

The eastern boundary of the Early Tertiary surface runs to
the south of Lobatse and thence past Kanye along the divide
between the headwaters of the Molopo and Limpopo River

systems.

At 2 point 1% km north of Kanye; the escarpment runs in

a northwesterly directlon and then swinga due north some

24 km west of Moshupa. The escarpment in this region
averlooks the headwater drainages of the Metsemotlhaba river.
The scarp then swings in an east-northeasterly direction
south of Molepolole (G.6) and then swings back to a point
nath-west of Molepoleole whence it runs north-south and then
north-east to link up with the Ramoselwana escarpment (F.7,
silerete overlying basalt). From Ramoselwana, the escarp-
ment runa east-west and then in a semicircle round 5uje
(F.6) and then to the west and north-west of Lephepe (F.6,
silcrete and sands capping basalt £ 1 219 metres above sea-
liVil}+ The scarp then trends in a northeaster ly direction
to link up with the Hukutswe scarp [E.T, silerete containing
gastropod lossils capping Cave E-ndntﬂnr}. The gastropoda
are unfortunately of no use as regards dating the silicified

deposits forming the base of the Kalahari bads, The scarp
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from Hukutswe to Mashoro (E.7) im of classic form with =a
crest scarp, debris slope and pediments. From Hukutswe
the scarp which is 91-122 metres high runs east-west and
links up with the Shoshong hills (E.7) and with the Leg-
atadimane hills (F.7) forming an outlying extension to

the south, The maximum elevation in this area is 1 348

metres.

From the diabase capped hills in the Shoshong area the
scarp can be traced in a northerly direction to the Kaliki
arsa {E.T. 1 219 nltril], where a thin capping of Kalahari
type sands and silorete overliess Basement Complex Granites.
In the same general area the Early Tertiary cycle planes

Ecca (Karoo Supergroup) sedimentary rocks.

An eastward promontory of the African eycle occurs in the
Makhware hills (E.7), wvhich reach a maximum height of
1 357 metres. Here erosion has bevelled quartzites and

diabase (Shoshong Formation).

From west of Moijabana the escarpment swings in a great arc
towards Serowve. Here the Loale and other rivers have

cut back by headward erosion into the escarpment which forms

the Loale Plateau 122 metres above the country to the east.

The scarp in this region is locally either of Stormberg
basalt or Cave Sandsatone.

To the west of Serowe and northwards past Paje (E.7), an
extremely well-defined break up to 152 metres high cocurs
between the Early and Late Tertiary erosional surfaces. (Plate %0).

North of Paje the scarp suddenly Swings westwards and tnen

. woa l-f“ﬂrt-h
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north and later northeast as far as longitude E?uE wharea
a silerete capped scarp overlying Basement Complex lime-—
stone and granitie rocks oecur. This scarp {13T metr=s
highj overlooks the great plain excavated by the head-

waters of the Motloutse River [D.T}i (See FPig. 3 ).

The Late Calnozoic Denudational Exclas

This well-planed surface is to be found everywhere east(Plate 41)
of the main escarpment which forms the boundary with the African
surface(Plate 28). The Late Cainogzoic surfaces consis< of

&t least three separate eycles; the boundaries of whieh

are generally not clearly defined except at Mochudi (%.7,Plate 42)
and Palapye (E.8) where scarps separate the first and second
cycles., These cyeles have consequently not been differ-

entiated on the accompanying map. (Fig. 3 ).

This cycle is also represented by wvalley incisloen of the

Moclopo, Okwa, Boteti and Nata River (C.7) systems elsewhere

in Botswana.

Depositional Cycles

Following the disruption of Gondwanaland a eyclic series

of upwarps inland from the Continental margins resulted in
tilting towards a central Continental depression (the Kala-
hari), and as a result, sediment from the surrounding

higher land accumulated, with a thickness of up to 198 metres
in the area immediately north of the Molopo River. Elsa-
where the Kalahari Beds in Botswana seldom exceed 60 metres

in thickness, However, recent drilling, gravity and
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P1, D Escarpment North of Serowe separating "African

from Late-Tertiary surface.

P1. k1 Aerial vivw of Late-Tertiary surface S. of

Franciatown.
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3 Scarp soparating Late-Tertiary surfaces =-
Mochudi. (G.7).

P1. 43 Formar strandline (50 km west of Makgadi-
kigadi) cut by Doteti River. (C.5).
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resistivity work in the Okavango swamp area, had indicated
a very considerable thickness of Cainozoic beds possibly

thousands of metres thiock.

In tha.Halnpa area, the succession consists of gravel
[calurutad], overlain by marl, sand, silcrete, calcrete

and younger sand. In the central Kalahari, the gravels
and marls are usually absent. No attempt has been made to
correlate the depositional eycles with the denudational
surfaces, as no diagnostic Tossils have been found in the

Kalahari Beds to date.

Relationship Between Erosion Cycles and Water Table

Marked differences are pressnt in the depth to the water
table on different denudational surfacea, with depths to

water increasing progressively with older surlaces.
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Geomorphological History

Following eresional periods in pre- and intra- Karoo times,
a number of cycles of erosion probably took place during
Jurauﬁic; Cretaceous and early Tertiary times. The latest
eycle has at present by far the greatest extent and

perfection of bevelling.

Following the early Tertiary cycle of erosion, uplift in

the form of gentle upwarping (roughly along du Toit's (1953)
Kalahari-Rhodesia axis) occurred. This initiated a new
cycla of erosion, active during Late Tertiary times, to the
east of the axis with a corresponding phase of deposition
of debris ocecurring west of the axis of uplift in the
Kalahari and culminated in a peried in which the Kalahari
was reduced to an arid sandy desert. Similar warping also
took place on the South West African side of the Kalahari

Basin.

lNepositional phases also appear to have occurred on the
Late Cainozoic pediplain which still has remnants of sand
and calorete lying on thia surface in a number of places.
West of Palapye, sanda and sandy calcrete with pebbles

of basalt and silcrete form a superficial deposit up to

33 metres thick.

The basalt and silcrete peabbles appear to be of fluviatile
origin with a possible later asoclian redistribution of the
red sands. The nearest basalt outcrop (capped by silerete)

occurs on the escarpment some 50 kilometres to the west., The

«os s /uppormost



uppermost red sands carry Stone Age implemernts in the
Serowe and other areas (Wayland, 1954 and McConnell, 1959).

These sands are thus of Pleistocene age.

The age of the silcrete forming the base of the Kalahari
beds must therefore be Miccene or Plioccene, as the sllcretes
overlis the Early Tertiary erosional surface and are oldear

than the implementifercus Pleistocene sands,

In the Kalahari Basin, evidence of further climatic oscill-
ations of earth movements is afforded by the now fossll
river valleys, such as Letlhakane, Letlhakeng, Okwa, Buits-
ivango and Molope system, which have cut down through
Kalahari beds. In the Okwa valley, a number of distinct
terraces can be discerned, the lowest of which contain
artefacts while they appear to be absent from the highest
torrace. Very clearly defined former lake shorelines
(strandlines) can be found in the Mababe aren, west of Lake

Ngami and west of the Makgadikgadi. (Plates 473, 44).
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P1l. L4 0ld strondline west of Sua Pan, Makgadikgadi.
(c.6).

"P1,h5 Loai migmatite. (F.7),
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THE GEOLOGY OF BOTSWANA

Botswana is underlain by a varied assemblage of geological
rurnltian ranging in age from early Pre-Cambrian to Hecent.
Most of the older formations crop out in the eastern part
of Botswana, while the central part of Dotswana is mainly
blanketed by Kalahari Beds. Older rocks crop out again

in the northwestern part of Botswana. Rock types range
from ultramafic to felsic intrusives and egxtrusives;

highly metamorphosed igneous and sedimentary rocks, and
unme tamorphosed sedimentary types such as shale, mudstone

siltstone,sandstone grit and limestone. (See Figs 7 and 8).

The following formations are present in Dotswana:-

Table of Geological Formations

MESOZOIC TO RECENT KALAMART GROUP Calerete, asllerete,
ferriecrate, sands or
Kalahari type, sand-
stone conglomerate,
marl

(smmmmn GROUP Basalt, sandstonas,
shale, mudstone ,marl

KAROD SUPERGHOUP { ECCA GROUP Shale, mudstone, sand-

stone ,

| DWYKA GROUP Tillite, shale, sand-
stone

Quartz-schist, biotite

DAMARA SUPERGROUP schist, quartzite,
dolomitic limestone,
marbls

GHANZI GROUP Shale, limestone ,quart-
zite, diabase, quarte
VATERBERG SUP p— feldspar, porphyry,falaite
Shale, siltstone, sand=

stone, grit, conglomer-
ate, limestons .1awvs .
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"PRETORIA AND
GRIQUATOWN
GROUPS

\ DOLOMITE GROUP
TRANSVAAL SUPERGROUP e oo

|BLACK REEF GROUP

[; SHOSHONG GROUP

VENTERSDORP SUPERGROUP

KANYE VOLCANIC
GROUP

BASEMENT COMPLEX

INTRUSIVES
Post-Karoo

Post=Waterberg and pre-Karoo Supergroup
Post=Transvaal Supergroup
FPost=-Kanye Volcanie Group, pre=-

Venteradorp Supergroup

Pro=Gaborona granite

Shale, siltstone, con-
glomerate, limestone,
banded ironsatona,
andesite

Dolomite, banded iron-
stone, chert, shale,
quartzite

Quartzite, shale

Quartzite, shale, arkose
banded ironstone, lime-
atona

Tuff, ignimbrite, agg-
lomerate, shale, quarts

and feldspar porphyry,
siltstone, shale, con=-

glomerate, andesite

Felsite

Motamorphic rocks inclu-—
ding amphibolite, banded
ironstone, schist,
quartzite, marble, con-
glomerate,; granitoids

KEaroe dolarite

Syanlte, diorite and
diabase

Ultramafie intrusives,
granite,; syenite

Gaborone-type granite

Modipe-type gabbro
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Rocks of the Basement Complex assemblage crop out over
extensive areas in Eastern Bofswana. They occupy a

number of discrete areas north of Mabule in the upper
Molopo River; crop out along the Limpopo River from near
Gaborone to Olifant's Driftj; and are present over m Vast
area in the eastern portion of the Central and the whole

of the North East Districts. Isolated inliers occur south
of the Ntwetwe and Sua sections of the Makgadikgadi; along
the Okwa Valley south of Ghangij; and north of the Aha

Hills and in the vicinity of the Xangwa spring.(B.2).

The Hasement Complex is comprised of a complex assemblage of
early pre-Cambrian, Archaean metamorphic rocks, including
varied gneissic, granitoid and granitic rocks which are areally
predominant, with associated major belts and more minor
remnants of metamorphosed mafic and ultramafic intrusive

and extrusive rocks and metasedimentary rocks.

Two major geotectonic domains cam be recognised in the
Basement Complex of northeastern Botswana. ‘These conaist
of ancient, stable cratoniec nuclei ("the cratons"), tra-
versed by younger highly metamorphosed and granitised
"mobile" or "orogenic" belts. Although these orogenic
belts tend to encircle the cratonie areas, they nevertheless
form an intregral part of the crystalline shields. Within
Dotswana, the Limpopo and Shashe orogenic belts which are
characterised by high grade me tamorphism, are surrounded by

Archaean cratonic areas characterised by greenschist to

«»ss/amphibolite
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amphibolite facies of metamorphism. The cratonlic areas
contain "schist belts" consisting predominantly of meta-
vaolcanic and metasedimentary rocks, surrounded by extensive
areas of granitic rocks. The distribution of the main
"schist belts" is shown on the accompanying geological

map {Fig.? ],

The Limpopo Belt has an east-northeasterly trend and extends
from beneath the younger cover of Haroo sedimentary
rocks across northeastern Botswana,through the southern

part of Rhodesia into Mozambigue.

Plate 45 shows migmatitic rocks at Losi quarry near Mahalapye

(P.7).

Plate 46 shows a sheared Basement Complex conglomerate north-

west of Matsitama (C.7).
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P1. 46 Basement Complex conglomerate.

01l 47 Yenteradorp shale with Botswanella.
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K ANYE VOLCANIC CROUP

Hocks aasigned to the Kanye Volcanic Group extend in an
arc commencing from some 60 kilometres northwest of Kanye
in the west, through Kanye southeastwards to south of
Pitsane and thence northwards to south of Gaborone. A
second belt extends eastwards from Molepolole to just west
of Mochudi. An isolated inlier occurs 60 kilometres wesat

of Molepolole in the vicinity of Kgari Hill.

The group consists mainly of felaitic lavas and tuffs.

The felsites are generally massive, fine-grained, closely

Jointed rocks. They wvary in colour from black to grey or
purples. There is generally a gradual transition from the
typlieal felsites forming this Group to the true mobililsed

Gaborone granite.

Thesea rocks probably represent original rhyolitic lavas
and silicle tuff but most signs of lithological differ-
entiation have been suppressced As a result of recrystalli-
sation and low grade metamorphlam assoclated with later
tharmal events. The felsites have a quartzo - feldmspathie
composition with approximately equal guantities of soda and
potash feldspar present. Magnetite and amphibole occur in

accossory quantities {ﬂrpch-tt,ISTﬂ}.
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VENTERSDORP_SUPERGROUP

The Ventersdorp Supergroup, which has an age of about 2 300 m.y.
(Snelling & Rex, 1967),consists of a variable thickness

of siliceous pyroclastic rocks and argillaceous sedimentary
rocks. They ocour in a belt surrounding the rocks of the

Transvaal Syatem in southeastern Botswana and south and west

of Kanye.

Crockett (1971) has divided the Ventersdorp Supergroup into
three assemblages. The Lower Volcanic Assemblage, consisting
of siliceous and potash-rich voleanic rocks of both flow and
pyroclastic origin. The overlying Mogobane Assemblage
conelsts mainly of argillites, shales and siltstones with

some conglomerate and sandstone. The Upper Voleanic

Assemblage consists predominantly of andesitic lavas.

Plate 47 shows Ventersdorp shale with Botswanella, a bacteria

produced goncretion.
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THE' TRANSVAAL SUPERGROUP

Rocks of the Transvaal Supergroup have an age of about

2 000 m.y.(from indirect dating only)and crop out in two
main separate areas in southeastern Botswana, where they
form the western edge of the main TransvaalvBasin, and in
southefn Botswana where an extensive afea is underlain by
Transvaal rocks,, These form the northward continuation of
the Northern Cape Basin. This latter basin is largely
concealed by Kalahari Bed cover but extensive drilling for
water in the farming area north of the Molopo River has now
proved that a large part of this vast area is underlain by
Transvaal Supergroup sedimentary and volcanic rocks. Minor
outcrops are also present between Molepolole and Mochudi.
The Shoshong Group west of Mahalapye may be a correlate of
the Transvaal Supergroup. (PL.48). Boocock (1961), Crockett
(1969) have given detailed accounts of the Transvaal Supergfoup

in Botswana.

The Transvaal Supergroup may be up to 6 000 metres thick.

It overlies unconformably, rocks of the Véntersdorp Supergroup

or the Kanye Volcanic Group.

The Transvaal Supergroup has been divided into three groups.
These are the Black Reef Group, the Dolomite Group, and
the Pretoria Group, Wwhich consists of a cyclic alternation

of argillaceous and arenaceous rocks with an interbedded

volcanic horizon.

Black Reef Group

The Black Reef Group unconformably overlies the Ventersdorp

Supergroup, the Kanye Volcanic Group or Basement Complex rocks
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Banded ironstone (Shoshong Group).

Pl. 49

Waterbarg conglomerate - Tswane. 'I:E.E}i
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and generally consists of thin pale—coloured quartzitic
sandstone with minor intercalated argillaceous bads. A
basal conglomerate is someétimes present. The maximum

recorded thickness is less than 30 metres thick.

Dolomlte Group

The Dolomite Group consists of a very thick succession of
dolomitic limestones and limestones which contain massive
chert horizons towards the top. Intercalated shale,
gquartzite and shaly dolomite have been noted, but constitute
only a vary minor portion of the whole successieon. Stroma-
tolitic and ocolitic beds occur at numerous horizons in the
succession. Ferruginous red and brown shales overlie the
dolomitic rocks in the Lobatse area and form ths highest
member of the Dolomite Group. In the Northern Cape Basin

the dolomite is overlain by banded ironstons, which om the
farm Knapdaar,immediately north of the Molopo River, is
ostimated to be 200 m thick. East of Lobatse in the

Linokana area of the Republic of South Africa, the ferruginous
shales grade laterally into banded ironstonn, Other isolated
outcrops of banded ilronstone are present at Yamneng, Motso ji

and Oki hills in southern Botswana. (H.u4),

Pretoria Group

A chert conglomerate of possible glacial origin known as

Bevet's Conglomerate, forms the lowesi member of the Timeball
Hill Formation. Overlying this is a sugcession of shale overlain
by the thin,sugary Pole Ground Quartzite horizon and then a

succession of shales until the main reddish-brown Timeball
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Hill gquartzite is reached. This resistant band generally

forms prominent hills.

Daspunft Formatlon

This consists of shale with the contemperaneocus Ongeluk
(andesitic) lava, normally underlain by chert conglomerate
frequently with a thin quartzite band. Shale of variable
thickness overlies the lava followed by the Daspoort guartzite

which may have a lower and an upper ferruginous band.

Magaliesberg Formation

This consists of shale with a dolomitic limestone horizon
in the upper third of the shale succession capped by
quartegite which may ferm three separate gquartzite bands or
may coalesce to form a single band, The guartezite is
generally hard and white, but towards the top of the stage
may become a soft, friable, medium- to coarse-grained sugary

sandstone.

Smelterskop Formation

This stage consists of an alternation of argillaceous

and quartzose beds which geuerally form lower ground than

the more ﬁ&ﬁiatnnt Magaliesberg quartzites. Conglomarate
beds are also present in the Lobatse area. Several boreholes
on Lobatse Estates have penetrated this stage and have

revealed the presence of considerable amounts of pyrite

in the shaley beds.

Intrusives

Intrusive dykes and sills of diabase are common in the

Pretoria Group. In the Northern Cape Basin g large positive
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gravity anomaly has been found to be due to intrusive mafic

and ultramafic rocks.

WATERBERG SUPERGROUP

Rocks of the Waterberg Supergroup are present in the Tsabong(I,3)
area in the southern Kalahari and extend in a great arc
north-northwestwards to the west of Khakhea, then‘north—
eastwards through Mabutsane ana thence eastwards past

Ditlhako, Jwana, Molepolole to Mochudi and into the Republic
of South Africa. These rocks form an unbroken link between
the Matsap Beds of the northern Cape Province and the Water-—
berg Supergroup of the Transvaal. - A further area extending
for 100 kilometres west of Kanye in southeastern Botswana,(G,6)
is underlain by Waterberg Supergroup sedimentary rocks 'and

has been traced in boreholes further westwards until it

links up with the Waterberg Supergroup west of Khakhea (G.h)i
Waterberg Supergroup sedimentary rocks are also present

near QOotse, north of Lobatse, where the& form impressive

hills and west of Gaborone where they form thin cappings

to the hills. Further extensive outcrops are present

forming a discontinuous range of hills extending from north-
east of Serowe, southeastwards past Palapye and Moeng (Chwa—

pong Hills) to Lerala {E.8).iia parallel range extends from

west of Mokoro siding to Sefare and Selika in the Central

District.

Thé Waterberg System'has been described by Cullen (1958,
1960),Boocock and van Straten (1962), Jones (1963, 1965,
1966), Green (1963, 1965), Jennings (1963, 1965). Crockett
and Jennings (1965) have remarked on the marked lithological
similarity between the coarse~grained purple quartzite with

conglomerate bands of the older Sedimentary and Volcanic

CE
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Formation in the Okwa Valley near Tswane (south of Ghanzi

in northwestern Botswana)with rocks of the Waterberg

System in eastern Botswana. (Plate 49, E.2).

Tho Waterberg Supergroup varies from A few metres in thickness
to several hundreds of metres. The succession comprises
essentinlly arenaceous and rudaceous terrestrial sedimentary
rocks consiating of coarse boulder conglomerates, conglom=
erates, coarse-grained feldspathic grit and sandstone,
quartzitic saandstona or quartzite. Pebbly banda wilth

pebbles of veln quartz and rounded jasper inclusions are
characteristic of the Waterberg arenites. Flagstone sandy
shale, shale and siltstone may also be present. Thasea
finer-grained clastic rocks generally overlie the coarser

sandstones and conglomerates.

The rocks of the VWaterberg Supergroup are of late Precam-
brian age and have been dated by indirect methods, in the
Republic of South Africa at about 900 m.y.

They are unfossiliferous and unmetamorphosed, except locally
whore diabase dykes and sills have metamorphosed the shales
to dense hard hornfelsic rocks which break with a conchoidal
fracture. Contact minerals include cordierite, foeldspar,
staurolite and sillimanite, while in places recrystalli-

sation has resulted in micrographic intergrowths of quartz

and feldspar.

The Waterberg Eup-rgrhnp rests with an unconformable contact on
older formations (Transvaal Supergroup west of Kanje and near
ODotse, Kanye Volcanic Group, Ventersdorp Supergroup), whilst

further north it rests on the Basement Complex.
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GHANZI GROUP

The Ghanzi Group is confined to northwestern and northern
Botawana. It has been subdivided inteo a Ghanzi Beds
Formatien and an older Kgwebe Porphyry Formation, which
forms a belt in the centre of the Ghanzi Beds Formation

outérop area.

Rocks of this Group are present continuously along a northeasterly
trending belt extending from Mamonce on the Scouth West African
border in western Botswana to the Lake Ngami area. Low
groups of hills comprising the Tsao and Haina (Dinokwana)
hills protrude through a thick sand-covered tract to the

east of the main zome of outcrop. The presence of rocks of
this group beneath Kalahari Beds has also been proved by
water boreholes south and southeast of Maun and west of
Makalamabedi and they probably extend northeastwards to

link up with outcrops in the Shinawmba Hills antl Ngwezumbn
Valley areas in northern Botswana. Further northeast,

they are overlapped by Stornmberg Group [Inrnu Supergroup)
lavas. The Gubatsaa -Goha line of hills of quartz porphyry
stretch from the western edge of the Mababe Depression te

the northeastern edge (Plate 20). ‘These are identical

in appearance and metamorphic fabric (i.e. strongly cleaved)
to the porphyries forming the Mabeleapudi, Ngwenalakau,
Kgwebe range of hills southeast of Lake Ngami and which
together with minor diabase, sandstone, grit and conglomerate,
form the Kgwebe Porphyry Formation. The porphyry is
genorally reddish in colour and may show flow textures.

The porphyry from the Kgwebe Hills has been dated at

B95 = 7% m.y, while that from the Goha Hills was dated

'-'I'r Bﬁn : ::'n Ml}'l
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The Ghanzi Formation consists of rin--lr-iniﬁ brown,
reddish-brown, purple and grey calcareous and feldspathic
quartzitiec sandstone and gquartzite,marly shale, shale and
Eray lihaatune. These rocks generally dip at steep
angles and have a marked NE-SW. lineation and fracture

cleavage.

The Kgwebe Porphyry Formation appears te have formed a
core to the surrounding,strongly iscclinally folded, Chanzi

Formation sedimentary roocks [Thumul, 1959}.
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DAMARA SUPERGROUP

Rocks assigned to the Damara Supergroup form isolated inliers
in the Ngamiland Distriot, west of the Okavango Swamps.
These r;nku form some of the most prominent hills in
Botswana, where they crop out to form the Tsodilo fPlltlEl ]
and Aha Hills. The Koanaka-Kihabe Hills (Plate 50 ) also
form a low but impressive rib of hills in an otherwise

completely featureless plain.

The rocks in the Aha - Koanaka hills consisted of highly
foliated dnlumiti:rlilnltnnnu, which can be correlated

with similar dolomites of the Outjo facles of the Damara
Supergroup in the Tsumeb-Otavi areas of South West Africa
In the Aha Hills area, the Damara Supergroup overlies uncon=-
formably Basement Complex granitic rocks which erop out

just morth of the hills.

Along the Xauvdum poorly exposed calcareous siltstons,

marly shale, limestone and gquartzite ocour. (A.2),

The Tsodilo Hills consist of micaceous and ferruginous

gquartzites.

Air photographs of the area south of the Aha Hills show
that the Damaran rocks have been folded inte closed anti-
clinal and synclinal structures. Elsevhere these rocks
are covered by sands of Kalahari type, which show pro-

nounced linear dune Ffeatures.

Mafic lavas encountered in two core boreholes drilled

southwest of Maun and now altered to epidosite, are

LR -fpl“nhlb].j"
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probably the equivalent of the voleanic and pyroclastic
upper portion of the Nosib Formation, which underlies .

the youngest Abenab Stage of the Damara Supergroup in northern

South West Afriea.
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Pl. 50 Dolomitic limestone - Koanaka hills. {E.E:I.

PL. 51 Cave sandstone.
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KAROO SUPERGROUP

Distribution
Rockas of the Earoco Supergroup dating from Late Carboniferocus

to Liﬂl!iﬂ- cover a large area of Botswana. They oceour

in an extensive sedimentary basin, which extends N.E.=5.W.
through the central Kalahari and parts of eastern Botswana
linking up with the Karoco Supergroup of the northern Cape
Provinee in the southwest, of South West Africa in the weat
and of Rhadeaia in the northeast. An sasterly extension
of the Karoo Supergroup in Botswana extending sastwvards
Tfrom between Dibete and Mamabule links with the Karoo
Supergroup of the Waterberg Coalfield in the Transvaal.

An isolated outcrop area in the extreme esast of Noteswana,
west of the Shashe-Limpopo Rivers confluence links with

the KEaroco Supergroup rocks in the northern Transvaal and
the southern part of Rhodesia (Tull trough). The dias-
tribution of the Karoo Supergroup is shown in Figs. 8 and 9.
Much of the knowledge concerning the known distribution

of the Karoo Supergroup has resulted from extensive drilling

programmes for water in the sand-covered Kalahari area.

Pravious Work
Early work on the Karco Supergroup in Botawana was carried
out by Passarge (1904), Molyneux (1903, 1907), Lamplugh

(1907), Rogers (1907, 1935), du Toit (1916), Maufe (1922) pnd
MacGregor (1930 ).

More recent descriptions have been given by Poldervaart
(1950), Green and Poldervaart (1952), Wright (1958), wan
Straten (1959), Green (1957, 1958, 1961, 1963(a), 1965(a),

1969}, Boocock and van Straten (1962), Gerrard (1963),
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Jennings (1963, 1965), Crockett (1965], Mason (1967), Jonas
(1968), Thomas (1969), Bennett (1970), Stansfield (1970).

The most comprehensive account of the Karoo Supergroup

in Botswvana as a whole has been given by Green (1966).

Etr!tiﬁalﬂhx

Because of the paucity of exposures in Botswvana and a
consequent dearth of palaeontological evidence, subdivision
of the Karoo Supergroup has largely been based on litho-
stratigraphic evidence. The remarkable uniformity of the
Karoo Bupergroup over huge areas has enabled correlatlons
to be made with type areas In the Republic of South Africa.

GENERALISED STRATIGRAPHIC TADLE OF THE KAROO SUPERGROUP
(After Green 1966)

Lithoatratigraphic Max imum Designation
Sub=-Divinaion Enown
Thickness
Purple, grey or black 1315" Drakensberg
massivae to amygdaloidal Lava Formation
basalt
Orange,reddish or white hay Cave Sandstone ) Stormberg
msolian aandstone Formation Group

Mottled,reddish and green 228° Red Beds
mudstone, marl and cal- Formation
carepus sandstone

Feldspathic sandstones 507 Molteno Beds

and grit Formation

Grey or pale reddish and L4401 Not sub- Bosutort
green,non=carbonacoeous divided Group
mudstone

Carbonaceous mudstone and 4527 Upper Formation

coal

Feldspathic sandstons, coal 540! Middle Econ
mudstone Formation Group

Fine-grained siltstone and 30%' Lower Formation)

Sandy shale with some sand-
atono
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Boon o

The Ecca Group has been subdivided into a Lower, a Middle

and an Upper Formation. The Lower Formation is apparently
of rather restricted deve lopment with sedimentation restricted
to isolated basine, whereas the Middle and Upper Formations
"were laid down over far more extensive areas. There is a
considerable amount of evidence to indicate that the Ecca
Formation was frequently deposited on a very uneven land
surface, which , in the area south of Serowe, towarda the
Makhware Hills, has a relief probably exceeding 300 m.

Other areas where a considerable amount of pre-Karoo rellief
has been proved, are west of Letlhakeng, where a line of core
boreholes drilled as part of a hydrogeological research
programme ancountered Waterberg Supergroup sedimentary

rocka within an area of tho Ecca Group (Bh 1130 Ditlhako,
Fig. 10 ). Kgari hill (felsite) south of Letlhakeng, (G.5)
probably reflects a resurrected pre-Karoo surface while

there is much coincidence of moderate pre-Karoco relisf

west of Seruli in the Central District. (D.8).

The Lower Ecoca Formation consists mainly of siltatone and

sandy shale.

The Middle Ecca Formation, consisting of medium- to coarse-
grainod feldspathic sandstone and grit, which is sometimas

pobbly, coal and mudstone, has a wide distribution in

Botswana .

Overlying the yellow, white or cream colourad foldspathic
sandstones of the lower part of the Middle Fosa Formation,
is a succession of coal, shale and mudstone. Van Straten

(1959) has subdivided this sucocession in the Morapule ares
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into 3 zones with the "Basal (Conl) Zone", which has a
remarkable thickness of coal varying from 4,6 to 9 m,
being thoe most imﬁurtant sconomically. This ;u overlain
by black shale and a pale=-coloured siltstone “marker
horizen". Following the practice adepted in the Vater-
berg coalfleld of the Traunsvanl, the highest sandatone
band and hence the "siltstone marker" horizon has been

taken as defining the top of the Middle Ecca Stage.

Further south, at Mamabule, two economically important
coal seams, averaging 2,4 and 5,48 m thick (Green, 1966)
are separated by about 15 m of sandstone and overlain by

mudstone and sandstone.

The Upper Ecca Stage consists predominantly of carbonaceous
mudstone, shale and coal. In the Morapule aream, two thin
and laterally impersistent coal seams are present within
this stage. The presence of lenses and nodules of lime-
stone in light-grey Upper Ecca strata, west of Mahalapye at
the foot of the Lebung escarpment has been noted (Jennings,
1958).

Iﬂ! guaufurt ErnuE

Strata which may be nl;ignnd to the Beaufort Group on a
lithological and successional basis, are present in the
Makgadkgadi area,; in the extreme east of Botowana, in

the Palapye and southern Tuli block areas and the Kalshari.
The Beaufort Group normally consists of greyish-white or
blue-grey non-=carbonaceous mudstone and siltstons, but in

the Kautse area (south of the Hakgadikguﬁi}. siltstone,

calcareous sandstone and limestone are developed.
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In the area about 30 kilometres north of Eang in the
Central Eelaharl, a succesaion of about 131 metres thick,
of brown mudstones, brown te red-brown and grey, shaly
alltstone, fine-grained grey sandstone and pyritic silt-
stone intersected in a water borehole below about 60D
metres of Kalahari Beds cover is considered to belong to
the Beaufort Group. Green (1966),on the basis of a study
of borehole intersections in the Central Kalahari, has
suggested the widespread presence of Beaufort Group sedi-
mentary rocks in the Kalaharli region overlying the ocarbon-
mocedus Upper Ecca Formation and overlain in turn by the

Cave Sandstone Formation of the Stormberg Group.

L. [a ] %]

The Drakensberg Lava and Cave Sandstone Formations are
widely developed in Botawana, The Red Beds Formation
has however only been recognised in the Bobonong-Tuli

area (Mason, 1965), and near Lebung {Junningn, 1958).

The Red Beds Formation

The Hed Deds Formation consists of marcon and green mottled

mudstone, siltstone, red shale and calecarecua aandstona,

Cave Sandstone Formation

The Cave Bmndstons Formation has a very widespread distribution
throughout Hotswana and is the undoubted lithologieal equiv-
elent of the Cave and Bushveld Sandstone of the Republic of
South Africa and the Forest Sandstone of Rhodesia. The top

of this Stage is marked by extenaive outpourings of basaltie

lava forming the Drakensberg Lava Formation, while the base
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is generally marked by an unconformity with the underlying

beds which are normally the carbonaceous Upper Ececa Formation.

The sandstone vnrill in colour from white and pink to buff,
pale-yellow, brown and greenish-white. It is generally
slightly feldspathic, fine-grained to medium-grained, non-
micaceous and massive. The sandstone is only feebly
comented and the rock is therefore often extremely friable.
Bedded varieties do, however, occur towards the top of the
succession and large scale croas-bedding {Hitﬁ foreset
planes up to 12 m in length) is of frequent occcurrence.
Small scale cross=bedding has also been noted. In some
areas the normal fine-grained sandstone contains scattered
larger, well-rounded "millet seed" grains, while in other
areas the Cave Sandstone consists of a closely bedded

alternation of coarse and fine sand layers.(Plates 51,52).

The Cave Sandstone attains a maximum thickness of 147 m in
Botswana and contains thin intercalated maroon shale bands
towards the base. The basal sandstone often grades inte

a pink marly sandstone. The Cave Sandstone has been obsearved
to overlap directly into Waterberg Supergroup sedimentary
rocks near Serowe,; while south of Maun the Cave Sandstone
overlaps onte pre-Karco epldesites, which can probably be
correlated with the Nosib Formation of South West Africa.
Elsewhere the Cave Sandstone is underlain by pink and marocon
or pale blue Ecca Group shales or Beaufort Group sedimen-

tary rocks in the Central Kalahari.

Slickensiding, shearing, silification and Jeinting are commen

in the wvicinity of dykes and it is probable that most dykes
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Pl1. 52 Cave sandstone showing cross-bedding -

Serove .

Pl. 573 Polygonal Jointing in Cave sandstons =

Tehebetsweu.
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were intruded along pre-existing fault or shear planes.
Thin silicified joint planes (up to oneo=half inch in
width) are often present some distance from the dykes,
Xenoliths of Cave Sandstone, up to 25 feeot in diameter,
ocour fairly frequently in delerite dykes cutting the
Cave Sandstone. Columnar joining in Cave Sandstone has
been noted occasionally along dolerite dyke contacts,
Large scale polygonal jointing some eight feot across
occurs at Tehebetsweu (Plate 53 ) and on flat outcrops.
A number of linear belts of denser vegetation extending
for several miles and often hundreds of foet wide show
up clearly on air photographs and are found on both Cave
Sandstone and basalt. These tree lines are developed
along zones of closely spaced parallel joint planes along
which deeper spil has developed allowing preferential
growth of trees and shrubs. The tree lines thus mark

ma jor joint planes which trend NE-5W. or NNW-S5E along

the main escarpment, separating the eastern Bushvold gone

from the Kalahari.

The Cave Sandstone-basalt contaet varies from an extremsly
smooth plane to one which undulates markedly. Present
day erosion has frequently exposed basalt lying at a lower
level than the Cave Sandstone, Similar extrusion on an
uneven landscape of the Caove Sandstone was noted by Van
Eeden and others (1955) in the eastern Lowveld area in the
Republic of South Africa. The Cave Sandstone is generally

indurated for up to 15 em in the contact zone and I8 harder

with a red, brown or maroon colouration.

T ,-"'l‘ma]cnnuharg
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Drakensbery Lava Stage

Recent water boreholes drilled in the Central Kalahari
which have encountered basaltiec lavas, have now established
that there is probably a continuous sheet of lava extending
beneath the Kalahari cover from the outcrop areas in
eastern Potswana near Lephepe and along the escarpment

near Serowe for a distance of more than A00 km westwards
thus confirming Poldervaart's (1952) contention that thoy
probably form one of the largest single areas of basalt

on the African continent. In the north, there is probably
a continuous sheet of lava from the Maitengwe River (B.7) teo
Panda ma Tenga and Kasane. Further extensive outcrops

are present in the extreme east of Botswana in the Bobo-

nong=Tuli area.

These basalts were termed "Loalemandelstein” by Passarge
(1904), who correctly correlated them with the Batoka basalts
at the Victoriam Falls and the basalta of the Stormberg Group
in South Africa. The basaltic flows were apparently pre=-
ceeded by a period in which eroesion of the Cave Sandstone
took place as the lavas were extruded over a surface with

relief of up to 20 m in the Serowe area (Jennings, 196%5).

The basalt varies in thickness, but attains a thickness in
excess of 400,91 m north of Lephepe (Bh. 1351), while the
maximum recorded thickness in the Tuli-Bobonong area is over
249,99 m (Bh, 1578, Semclale). In the central Kalahari area,
the greatest recorded thickness is 210 m y While in northern
Hotswana, no boreholes have penetrated the basalts and

hence, because of the shallow water table, the maximum

" E B oaE .’I'I"El:ﬂrdﬂd
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recorded thickness is about 100 m.

#

It is a fine-grained dark-grey, black, brown or purple
amygdaloidal or massive rock. No dintercalated sandstone
bands have been noted in the Serowe area, though occasional
intercalated sandstone bands have been noted in boreholes
drilled southwest of Makoba(northwest of Serowe). The amyg-
dales which vary in size from less than one gentimetre to over
15 centimetres in diameter, consist of crystalline guart=,
chalcedony, agate, chlorite, serpentinite, calcite and a
variety of zeolilites. In places the amygdales consist
entirely of oval, blackish-green, chlorite pellets.
Oceasionally,numerous unfilled vesicles may impart a pumi-
ceous texture to the lava. The basalt frequently shows'
spheroidal or tabular weathering on exposed faces. Massive
varieties are often cut by later irregular intrusions of
amygdaloidal basalt though the reverse also occurs. Orange
to purple, current-bedded,sandy tuff bands up to 76 cm thick

have been noted occcasionally.

The basalts are mainly tholeiitic types with an inter-
sertal texture. However, subophitic, porphyritic, poikil-
itic and glomeroporphyritic textures were alse noted. They
are generally fino- te medium-grained rocks consisting of
limesoda plagioclase, clinopyroxene and magnetite. Small
amounts of olivine occur as euhedral microphenocrysts now
generally pseudomorphed by iddingsite, pleochroic green to
brown bowlingite with high birefringence, serpentinite, or

an apparently isotropic green mineral which ia probably

" wow -fll!"pﬂphitl!
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serpophite or chlorophaeite. Orthopyroxene occurs but is

UnCoOmmor .

The extensive distribution of the lavas in horizontal flows
suggests eruption from fissures rather than central type
volcanoes. Some of the dykes found cutting the basalt
may have acted as feeders to higher horizons which have

since been removed by erosion.

Relationship to underlying and overlying rocks

The basalt appears to overlie the Cave Sandstone stage in
places, ®.g. Serowe, with a slight unconformity, whereas
elsevhere, e¢.g. Debeeti and Fort Tuli areas, alternations

of basalt and sandstone occur over a thickness up to 45 m
with the sandstone bands being about 60 cm thick in the
lower part of the section, but diminishing in thickness
upwards. These observations accord well with the generally
accepted conclusion that the youngest deposits of the Cave
Sandstone period were deposited contemporaneously with the
outpourings of basaltiec lava, The thinner bands of
sandstone were noted to contain amygdales similar to those
of the lavas (Greem, 1954). In the Kachikau area of northern
Botswana, Rogers (1935) nmoted that Stormberg lavas overlap

directly onto Basement Complex granite.

The basalt=s are overlain uncnnfnr;nhly in the Kalahari
region by sediments which huinug entirely to the Kalahari
deposits. In other areas no formations other than recent
deposits and alluvium cover the basalts and hence they have

been subjected to erosion since Liassic times.

»oes /RALAHART
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KALAUARI_BEDS

A glance at the geological map {Pl:. 7 ), shows the vast
areal extent covered by the Kalaharl Beds, especially as
it should be borne im mind that the map accentuates the

westerly extension of the older roocks,

The Kalahari Beds consist of unconsolidated, white to pink-
coloured aeolian sands, silocrete, calcrete, ferricrete,
conglomerate, limestone and marl and attain their greatestknown
thickness of 156 m in a berehole mnorth of the Molopo,

while a thickness of 150 m has been proved in a hydro-
geological research core borehols drilled on the faulted
southeastern margin of the Okavangoe Svamps. Gravity

work carried out during the last three years has indicated

that the Kalahari Beds could be up to 1000 m thick in this

area, (C. Reeves, personal communication, 1972).

Natural sections through the Kalahari Beds are extremely
limited and occur only along the escarpment near Serowe

and along some of the fossil river wvalleys.

The Kalshari Beds are best developed in the southern Kala-
hari along and north of the Molope River. These beds
consist of basal gravels which are overlain by a thick
succession of red marl. This marl is overlain by a
considerable thickness of sandstone with minor silereto
and calcrete and unconsolidated sands. In the southern

Kalahari the sands appear to be both of fluviatile and

aeolian origin.

The basal member of the Kalahari Beds in the Serowe area

i8 & massive to poorly bedded, white, greenish-whites or
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red-brown, soft, friable sandstone normmlly gharacterisnd
by numerous tubular holes resembling root holes which cut
tha sandstone At various angles. Root holes are occcasion-
ally found filled with a younger, now Jithified, red sand.
Wayland (1954) regards these tubular holes as being formed
by roots at depth (possibly 15to 21 m) on forested dunes,
This sandstones can probably be correlated with the "Pipe"
Sandstone ocecurring in Rhodesia (Maufe, 1978). False
bedding and concentric banding were noted occasionally.

The sandstone is often silicified to form an extremely
hard, pale grey, buff to honsy-coloured silcrete which
breaks with a conchoidal fracture {Plntn }h]. The

"Plpe" pandstone is overlain in turn by a chalcedonic silcrete
{ﬁumetim-n with small freshwater gastropod and pelecypod.

foasils).

Passarge (1904) regarded the siloretes ms being Oligocene
in age while Newton (19ag) regarcded the age of fossils from
the Gwampa chalcedony found in a similar stratigraphic
position to that in the Serowe area as Late Cretaceous,
but admitted that the obscure fossiliferous remains

were of so restricted a character that they presented
little evidence as to their geological age. Wayland
(1954) however, regarded these beds as being late Pliocens
or early Pleistocens. TDixey (1541) also regardod similar
silicified surface deposits in Zambia, Angola and Zalre

as being lormed during the intense and widespread period

of aridity that prevailed in the end-Tertiary and early

Pleistocenm,

The chalecedonic silorete is overlain in the Serovs area
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pL. 54 Silerete on edge of Serurume fossil valley.

Pl, 55 I'eleng Spruit in rare flood - Lobatse.
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with a sharp break by a horizon of ferricrete varying from
40 em to 3,65 m in thickness. The ferricrete consists

of ferruginous nodules cemented together and now often
partly converted to limonite. It often gradea into a
cellular, Terruginous sandstone. Ferricrete boulders
containing numerous tubular fragments of chalcedony ware

noted.

The ferricrete is overlain by & m or mere of fine-~grained
red, brown or grey unconsclidated sand. Thess sands of
Kalahari type can probably be correlated with the Plateau
Sands of Cahen and Lepersomne (1952}, A Chelle-Achaulean
handaxe was found partly covered by these sanda, but it is
morae probable that the handaxe was covered by a subsequent
redistribution of the plateau samds and is therefore of
little use in dating the sands. Vayland (1953) regards
the accumulation of the sands of the Kalahari type as having
brought to an end the period when the Chelle-Acheulean type
of culture was evolved in Africa. However, the Chslle-
Acheulean tools found by Wayland were found east ol the
high-lying plateau in sands which are undoubtedly younger
than those mantling the plateau. Coolie (1957) regards the
Kalahari type sands as probably Plioccens in age as doos
Martin (1958). Mabbut (1957) alse regarded the sands as

belng of Upper Tertlary age.

A line of boreholes drilled as part of a hydrogeological

research programme Letween Letlhakeng and Morwamosu in
the southern central Kalahnri EH”“HPHE Dintrict] has pro-
vided some detailed sections on the hitherta virtually

unknown Kalahari Beds. Detailed logs of these boreholes
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will be given in a later section on the hydrogeoclogy of
this region. The moat interesting feature however,
provided by these boreholes, is the presence of a fairly
thick succession of a basal conglomerate in some of the
boreholes. These conglomerates have a calcareous

cemented, sandy matrix.

INTRUSIVES

MODIPE TYPE GABERO

A number of large gabbroie intrusives are present in
an area east and northeast of Gaborone (G.7). These
gabbro bodies generally form resistant hills (Plate 28 ).
They pre-date the Gaborone granite and are approximately

2 600 million years old (Evans and McElhinny , 1966).

GABORONE GRANITE COMPLEX

The Gaborone granite is confined to the southeastern part
of Botswana and crops out westwards from Gaborone to west
of Thamaga, where it disappears beneath Kalahari Beds,

A Turther large {triangular area between Ootse, Lobatse

and Kanye has been intruded by this granite. I+ is
surrounded by & near continuous zone of the Kanye Volcanic
Fﬂrmat%pn, which has Eean intruded by the younger Gaborone

granite. This has been dated at circa 2 500 mwillion years.

Crockett (1968) noted that because of the gradational nature
from felsites of the Kanye Volcanie Group through grano-
phyric rocks to the coarse-grained porphyritic granite

forming the Central Gaborone Granite Assemblage it was
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groups of ancient acid igneous rocks. -

POST-TRANSVAAL SUPERGROUP INTRUSIVES

Intrusive granitic.{ﬂnythntl granite) and syenitic rocks
are found northwest ( G.5), south and somewhat southwest

of Kanye ( H.6 ), while ultramafic intrusives are known to
be present in wells and boreholes near Sekoma Pan (Oikhe
and Keng Pans, ﬂ-?] and near Bray {D.ﬂ] north of the Molopo

River.

These intrusives which are olivine, enstatite plridutit-u.
are of post-Transvaal age but theilr upper age limit is
unknown. They generally do not form good aquifers. In

the sand-covered Molopo area, the ultramafic intrusives
invariably give unpotable water supplies to boreholes drilled
inte them. The syenitic rocks and Mmathete gEranite are
usually hard and impermeable rocks. However, by using the
electrical rosistivity method successful boreholes can be

sited in basins of decomposition.

POST-WATERBERG AND PRE-KARQO SUPERGROUP INTRUSIVES

Post=Waterberg mafic intrusives are found im uidfly
separated areas - all in eastern Botswana but west of the
rallway line. These areas are north of Molepolole ( G.7),

20 km south of Shoshong ( F.T7), and in the Makhware hills

south of Serowe.

The intrusives,({Jennings, 1963) vary in composition from
dolerite (Hangnest and Downes Mountain types) to diorite

granophyric dierite and red hornblende granophyre.
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The post-Waterberg, pre-Karoo intrusives generally occur
as s5ills or dykes interbedded within or cutting the Waterberg
and Shoshong Groups. They seldom exceed 1730 m in thickness.
They form notoriously poor aquifers and boreholes drilled

inte them seldom provide adequate supplies.

STRUCTURE

Four main structural epochs have been recognised in Botswana.
These are, (a) Post-Basement Complex (and earlier than the
oldest unmetamorphosed sediments), (b) post-Transvaal and
pre-Waterberg, (¢) post=Waterberg and pre-Karoo and (da)

post-Karoo.
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GROUND WATER

Ground Water and the Hydrologic Cycle

The enigma of the hydrologic eycle has been known
since earliest Biblical times and led Solomon to observe
that "mll the rivers run into the sea; yet the sea is
noet full, unto the place from whence the rivers came,

thither they return again"(Ecclesiastes Chap.l, para.T).

The extracrdinary properties of water require little
emphasis, This odourless, colourless and tasteless sub-
stance has great atability; 4s a powerful solvent and
fourco cf.chumicnl ENETEY - It is the only substance on
earth that occcurs in vast quantities and can exist in
three forms - ice, vapour and liquid; it is a powerful
ngent which has been moulding the face of the earth for
thousands of millions of yearsa; 4t determines the climate;
forms the soll on which agrieulture is dependent and has
other remarkable propertles;such as its property of
expansion and lighter density when frozen; and its ability

to absorb and release more heat than most other substances,

Water that infiltrates the soil may be pulled back to
surlace by capillary action, and be evaporated; it may
be abserbed by plant roots and then be transpired by the
plant back to the atmosphere; or it may penetrate, under
the action of gravity, through the soil after this has °

attained field capacity, until it reaches the level of
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the zone of saturation. This water is known as ground
vater or phreatic water and has been used in the form of
apring discharge and from wvilu by man from the earlliest
days to the present. Subsurface water in interstices
above the zone of saturation [1.=- in the zone of
aoration or unsaturated lﬂn-} is known as vadose water.
The zone of asration may be subdivided into a soil water

gone, an intermodiate and capillary fringe immediately

in contact with the water below the water table.

Ground water conatitutes an integral part of the earth's

water circulating system known as the water or hydrologic
cycle, This endless cycle is generally regarded as
commencing with the oceans which cover threc-guarters of the
sarth's surface, The sun's radiation on the ocean causes
water to evaporate. A= water vapour 1is only 0,62 times

as heavy as an equal volume of air, it rises into the upper
regions of the atmosaphere. The temperature of the ascending
vapour gradually degreases untll the air becomes saturated
and the vapour condenses and precipitates to earth or the
oceans, The precipitated water may be intercepted by

plants, it may run over the surface of the ground into streams
and rivers, or it may infiltrate into the ground, as described
earlier. The ground water flows out of rocks as springs or
seops into stroams (gaining (influent) stroams) and thence
flows back to the oceans, or it may seep underground directly
back to the oceans. Losing (influent) streams lose water

to ground-water storage. This complicated process, invel-
ving the atmosphere, hydrosphere and lithosphere, has been

in progress throughout the earth's history.

#wa tfﬂﬂﬂauﬁﬂ
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Because surface waters can be seen and tremendous amounts
of money have been spent on dams, aqueducts and irrigation
canals, it is seldom r!tlil;ﬁ that less than three per cent
of the fluid fresh water resources of the earch are present
as surface water, with more than 97 per cent - an estimated
B million cubic kilometres (Leopold and Davis, 1968) being
present as ground water. Because of the invisible nature
of ground waterj it's relative inaccessibility; the difficulty
in assessing ground-water resources; the general lack of
knowledge concerning it's mode of occcurrence and locationg
the importance of ground water has often been overlooked.
This is especially the case in the search for ground water
where man's actions have often been governed by romanticism
and mysticism rather than by reason. As a result, the
ancient cult of dowsing or water divining still has an
enthusiastic following, oven in highly developed countries
such as the United States and Great Britain. Even the
inhabitants of Botswana have a term "dupametse" which means

Pto witch out water",
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Importance of Ground Vater

Cround water has assumed an especlally important role

in PBotswana for a number of reasons. Among these are:-

1. The wvirtual absence of any run-off{ over at least
B4 per cent of the country and hence the absence
of any rivers and streams. Because evapo-
transpiration exceeds rainfall, no perennial

rivers rise within Botawana.

2. The relatively low cost of drilling and equip=-
ping boreholes compared to the building of
expensive surface reservoirs, These could
not be afforded in the past because of the

country's astraitened finances.

3. Dams in Botswana, furthermore, have the dis-
advantage that there is a dearth of good
natural sites resulting in long walls in
relation te the vYolume stored. Surface
area and hence evaporation loss is thus high
in relation to volume stored, Sedimentation
is high because of the sandy seoils, lack of
vegetal cover and high rates of run-off and
erosion following the high intensity rainfall
sStorms occurring in Botswana. Finally, the
low and variable rainfall leads to considerable

uncertainty of supply.
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In the past, the preﬁuminantly rural economy
of the country, with an almost complete lack
of any major industry, together with the
relatively small pnpulafiun even in the
largest towns,; has not Justified the con=
structlion of la;ge and expensive dams, This
has, however, changed with the development

of major diamond and copper-nickel wining
activity at Orapa and Selebi-Phikwe respec-
tively, and the establishment of the new

capital at Gaborone.

The.estimated ground water usage in Botswana is

in Tables 5, & and 7.

It is calculated that a total of approximately

26 x 10 mEI of ground water is used annually in Botswana.
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JADLESDS
RHODES1A RA GHOUND N_BD0TEWMANA

WATERING POINT

LOBATSE
MAHALAPYE
MOLOTOANA
MORALE
MOSOMANE
OT5E
PALAPYE
PALLA ROAD
SHASHE
TSARMAYA
TSHESEBE

ANNUAL CONSUMPTION m 3
&0 Ooo *
248 565
99 280
116 070
132 455
165 710
20 000 ok Includes dam supply
49 640
414 275
58 035
—b8 430
TOTAL: 1 42D 500

® During the 14 year paried ending 1570 the Rnodesia Rallways wused an avarage of
of 30,500 = p.a. of ground water. Present consumption is estimsted at 50,000m3.

gbiTotal consumption including dam supply is 198,925 3 p.a. Ground water con-
sumption is estimated at zu,mm3 Pladis
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TABLES®G

ESTIMAT MESTIC AND I AL WATER USAGE IN BOTSWANA
LOCALITY TYPE POPULATION ESTIMATED ANMUAL CONSUMPTIDNa3
URBAN POPULATION 48 267 110512
VILLAGE ZBS5 784 7 - 22T6H183
LAKDS 14) 608 | 5180812 @
CATTLE POSTS 73 936 (12 LITRES/DAY 4
FREEHOLD FARMS 17 484
DTHER BE6 |
MINING TOWNSHIP 6 00D cat. ~ 109500

TOTAL : 2406201 Say 2500000

Urban Populstion (Consumption based on figures for Serowe 15723 use 360 DOOm™
Ped., i.8. 2289 =3 par annum per cepita.

illage, Lands Population etc Consumption estimated at 12 litres per day {
[I:ining Tounship Consumption estimated at 50 litres per day.

As spproximately 75 per cent of the population is estimated to be dopendent

pon ground water than the estimated annual uumnutinflnduatrial usage from this source
is 1875000 md,
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SUMMARY OF TOTAL ESTIMATED

ANNUAL GROUND WATER USE IN BOTSWANA

TYPE OF USAGE

m-> PER ANNUM

DOMESTIC & INDUSTHIAL USE
RHODESTA RAILWAYS
LIVESTOCK

IRRIGATION (TULT BLOCK) ESTIMATED

TOTAL:

1 875 000
1 h20 500
20 035 926

2 000 000

25 331 habt
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PRINCIPLES OF OCCURRENCE OF GROUND WATERS

In order to evaluate the ground water resources of Botswana,
it is necessary to appreciate that these resources occur in
two essentially different types of aguifers. 0Of these two
aquifers, one consists mainly of hard-rock crystalline forma-
tions consisting of igneous and metamorphic rocks and the
other consists of granular sedimentary rocks or unconsolldated
formations. The unaltered sedimentary rocks form primary or
original agquifers while the crystalline rocks, because of their
lack of pore space, only form secondary aguifers.

Primary agquifers generally hold water in the granular pore
spaces of the rocks. These are often interconnected over con-
siderable distances and the aguifer thus behaves as a homoge-
necous unit. These primary aquifers generally form extensive,
uniform aquifers having a general water table or piezometric
surface. Because of their homogeneous geohydrological proper-
ties and their lateral extent the siting of boreholes is often
not critical or limited to narrow zones.

Secondary aquifers consist of joints, fissures, faults, de=
composed zones and solution channels. These aguifers are thus,
in theory, of limited lateral extent and of limited capacity.
In actual practice however, aquifer evaluation tests initiated
by the writer have indicated relatively great lateral extent
and much greater hydrological continuity than had been anti-
cipated (see chapter on Aquifer Tests).

Ground water can only occur when the host rock contains suf-

ficlent interconnected openings to permit the movement and

storage of water.
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THE WATER-BEARING PROPERTIES OF THE VARIOUS

GEOLOGICAL FORMATIONS 1IN HOTSWANA

PASEMENT COMPLEX GRANITOID ROCKS
The various pgranitoid type rocks found in Botswana invari-
ably give a very high percentage of blank or low yielding
boreholes where no geological/geophysical aids are used
{probably less than 450 per cent successful ), yet on the
other hand they give a very high percentage of successful”
horeholes [over 70 per cent) when proper siting using geo-
logy and geophysics is used,
Water occurs in these granitolds elither in basina of decom=
position er in jointed, factured or faulted zones. Both
main types of ngquifers are extremely amenable to thelir de-
tection by geophysical techmigques = the former by electrical
resistivity and the latter by electromagnetic or self-poten-
tial methods and hence the high success ratio of boreaholes
using these aids or by taking cogniscance of jeinted and
fractured zones following surface geological inspection.
The lack of intergranular pore space makes the granitoids
of no use whalsoever as a primary type of aquifer.
Yields obtained using geophysical aids vary from about 15
to over Z2H litres per minute and average T2 litres per

minute,

The quality of water obtained in this sort of aguifer is

generally good.
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BASEMENT COMPLEX GREENSCHIST BELT ASSEMBLAGE

Rock types in these "schist belts"™ consist of altered basal-
tic and intermediate lavas - now greenschists, amphibolites,”™
felsic lavas, pyroclasties, ultramafiec intrusives and extru-
sives and metasedimentary rocks,

These rocks have generally been subjected to Intense folding
and greenschist facles metamorphism, As a result of several
periods of deformation the more competent rocks are aften well
Jointed and moderately deep drilling to well below the expected
isopiezometric level for the area will often result in high
yielding boreholes., In many cases boreholes were sited ini-
tially by siting in decomposed basins delineated by resistivity
surveys, For example, in Francistown, all boreholes were stop=-
ped socon after penetrating to just below the depth of ﬂagg$pngi-
tion as indicated by the resistivity survey. Later however,
these boreholes were continued to a depth approaching 100m
despite the fact that water levels in the area were generally
less than 15m and despite the fact that in many canses water
supplies of up to 76 litres per minute had been obtained at
depths of less than 30 to 45 metres., The majoerity of boreholes
then gave yilelds of about 228 litres per minute or moare thus

proving that additional supplies of water were encountered in

joint planes below the decomposed zone.

¥

KANYE VOLCANIC GROUP

The acid lavas (felsites) forming this Group are notoriously
poor water-bearers and a very high percentage of blank or low
¥ielding boreholes has been drilled in these rock types, As

numerous diabase dykes intrude these feliin lavas and give rise
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to tree and shrub lines growing on the more weathered diabase
("aars") numerous boreholes have been sited by water diviners
in the middle of the dykes Hith scant success,

The few successful holes sited within this formatlen have been
sited in the fractured country roock adjacent to dianbase intru-
sions, In some cases where these fractured zones are broad
enough, they can be dotected by resistivity surveys.

Good water supplies utre_alnn obtained on the contact between
felsites and a diabase sill northweat of Kanye.

The gquality of water encountered in this Group is always good.

VENTERSDORP SUPERGROUP

This Supergroup consists of tuff, ignimbrite, agglomerate,
quartz and feldspar porphyry, siltstone, shale, conglomerate
and andesitic lava, Both acid and intermediate lavas, like
those of the Kanye Volecanic Group, are extremely poor aquifers
and hence give rise to a high percentage of blank boreholes,

The pyroclastics and sedimentary rocks constitute slightly
better aguifers than the lavas, but nevertheless, because of
low secondary porosity, seldom give rise to high yielding
boreholes. An exception is the Suane borehole (Bh 1225, 551 /mm)

Just west of the main road halfway hetween Ramotswa and Gabo-

rone (G.6).

TRANSVAAL SUPERGROUP

Black reef gEroup

The Black Heef fGroup consisting of quarteites, quartzitic sand-
stones and minor conglomerates is seldom sufficiently well de-
veloped to give water supplies., Where it is sufficiently thick,

moderate (4 38 1/min) yields of good quality water can be obtained,
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Dol au

This verv thick succession nf dolomite rocks with inter-
bedded cherts is generally a poor water bearer where it 1s
unweathered, However, where basins of decomposition can be
located by electrical resistivity (preferably less than

10 000 ohm - centimetres) very good yields - sometimes in
excess of 228 litres per minute, can be obtained.

Strong supplles of water.can be expected to be present in
solution channels withln weathered dolomite, but as there

is no means of detecting these channels from surface this
potentially large and valuable source of ground water can be
neglected, Only a single borehole on Lobatsa Estutes (H.6)

is known to have intersected a 2 metre cavity containing a
very strong supply of water., The driller also reported

"river sand" to be present in the cavity., This borehole which
was privately drilled 18 now equipped only with a windpump and

is used for cattle watering, and could probably be used should

there be a shortage of water for township supply in the future,

A nearby borehole to the above (number 1997) was reported to
blow air at certain times, This is probably caused by atmos-
pheric pressure changes in cavities in the dolomite above the
water table.

As can be expected,the Dolomite Group yields water of a moderate
quality with fairly high dissolved calcium and magnesium

salts and hence the water is generally "hard”,

The Pretoria group

This group conslsts mainly of shale, quartzite, conglomerate,

limestone, banded ironstone and andesite (Ongeluk lava) of which
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shale and guartzite are predominant. Both the shale and
quartzite form extremely gﬁuq aquifers., On Lobatse Eatates

the gquartzite (Magaliesberg Stage) forms an extremely good
agquifer and numergus boreholes with both a high yield and a
very high storage capacity have been drilled 1n this herlzon,
Boreholes penctrating these quartzites Iin the Central and
Northern basins on Lobatse Estates have proved the mainstay

of Lobatse water supply since 1962, These boreholes produce

up to 1140 litres per minute and have transmissivities of up

to G2om- per day,

Not many holes are known to have been drilled in the Ongeluk
andesite lavas, but those in the Lobatse area (H.6) and Western
Bangwaketse (G,5) produce good yields, Some 30 km further west
however, a number of blank boreholes were drilled in the same
horizon,

In the sand covered Molopo area {H.ﬁ} a number of good yielding
boreholes have been reported in banded lronstones., Further
eastwards no boreholes are known to have been drilled in this
horizon.

The limestone bands present in the Magaliesherg Stage of the
Pretoria Group are of insufficient thickness to form important
aquifers on their own, though boreholes penetrating alternating

beds of shale, limestone and guartzite have given good yields,

Water quality in boreholes drilled in Pretoria Group Beds is
generally of excellent quality, A number of boreholes drilled
in Magaliesberg quartzites have total dissolved solids content

of less than 100 parts per million,
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GHANZI FORMATION

This formation consists praduminant]y of quartzite, quartzitic
sandstone, shale, greywacke and subordinate limestone,
Throughout the maiﬁ area of outcrop, excellent supplies of water
are generally obtained at shallew depths of less than 30 m.
These supplies of water are undoubtedly obtained from an in-
tricate interconnected Jjoint and fissure system within the
tightly folded pre-Cambrian sediments. Martin (1961) has noted
that identical sediments in South West Africa (Tsumis Group)
also give good vields but that there is a marked drop off in
successful boreholes where the Halahari Bed cover-exceeds more
than about 10m., Similar conditions obtain in Betswana and an
analysis of hundreds of electrical depth probes in Ghanzi Beds
showed that wherever Kalahari Bed cover exceeded about 15m the
chances of encountering low yvield or blank boreholes rose signi-
ficantly. The abovementioned analysis however, only included
relatively shallow boreholes of less than 60 metres depth and
should conditions in the Klein Aub Mine in Ghanzi Formation
correlates in South West Africa be any criterion, then deep
boreholes of up to 300m should be considered in sand covered
areas in Botswana. At this mine the deeper levels (+300m)

have encountered much more water than the higher levels in a
mumber of high yielding fissures with water present under very
high pressures,.

One of the moest puzzling features of the water-bearing properties
of the Ghanzl Formation is the abrupt change as one proceeds
from Latitude 21 degrees South in a northeasterly direction.
Here the success rate of boreholes sited, even using geophysical
aids, drops suddenly to about 30 per cent. The only possible

explanation is that this drop in success ratio coincides with

't -
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(combretum) and that all available rain water which would
normally infiltrate beyond the root zone to replenish the
ground water is transpired hf'thﬂ heavy tree growth, The best
chances of obtaining successful supplies of water appear to

lie in careful photogeological studies to outline jJjoint zones
in the noses of the tightly folded sediments and then to site
boreholes on these joint planes., Optimum resistivity values

as found from yvield-resistivity curves in the Ghanzi area i.e.
less than 10 000 ohm - centimetres, do not held good north of
Latitude 21 degrees South.

A study of the hydrograph on an observation borehole in Ghanzi
village indicates a slight but steady decline in ground water
level during the dry months followed by a steady rise in the
rainy season. It appears therefore that some replenishment cc-
curs in most vears whilst it is only in exceptional Years, such
as October 1963, when 292 mm fell in 3} hours, that major re-
plen ishment occurs,

An analysis of the water quality data on 45 boreholes drilled
in Ghanzi Beds in the Ghanzi district shows that the total
dissolved solids content varies from 344 to 2476 P.pP.m, with

an average of BYO p,p.m.

WATERBERG SUPERGROUP (INCLUDING MATSAP FORMATION]

The Waterberg Supergroup consists of pre-Cambrian age shales,
siltstone, sandstone, limestone, grit, conglomerate and quart-
zite, Of these only the shale, siltstone, sandstone and gquart=
#lte members attain any appreciable thickness and hence are of
any lImportance as regards their water-bearing properties., oOf

these latter, only the sandstone/quartzites are of gignificance

ne aquiflfers,
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The shale and siltstone members are generally too fine grained
to yvield appreciable quantities of ground water, and also have
{nsufficient secondary porosity and permeability to constitute
important aguifers.

Two important townships in Botswana - Palapye (E.B) and Mole-
polole (G,6) are completely dependent on water supplies obtalned
from this Supergroup as is the important Secondary School =
Moeng College situated im the Chwapong Hills (E.8).

Another village - Kanye is largely dependent on water obtained
from boreholes in Waterberg Supergroup sandstone,

At three of the abovementioned localities, a thick shale/silt-
stone succession (at least 100m thick) overlies a basal sandstone
horizon with minor conglomerate, Numerous blank or low=yielding
boreholes were drilled in the argillite/semi-pelite succession
before it was realised that enly deep boreholes sited to inter-
sect the underlying arenites were likely to be able to provide
adequate water supplies.

At Palapyve the few successful boreholes drilled into the shale
horizon generally produce water of such poor gquality that they
are unpotable or only marginally potablae.

Further West in the Kalahari (G.4) n number of high vielding
potable boreholea have been drilqugnt Ewaknla {Hg_ 1201,

yield 137 1/min), Ghia (No. 1542, yield 19 1/min), Konkwa (No.
1174, yield b4 1/win), Mabutsane (No., 1102, yield 114 1/min)
and Khakhea (No. 281, yield 129 1/min). These boreholes were
sited where there was an absence of overlying Kalahari Heds
cover and often because of their favourable apparent resistivity
range (10 - 30 000 ohm - centimoters). These boreholes are

all noteworthy for the exceptionally good quality of their

water (Kwakala Bh., 104 p,.p.m. total dissolved solids), The
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presence of appreciable quantities of tritium in water from

these boreholes indicates that modern rechange is taking place.

Further to the southwest where the Kalahari cover exceeds 100m
or ﬁore, a large numﬁer of’ boreholés drilled within the Molopo
Farming Block have virfually all given poor quality or unpotable
water, The-reason for this is not clear, but is probably re-
lated to poor recharge conditions caused by thick overburden
and very low rainfall.

Still further to the southwest in the TshabongAarea, (H.3 and
I.3) high yielding potable boreholes have beén drilled where

Waterbefg/Matsap Supergroup quartzites again crop out.

KAROO SUPERGROUP

Dwyka group

This Group consists of Upper Carboniferous age tillite, shale
and minor sandstone, but because of its limited distribution

and thickness does not form an important aquifer in Botswana,

Boreholes known to be sited in Dwyka tillite are situated south-
west of Palapye (E.7,8) and at Mashi a Potsana (G.3) in the

Kalahari, This latter borehole yielded highly saline water.

Ecca group

The Ecca Group consists predominanfly of Upper Carboniferous

to Triassic age sandstone with minor coal beds, Because of
their impermeable nature, the shales form an extremely poor
aquifer, and furthermorevoften yield only saline supplies of
water e.g. Boritse Pan (F.4), Kang (F.3.), Katswene (F.3) and
ip'numerous privately drilled borehéles in the area between
Serowe and Palapye (E.7). On the other hand, the coarse grained

gritty sandstones form moderately good aquifers throughout



Botswana e.g. Dukwe area (C.7), sou%h of Palapye (E.8), near
Dibete (F.7) and westwards into the Kalahari'as far as Mor-
wémoso (r.6, G.6, F,5, G.5 and G.4) and even further north-
west near Ncojane (F.l).'iThe shales can generally be distin-

~ guished from the sandstones because of their loWer electrical
resistivity gnd hence geophysical resistivity surveys‘in sand=-
covered areas often result in a high success ratio of boreholes
drilled,

The quality of water encoﬁntered in Ecca sandstone and grits

is generally moderately good, but deteriorates westwards and

at Kamelane (G.3) Kangyane and Lotlhake (F.B) is unpotable,

STORMBERG GROUP

Cave sandstone

"The Cave Sandstone beds of Triassic age consist of about 100m

of fine to medium-grained, well-sorted aeolian sandstone under-
lain by a thick succession of shales which form an aquiclude,

The sandstone and the contaét zone with the overlying Stormberg
basaltic lavas form Botswana's most consistent and important
aquifer in the Central District area (D.6 ana 7, E.6 and 7, F,7)
and in the central Western Kalahari around Lone Tree and Manyane
(E.3.and F,2 and 3).

This aquifer probably extends all tﬁe way between the Lone Tree
area and Serowe (F.7) though only one successful borehole (No.
1461) (E.4) has been drilled in this area. A further important
aquifer is present in a downfaulted trough in Ghanzi Formation
southwest of Lake Ngami (C.3) and in the extreme eastern corner

of Botswana (E.9).

The‘quality of water encountered in the Cave Sandstone is.generally
of excellent quality in the Serowe area (E.7), but deteriorates
towards Orapa (D.6). In the Lone Tree (E.3) area, the water

.-a.a,_./is of
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is of good gquality (but hard), but deteriorates again around
HE.'I'.I.’]I"E..'I:I.E'. (F. 2] "

One of the two known ﬂrtaainﬁ boreholes in Botswana was drilled
in the Cawve sandﬂtuna-aquifur at Mashoro (D.7). This borehole
(¥o. 141) flowed at only 0,76 litres per minute but gave a

pumped yield of 152 litres per minute,

Stormber anl

Stormberg basalts of lower Triassic age are distributed over

an extremely widespread area in Botswana, but with the exception
of the Morukura area (D.7) the lavas do nol form an impertant
water bearing formation, The use of the electrical resistivity
method does enable basins of decomposition toe be detected, but
these generally do not yleld very large supplies ( 38 1/min)
and they are furthermore susceptible to rapid depletion because
af their limited areal extent, In the Morukuru area water
appears to be encountered boeth in the basalt which 1s more
uniformly decomposed than elsewhere and also probably on the
contacts between different lava flows, The basalt attains a
maximum known thickness(in excess of LOlm)north of Lephepe in
Bh, 1351 (F.6), An artesian water supply was encountered in
basalt at Boboneng (D.9) in borehole 1561, Water in this bore-
hole flowed over the casing at a rate of 15,2 litres per minute

while it gave a pumped yield of 228 litres per minute,
Dolerite Dvkes

Post=-basalt dolerite dykes [Ldnﬂaic} are present wherever Karoo

Btrota have been encountered, These dykes do not generally form

favourable water-bearers as the dolerite itself is relatively

- wE .ff'inf:-—-gl"ﬂinﬂd
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fine=grained with 1little intergranular porosity. They also
have little secondary puruuit} imparted through shearing and
jointing. In Botswana very few boreholésn have been sited on
dolerite contacts in normally impervious Ecca shales. As the
demand for additional supplies of ground water arises in areas
of Botswana underlain by a thieck succession of shales boreholos
will, no doubt be sited on dyke contacts. The presence of dole-
rite dykes in Kalahari :n;arnd areas in the western Kweneng
District has been detected by magnetic surveys, but no bore-
heles have as yet been sited on the dyke contacts,

The only two boreholes known to be sited on dyke contacts (No,
1554, E.8 and No. 976, E.7) proved blank and low yvielding

(3,8 1/min) respectively.

KALAHARI BEDS

The Kalahari Beds range in age from Cretaceous to Recent., They
consist of unconsolidated red sand, calcrete, silerete, marl,
sandstone and conglomerate (calereted).

These Heds cover almost 85 per cent of Botswana, but their thicke
ness {s such that, except in certain parts of northern Hotswana,
north of latitude 20 degrees 30' Sguth and the south=-ceantral
part of Botswana in the Molopo farms area, they do not form

an agulfer of any consequence. Other exceptions to this are

at Kang (F.3) where two shallow boreholes obtain poor gquality
wvater in Kalahari calcretes in a pPerched water table related

to the pan depression and also at Tehane (Plate 25, F.2, - shal-
low hand dug wolls) and Lehututu [F.E, = shallow boreholes in
calerete) where similar perched conditions obtain but where the

water quality is better,
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In the northern Kalahari there is a considerably higher

ralnfall and extensive beds of calcrete cccur at or near

surface in the Odiakwe-Gweta area (C.6). Consequently sup-
plies of good quality water, but often with a high fluoride
content, are obtained at shallow depth.

Elsewhere in the Northern Kalahari where the unconsolidated

sand pover is considerably thicker than in the Odiakwe-Owotn
area, boreholes in the Kalahari Beds generally give no water

at all or are low yielding and/or saline. In close proximity

to the Okavange Swamps where recharge from the annual flood

is possible, good supplies of good guality water can be obtained
in unconsolidated Kalahari sand. Recent seismic investigations
by the Geological Survey have indicated a considerable thick-
ness of Kalahari sediments beneath the Swamps and thus a very
sonsiderable quantity of water is probably present in storage
beneath the swamps. Should a scheme to export or expleoit large
quantities of water from the Okavango ever be considered, this
ground water could be utilized during periods when litile sur-
face water is present in the Swamps, It would have the added
advantage of belng regularly replenished by the anmual Okavange
flood emanating from the Angolan highlands,

In the Southern Kalahari region (Molopo farming block) the
Knlahari Beds attain a considerably greater thickness than
elsewhere in Botswana (other than beneath the Okavango Einmpal.
As a result of this, the detectlon of deep Kalahari sediment
infilled basins for ground water supply by electrical resistivity
and gravity methods has fesultad in numerous high yielding bore-
holes with moderately good water gquality being drilled. In
particular the deepest portion of these old basins which contain

sandstone and conglomerate (often now a calcreted conglomerate)
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form particularly favourable aquifers some of which have been
pumped continuously for lnngelur than ten years with no cbvious
signs of depletion, 1In this region the Kalahari Beds, when of
sufficient thickness; form a better agquifer than the underlwving
granitic, ultramafic or shaley rocks (Pretoria Group, Transvaal

Eupergraup}.

See Table 8 for summary of data on aquifers in Botswana.



TADLE B
ASUIFERS IN ROTRWANA

Genlogical Formationt

hge

Lithology

Yimld livres
por minute

Doaurreanos of
anquifers

Observations
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Kalaharl Group

Earos Supsrgroup
Btormberyg Droudp

Ezea Greup

Duvyka Growp

lmmara Supsrgroup

Ghanzl Greup

Waterberg - Matsap
Supergroup

Cretacecus (1) =
Tartiary = Hepant

Triassics =
JuFlllt:

Uppar Cartani=
ferous.
Triassic.

Upper Carboni-
farous

Lata Precambrian
(% 500 my)

PrecambrianCS0dmy

Pracashrian

———

Frodeminantly uncon=- Hone

solidated red sand,
caloreste, slicreis
marl, sandeatone amnd
dangl amersts

Dasali,; Cave sand=
atone and dolerite
dykas,

Shale, sandsions

Tillite

Quarts schist,
guargite, dolo-
mifaE,

Quartzite, grevacke;

ahale Limesoone,

Cuartsite Tto
aandastone, coi=
glomerace,shale

Primary agquifar in
sands and gravels
whare Kalahari Beds Av.95%,75 1l/min,
in HBputharn Halaharl Av.bh depth 56, 26m
[H of Moalops B) are
100m thick

In mones of basal= Av,¥leld 99,81 i/m
tic dacompasition
and Flow contacts,
Lava = sandstons
gontaot, Joinkte act
s conduite

Frimary aguifar in

Cava sandstons.
Middles Ecoa sand-
stones,

{Jointes in sand-
Elons ACt &S main

Av yie id kﬂf:‘ﬁ

200 = 3,000
Av yield
102, %5 1/ win

conduits )
Unimportant. Small
Unimportant. Virtualiy ng bore—

holes drilled.

Fermeable zones in
sandstoneg or Tlissures
and joimts in quarc=
Zitas

Av.vield 97,99 L/m

Shattered Zones and
Joimts in guartzrites Av.yield 75,084
and sandstoles.

Saline supplies often encour
tered undar fresh water. s
ancounteread in Kalahari Beds
only in N. HKalahari and extr
5. Kalahari

Av bh depth T2,21m

Always fresh water. Av, bh da
Lo9,079

Water often saline
A¥. Borshole dapth 177.72m

Often saline

Good water potentiml im N.W.
Hgamiland, OGrazing limitabic
howevear.,

A¥. bh depth &2,87m

No aguifers under thick sand
Good agquifer in outcrop areas
except in Ngamiland.

Freash water.
Av. bh depth 86,27 =



TABLE 8

{Gontinued)

Geological forsations

Age

Lithelegy

‘Decurrence of
aguifers

Yisla liktres
pEr mioute

Thesrvations

Transvanl Bupergroup

1h5(a)

Pretoria Group

Dolosite Group

ventoeradorpy Supergroup

Eanye Voloanic Group

Oaeemant Complex

Diabame/dolerdte

Gaborons=typs granlts

Precambrian
{From 2000m,.%)

i'rfecambrian
o !:n'n' L=

Frecashrian
3 000 m.¥.

Barly Pracambrian

Pracambrian/
Liassic

Fost-Eanye Yeolecanie
Group C 2800 m.¥.
Fre=Vantersdarp
Supergroup

Quartzite ahale,
banded fronstols.

Dolomdte, cheft and
Block Feef Gquarzite.

Tuff, ignimbrite,
agplomerata,; por-
_Fhmi .11“‘“.1
ahale, Songlomarnte,
andesites,

Acid voloanics (fel-
site, porphiyries).

Granite, gneiaa,
amphibol Lee, aocid
and mafio lavas,
meta sedisenta stc,

Dolerite, diabasa

Porphyritle egqul=
gramular Hapakivi
TYpe gr nite

In degompossd dolomite
zones, and in guart-
sites and shales

Sepondary aquifer im
Jolnis eho.

In shatiered mooes
near dykess comtacta,
In decompositlon
EaTIBE,

In granitic decom=
position mones and
Joinwm,

In sacondary Jjolnt
pinnss, flissures,
ete,; in "sechist
belta®,

Jaints and decomposed
zafies in dolarita)
dinbasm.

Jolnts and decomposesd
sones in granite,

Av,yield 208 65 1/ min,

Av.yleld 195,30 1/min,

Av.¥ield 53,89 L/min

Av.yield Eﬁ,b@i L/min.

Av,yield 7d,% 1/min,

Av,yield 66,9 L/ min.

Avw,yield LB,TE 1/ /min,

Ava

Avw,

AV,

Aw,

A,

depth 117,29

dapth &9,92m

barahals depth T4,

dppth 58,53=

dagth 56, 5B8m

dapeh 65, 85m

dapth 56, %8m
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The aguifers producing the highest percentage of success-

ful boreholes are the basalt/Cave sandstone contact 97,4 per
cent], the Pretoria Group {ET,IT par c&nt] and the Dolomite
Group (82,43 per cent).The aguifer producing the highest
percentage of blank boreholes is the Kanyve Volecanic Group

{hE,l per cent).

The shallowest water i8 on averagZe likely to be encountered
in the Kalahari Beds (18,09m); 4in diabase/dolerite (19,20m)
and the Kanyve Volecanie Group {Eﬂ.ﬁﬂm}. The deepest water
is likely to be encountered in the Ecca Group {EE.ESm]
Because of the shallow depth *o water, irrigation schemes,
{Hhere costs are critical for their viability) using ground
water derived from the Kalahari Group are likely to have

the greatest chance of being financially successful.

The average depth of successful bhoreholes is likely to be
least in Kalahari Beds (36,26m) and greatest in the Ececa

Group (137,72m).

There is a greater chance of encountering saline water

in boreholes drilled in the Kalahari and Ecca Groups than

in any other Groups.
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STATISTICS RELATING TO THE WATER-BEARING PROPERTIES

QF THE VARIOUS GEOLOGICAL FORMATIONS

An analysis of statistles relating te all
government=-drilled boreholes drilled between 1929 and
the present (official number 2 500) is summarised in
Tables.9=12; All boreholes assigned official boreheole
numbers, but which were abandoned for technical reasons
(deflection of borehole ete.):; or boreholes drilled
for test purpeses, such as commissioning of new rigs;
training of operators; brine testing boreholes etc,
were omitted from the calculations. Successful bore-
holes were defined as boreholes with potable quality
water, arbitrarily taken as less than 5 000 p.p.m.
total dissolved solids, and with yields exceeding 7,6

litres per minute (100 gallons per hour). (See also Table 12a),

CONCLUSTONS

Botswana's highest producing aquifers are
sediments of the Pretoria Group (Transvaal Supergroup,
208,45 1/min); quartzites and dolomitic limestones of
the Dolemite Group (Transvaal Supergroup 198,17 1/min)
and the three main aquifers of the Karroo Supergroup -
the hasaltﬁﬁave sandstione contaet (Stormberg Group
127,36 1/m) ;the Ecca Group (102,76 1/min) and the
Stormberg basaltic lavas (99,81 1/min}. The poorest
aquifer is the Kanye Volcanic Group with an average of

only 26,03 1/min.

I--l-l_f!ThE'



AVERAGE BORFHOLE YIELDS FOR VARTOUS GEOLOGICAL FORMATICONS

TABLE §

IN DECREASING ORDER (1/min).

T 2. 3. b. 5 6. Ts .
PRETORIA GP. DOLOMITE GP. | STORMBERG GP EcCA GP. STORMBERG GHANZI KAL. GP. STORMBERG GP
BASALT/CAVE SST. GP.BASALT GF. CAVE SST,
9 10 11 12 13 14
WATEREBERG GP. BASEMENT DIABASE/DOL. VENTERSDORP GABORONE |KANYE VOLCANIC
GP. GRANITE GP.
o 75,84 T2,34 64,9 53,89 4a,76 26,073
5
TABLE 10
AVERAGE DEPTHS OF SUCCESSFUL BOREHOLES IN VARTOUS GEOLOGICAL FORMATIONS (INCREASING DEPTH-m
1. 2. 3. 4. 5. 6. T 8. g,
KAL. BEDS | BASEMENT | KANYE V.GP.| GABERONE | GHANZI GP. | DIABASE TRANSVAAL S.G.| STORMBERG| VENTERS-
COMP CRANITE BASALT DORP 5,6
36,26 56, 58 58,43 61,97 62,83 65,85 59,92 72,71 74, 51
[ 1o, 1l. 12, ]_j. lL|._
WATERBERG S5.GP. | STORMBERG GP. CAVE S58T. | PRETORIA GP.| ECCA
BASALT/CAVE SST GROUP
B6, 27 109,07 11,66 113, 29 137,72
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s oA B Y B .31

AVERAGE DEPTH TO STATIC WATER LEVEL FOR DIFFERE GEOLOGICAL FORMATIONS (m

1. 2. 3. 4, - 1 6. T B.
KAL. GF. | DIABASE | KANYE V, GP, | BASEMENT COMP, | BASALT | WBG. GPF. | TVL. DOLOMITE | GADERONE CRAR
18,09 19,20 20,62 273,20 26,63 27,57 28,22 28,80
9. 10,  F %4 1E. 113. 14,
VENT SGP. GHANZL GP., HAEALI;CAvE S8T. PRETORIA GP. CAYE S8T ECCA GP
29,85 31,92 37,82 4y, 58 54,68 65,25
T A B LE 1%
PERCENTAGE SUCCESSFUL BOREHOLES DRILLED IN VARIOUS GEOLOGICAL FDRHAIIGNE
1. E-l- 3' I‘" 5‘ EIlI Tl

T BASALT/CAVE S5T,

PRETORTIA GP.

DOLOMITE GP, | VENTERSDORP 5.0D.

VATERBERG S.GP,

BABALT Kal. GP.

97,4 BT,17 82,49 76,0 75,11 72,65 65,07
A, | 9. 10 11. 12, 13. 14 .
CAVE SS5T. | GHANZI GP. BASEMENT COMP. | GAB. GRANITE DIABASE ECCA KANYE vuu::;
64,77 59,15 572 42,52 L2, 42 42,20 52,10
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DETAILED GROUND-WATER STUDLES AND INVENTORIES

1. HYDROGEOLOGY OF THE CENTRAL KALAHARI

INTRODUCTION

Frior to the establishment of the Geological
Survey in 1949, comparatively little was known of the
sub=-Kalahari Beds geclogy in the Central Kalahari.

With the need to develop ground water supplies in

this inaccessible region however, a fair knowledge of
the geology and hydrogeclogy of the area has been built
up.,

Previous descriptions of the geology or hydro-
geology of the Kalahari have been given by Passarge (1904),
du Toit (1916), MacGregor (1932), Rogers (1934, 1935,
1936), Debenham (1948}, Wayland (1953) van Straten (19573,
195&, 1955]. Crockett and Jennings {196ﬁ}, Mazar
et al (1974, 197ha) Boocock and van Straten (1962)
gave a particularly detailed and valuable account of this

area.

PHYSTOGRAPHY

The central Kalaharl is a vast featureless Kalahari-
sand covered plain standing at an average elevation of
about 1 O000m , This plain rises to over 1200m on its
eistern and northwestern margina. The Kalahari has
a good cover of trees, serub and grasses, Hecause of
this the country is eminently suitable for cattle

ranching if ground water can be found.

LS
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The only features breaking the monotony of the
gcentral Kalahari are low fixed sand dunes, pans and, in
gome areas, fossil river valleys. In the northern
Kalahari the area is traversed by the semi-perennial

Botetli River which links the Okavango Swamps with

Lake Xau.

RAINFALL AND CLIMATE

Rainfall over the central Kalahari drops off
progressively from the easterm Kalahari towards the
contral area (470mm to 300mm) and also tnr;mrdn the
lﬂﬂthillﬁnnﬂ avaerages only 150mm at the Molopo-Nosmob
confluence. The climate consists of a hot rainy summer
season alternating with a long dry winter often with
severe frosts in the southwest. Rainfall for the five

year period ending 1971/1972 is shown in Tablel2,. (See Fig.11).

TABLE 13
SEASONAL RAINFALL IN .MM MEASURED AT OBSERVATION BOREHOLES
ACROSS KALAHARI NG )
Place Co-ordinatea | /1988 Seasonal rainfall

Lat & Long E | (9Yrs)| 1967/8] 1968/9] 1969/70] 1970/1 1971/2

T Ell-ln ] o i
etlhakeng 07" 25701 459 28l 468,5 | 387,9 | 397.9 | 12,2 | 629,9

Tshonya Pan 24°08' 24%511 4o0,36{ 526,1 | 349,0 | 202,9 | 251,7 | 672,1
Lekotsane 24709 24°39'| 472,72 537,5 | 481,2 | 229,8 | 374,31 7h1,1
Kalaetswage 24°11+ 24°31'| 307,12 359,6 | 300,7 | 191,0 | 2z0%,7 478,6
Ma junie 26°11r 2412+ ho2,18 567,1 | 308,8 | 346,7 | 260,7 | 547,6
Tsamane 2407+ 23°26| 398, 42| h22,4 | 923,7 | 273,37 | 908,6 | 664,1

Botsomelao 24°%061 23“15' 63,3 | 4217,4 | hhT,8 e LT 528,9 ( 578,2
Morwamosu 5,0, 29%51| 293,21 290,601 139,2 | 188,373 | 319,6 | 528,2
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GEOLOGY

The following generalised stratigraphic column is
present in the Kalahari:-
Kalahari Beads
Stormberg Group
Karoo Supergroup Ecca Group

Dwyka Group
Ghanzi Group Kgwebe Porphyry Formation

Ghanzi Beds Formation
Waterberg Supergroup

Transvaal Supergroup Pretoria and Griquatown Groups

Doleomite and Black Reef Groups
Kanye Volcanic Group
Basament Complex

Intrusives,

Details of the individual geological formations
will not be given here as they have been comprehensively
described by Boocock and van Straten (1962). Sub=
sequent core boreholes, drilled as part of the hydro-
geological research programma, have given valuable new
information on the Kalaharl Beds, These are described

in the logs given under the mection on Hydrogeologlcal

Research.
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HYDROGEOLOGY

The water-bearing properties of the various geo=-
logical formations have been described in a separate
chapter which also gives statistical data on boreholes

drilled in these formations,

Hvdro 1 Re

As the better watered eastern portion of Botswana
has become overgrazed and with an increase in the natlional
herd, expansion of cattle ranching westwards into the
Kalahari sandveld has taken place, Martin (1961)
had given field evidence to show that ground water in
Soguth Weat Africa becomas difficult to obtain wherever
the cover of loose dune sand exceeds a certain limit,

Van Straten (1955), on the basis of laboratory experi-
ments carried out at the Geological Survey, showved
that when the thickness of unconsolidated sand cover
consistently exceeds 6 metres there is little possibility
of recharge under present climatic conditions,
Accordingly it was thought highly probable that the
majority of boreholes drilled in the greater portion
of Botswana were utilising fossil underground water
supplies unless recharge toek place in favourable
intake areas in the east and then migrated westwards,
As this area had been chosen for relatively intensive

development of underground water supplies for the

- o --f'rﬂﬂ-ttlll
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cattle industry, it was decided to establish & series
of 21 ineh (4%mm) cored observation boreholes through
the Kalahari Deds into the aquifers being developed

in the Middle Ecca Group of the Karoo Supergroup,

This line of observation boreholes, sited at B to 16km
intervals, extends for 193 km from south of Letlhakeng
to Morwamosu in the ceniral Kalshari and probably
represents one of the first mpproaches in research

in Southern Africa into the behaviour of aquifers being
expleited in such an environment. It was recognised
that under present utilisation of these ground-water
resources, considered on presently known hydrogeolo=
glical data to be of fomsil origin,few results were
likely t; accrue for many Years, It was, however,
considered important to initiate hydrogeological studies
at an early stage to anticipate posaible intensive
utilisation of these ground-water resources in the
future, The core boreholes not enly glve detailed
sectiona through the hitherto virtually unknown
Eanlahari Beds, but show that;despite the relatively
porous nature of the Middle Ecca Group grits, water
movement takes place mainly slong narrow joints varying
from 1.5mwm to 6.35mm in width which act as water
conduits, The observation boreholes were initially
equipped with b-monthly or monthly water stage recorders
together with rain gauges at selected stations. Thede
automatic recorders did not function satisfacterily
because of the narrow diameter of the boreholes and

water levels were then measurcd electrically at two
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In this rather remote area it was not possible
to record daily rainfall fligures. To test the accuracy
of unmonitored rain gauges, an experiment was carried
out utilising two adjacent standard rain gauges in
Lobatse over a 15 month period, One rain gauge was
read daily and the second at monthly intervals, The
experiment showed that under evaporation conditions
exparienced in the Lobatase area, there was less than
2% difference between monthly totals and totals deter-
mined from daily readings. Accepting this factor, it
was considered that monthly totals determined from
these rain gauges established on individual observation
boreholes could give a relatively relliable estimate of
monthly rainfall data without incurring excessive
financial expense in arranging for daily fipures to be
recorded, Rainfall data from the various stations
shown in Fig. 11 are given in Table 13 .,

A geological sectlon showing the core drilling and
water levels in the various boreholes is given in Fig.

Typical loge of two of the core boreholea drilled

in this area are given in Appendix 1.

As no accurate tepographic maps were available for
the area, accurate barometric levelling was carried
out on all borehole collar elevations (these wore tied
in to the existing trigonometrical network), Isopie-
zometric contour maps, topographic contours and con-

touras of the base of the Kalahari Beds were prepared

tilij‘rﬁﬂd
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and are shown in Figs.12, 13, 14 and 15. The isoplezo~-
metric results were somewhat surprising as it was
generally accepted that recharge of the important

Middle Ecca Group aquifer took place in an area of
limited exposures of Ecca sandstone, south and east of
Letlhakano, The iuuplemﬂmutfic data, however, showed
conclusively that recharge takes place further to the
woest in an areoa ‘H‘hlﬂl the Kalahari Beds are approxi-
mately Y0m thick. This area coincides with the
highest ground topographically and the brief five year
rainfall record shows that this area has a markedly
higher rainfall than elsewhere, Carbon =14 and

tritium datings of ground water from this area have
cunrirm-q this and it appears that we thus have incontro=
vertible proof of recent recharge through at least

90 metres of Kalahari Bed cover,(Net necessarily Kninhnrl

sand).

Vater levels in boreholes,

Water level measurement 4in boreholes was commenced
between 1965 and 1967 un& results are plotted in Figs.l6-21.
These hydrographs show surprisingly little change in
water level desplite the fact that a number of the
observation boreholes are situated within 6 - 20m of
equipped (pumping) boreholes, Several hydrographs -
that of recorder boreholes 1 and 6 at Letlhakeng and Da jwane
respectively and borehole 1988 (Figs.16, 17, 19) show definite
cyclie fluctuations of levels, The Bajwane borehole
showed an overall rise in level between 1966 and the
end of 1968 (unfortunately details of water fluctuations

e s A
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within this period are lacking hecause of the malfunc-
tioning of the six-monthly automatic water stage recor-
der) mnd then a general recession from the beginning of
1969 till present with superimposed seasonal rises due to
rechnrge events, These peaks are displaced four to
eight months after the end of the rainy season (Fig. 17 ).
The observation borshole at Letlhakeng (Fig. 16 )|
clearly shows seasonal recharge events with peak levals
between August and November i.e. four to elght months
after the end of the rainy season, This lag probably
represents the time taken for rainfall to infiltrate to
the water table.

There is very little overall drop in water levels
in all cobsesrvatlion boreholes in the Kalahari. (Fig.l17). For
example, in observation Borehole 11 in close proximity to
Borehole 858 {Hurinnnlu} water level fluctuationa from
1966 to 1972 vary betwean 105,88 and 106,68m and there
appears to be only a very minor overall recessionary trend
of at most 1l%cm betwsen 1960 and 1972, This is counter-
acted by an apmarent overall rise in water levels between
1966 and the end of 1968 duc probably to the good 1966/67
rainfall season. During the six yvear period hetween thse
end of 1966 and the end of 1972 an estimated huxanm3{1u,5
million gallons) of water was pumped from the nearby bore-
hole (400 peoople using 10 litres per day + 600 cattle using
30 litres per day for six years). BDoreholes U (Fig., 18 )
and 5 (Fig. 20 ) do, however, show fluctuations in water
level in response to heavy pumping of nearby boreholes,

Borehole B (Fig.21 ) shows a gradual recession in water level,
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This borehole was the only borehole drilled in impermeable
Waterberg Supergroup shale and quartzite and the
recession shown is due to the loss of the drilling water
in the core borehole 1nto the low permeability surround-
ing sediments. The rise in level at the end of 1969
oceurred when the hole was redrilled because of collapse
of a portion of the ﬂnrahule-

It would appear therefore that the line of
observation boreholes sited at strategic intervals
across the important Central Kalahari ranching area
has already commenced to provide invaluable evidence
that recharge is takKing place at least in the eastern
Kalahari area, and that, despite the relatively heavy
pumping of water from important cattle watering points,
no alarming drop in water levels is taking place as had
been Teared esrlier. Confirmatory evidence will also
be presented later, from isotopic measurements {lnﬂ and
tritium) that present day recharge is indeed taking
place at least in certaiﬂ areas of the Kalahari thus

refuting to a certain extent the earlier contention

by Martin ( 1961) and van Straten ( 1955 that no recharge

takes place IiIn the Kalahari.

Environmental Tsctope Studies

Details of data accumulated by collaborative
studies between the writer and Dr, J,C. Vogel of ;ha Council
for Sclentific and Industrial Research, and the Nuclear Physics
Research Unit of Witwatersrand University (Mazor et al 1974 )

7
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are presented in the Chapter on Environmental Isotopes,
and only a brief summary of the most important results

will be given herej =

Carbon = 14

Results of an intensive water sampling pro-
gramme for isotope analysis in the western Kweneng
District have given rather unexpected results im that
relatively much younger waters were encountered - a
numher with post 1952 tritium, In the Mabutsane
Borehole (1102) repeat water sampling has indicated that
recharge of this borehole took place between 1968 and
1972. Carbon - 14 measurements back up in excellent
fashion deductions made from a research programme in
which isopiezometric contours were plotted and from

which potential recharge areas were deduced,

Tritium

Tritium values in the Central Kalahari aren
are generally less than 2 T U indicating little post-
bomb (1952) recharge. Exceptions do however occur and
the Mabutsane Borehole (1102) indicates much post=bomb
recharge in an area of Waterberg Supergroup Sandstones
in the Central Kalahari, Other boreholes Khakhea
(Gample B2), Tshane (Samples 72, 73), Tsabong (Sample 79),
Maitlo a Phuduhudu(Sample 671) Phuduhudu (Sample 48)
and Necojane (Sample 76) all indicate post-bomb recharge.
01 the above boreholes, Khakhea, Tshane, Ncojane and

Maitlo m Phuduhudu are situated within or ad jacent to
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major pan depressions whagn localised concentrations of
rain run-off occur or in the case of Maitlo a Phuduhudu
adjacent to a fossil valley. The Tsabong borehole is
sited on thin sand cover overlying Hl?!ﬂp quartzites

which crop out nearby, The Phuduhudu borehole (Sample 48)
is therefore the only borehole in the Central Kalahari
providing evidence of- recent recharge through approxi-

mately 56 m of Kalahari Beds cover,

Stable Isotopes

Stable isotope measurements indicate little
change in recharge conditions from that of present day
has occurred during the time span of radio-carbon
datings {1 Lo 000 years), These conditions are intense

rainfall accompanied by low evaporation,

IYDROCHEMISTRY

Boocock and van Straten (1962) have divided

the ground waters in the Kalahari into three groups,
Group A consists of fresh tuv weakly mineralised saline,
bicarbonate walters characteristiec of the calecretes and
slleretes eof the Kalmhari Beds, potable waters from
the Middle Eccomn and Coave Sandstone - basalt aquifers
(Karoo Supergroup), and of water from the Waterberg
Supergroup and Ghanzil Groups, Group B conmsists of
weakly mineralised to highly mineralised magnesium and
calcium chloride waters found near pans; in Upper Ecca

Subgroup shalos beneath thick sections of Kalahari sand:
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in the Middle Ecca Euh;rn?p sandstones northwest of
Kukong; and in wells and boreholes tapping the Kalahari
Beds in the lower Molopoe and Nossobh Rivers, Sodium

is the dominant cation but magnesium and calcium are
present in higher concentrationsa than group A as are
chloride and sulphate anjonic constituents, Group C
consists of weakly to highly mineralised sodium carbonate
waters encountéred in Kalahari Beds; in some Karoo
aquifers, occasionally in older rocks, usually near

pans or impeded drainages, Dissocinted sodiam nlfhuﬂntu
is frequently present in these waters, Carbonate 1is,
however; only a minor anionic component, Sodium is

the dominant cation with only minor caleium and mn:nnlium

present,

Selected analyses of waters from the Central

Kalahari are shown in Table 14 .
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TABLE 14

SELECTED ANALYSES OF GROUND WATERS FROM THE CENTRAL KALAHARI

Water type Group A Group A Group B Group C Group €
Ah No, 1102 770 a58 994hepth 1500
6301
Locality Mabutsane Mamatlaku Morwamosu Horitse Pan Kang Pan
Date 17.1.63 30.4.62 17.5.68 31.3.58 16.6,65
pH 7455 8,3 % 8,65 8,6
cua“' - - - 1375 150
chﬂ' 479 181 514 L4679 604
c1” L6 68 1617 35291 Sk
50, 13 37 348 7360 Th
F - 2 1 1 33 | 6
Total anions 540 287 2480 LaTzo 1378
K * 55 4 59 . 33
Na ¥ 85 30 1175 28924 715
ca*t 25 39 67 - 2
Mett o 31 67 W23 1
Total cations 205 104 1358 2BT4Y 751
Sum total Th5 a91 1838 17467 2129
Tds 516 316 3704 77768 1832
Theor, Tda 502 299 a677 75165 1822
K 800 - 380 . 5500 - 2800
Ye pom.c. 92,181,4 66, 28 11,92 . 67,781, 2

* *
T 10,821,2 - 0,820,4 L 0,0%0,2
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Repeated sampling of water from a number of
boreholes in the Central Kalahari show only minor
variations and no overall deterioration in quality.

An example of this is shown in Table 15 .

TABLE 15

RESULTS OF REPEATED WATER ANALYSES
ON_BH, 858, MORWAMOSU, CENTRAL KALAHARI

Date 40,.4.62 17.1,697 12,9,63 B8.4,65 27.4.66 20,3.67

Total dissolved 18135 3935 L100 LigT hio6 3810

selids in ppm,.

Date B,12.67 21,3.68 17.5.68 6,1.69 28B.,3.72

Total dissolved 3963 3709 3838 1759 Loos

Solids in ppm.

BHecause of the lack of alternative water
supplies, water of a quality normally regarded as
unpotable for stock and humans is often used as the
aole source of supply. At Tsetseng, for example,
humans and stock use water during the dry season with
a totnl dissolved solids content of 12592 parts per
million (Beecock and van Straten, 1962), The Kalahari
thua represents a frultful field of research for the
investigation of limits of telerance to humans and

atool to various dissolved chemical FransFd Foe—e—t -
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APPENDIX 1

KWENENG HYDROCEOQOLOGICAL RESEARCH PROGRAMME

CORE BOREUOLE AT LEKOTSANA OR (MOGAGARAPE)

L RPN |

4' - 24
241 - 7307
301 - Lyrg
f_}jl?’l* . ﬁEPiH
5615 - 751 3"
T5|31r - Ba15|1
?'91{]“ i Eﬂrj!l

Ej’ - N gﬁr

g6t - 1167

No Recovery,

15'7" Core, 415" Lost.

Hard; compact greyv=white slightly sandy lime=
stone (calcrete) 1lst 4'6" of core rather
fragmentary. In places however the core is
porous showing a mammilary silica-coating on
the irregular jJjoint surfaces,

&' Recovery no core lost,
As above,

T 12'7T"* Core, No core lost. Mottled sandy
calerete with numerous irregular chert bands
and inclusions,

No core lost.

12110" core. 104" Mottled calcrete.

2'6" Mottled calcrete conglomerate with sub-
rounded pebbles of dolerite, guartzite, wvein
quartz myvlonite, mid=Fceca sendstone ferru=
ginous gquartzite etc, Some pebbles are cut
by calcite velins,

18'10™ core, No core lost,
As above - pebble size up to 2%, The calcrete
may be partly replaced by silica,

3" Core. 3'3" Core lost,

3'9" As above, with several falrly well rounded

pebbles of ferruginous guartzite (Daspoort?)

it base (up to 2" in diameter) - Core fragmen-
ary.

Urey-white calcrete now replaced by silica to
form a dull white silcrete. RHemainder core
lost.,

618" Core, 510" lost,
Silecrete grading downwards into dull Eray-
white feo pink marl,

BASE_OF KALAHARI BEDS

10" Core, 10' Core lost,

Core rather broken,

110" Brewn te pink=brown mudstone (Focca ),

1" Very calcareous muds tone-probably calcretised

by selutions aleng a joint plane from overlying
calcretes,
2'1" Brown mudstone,
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116" - 146! 19'9" Core 3" Core lost.
138" Brown mudstone.
0'04" Ferruginous and calcareous sandstone
lens,
5'0Y Fragmentary core of brown mudstone.

146" - 1567 10! Core. None lost.
Broken core of muddy, brown siltstone.

156" - 186! 12'9" Core. 17'3" loat.
Brown muidstone grading after 2 fest into
mottled pink to brown mudstone with ferru-
ginsus staining. Plant fragments occur in
last 3 aet,

186" - 196 No core recovery.

196" = 206" 1'8" Core. 10'4" Core lost,
1'8" Med-coarse grained grey feldspathic
mid=Ecca grit.

206" - 2160 0'2" Core. 910" Core lost.
2% An nhﬂ""“

216" - pat 6' Core. h' Lost.
6' Grey medium-grained feldspathiec grit,

227" - 2960 T7'10" Core,
22" lost. As above,

236' -« 2527 13'10" Core. 2128 Laat,
As above, but grey to rusty brown in colour
and with occasional clay lenses,

252 - 296'6" hhig»
13' Core. JOr6" Lost.
Very coarse grey gritty miciceous feldspathic
Ecea grit with occasional clay lenses,

296" - 302'3* No core lost.
As above,

END OF HOLE



0 - 187

18 - 25

25 - 36"

361- U6

L& - 560

56 - 620

62'- 6T

67 - 76*
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APPENDIX 2

RECORDER BORENOLE KALA E TSWAGA

No core recovery = sand?

G'h" Core B" Core losat.
0'74" Red brown ,friable, slightly calcareous
med=grained sandstone - fragmentary core.

0'8" Hard calerete - fragmentary core

9'9" Calerete conglomerate with numerous well
rounded to sub-angular pabbles up to 2" in dia-
meter = pebbles appear to consist mEinly of fel-
site and sandstonel some fide-grained pink silt-
stone with coarse grains-resembling a quartz
porphyry. Dolerite is mlso present.

107117 Core 1'1" Core loat.

3'0" Core of hard calerete conglomerate

END of N,X.C.

1'04" Calerete conglomerate,

6'11" Mottled, red-brown sandstone cut by
intricente vein work of caleite veims,Some now
replaced by opaline silica, Ocecasional small
pebbles +/= " diameter of dark felsite occur.

8" Core 2' Core lost,
5'0" Hed brown fine-grained sandstone becoming
less calcareaus,

3'0" Brown sandstone with occaslonal veins of
chalcedonic or opaline silica (core fragmentary).

T'8" Core 2'2" Core lost,
7'8" Grey to light - brown, fine-grained partly
calcareous sandstone. Core fragmentary.

2'h* Core. 3'8" Core lost.
2'4" Fine-grained, partly calcareous light
brown sandstone, Core fragmentary.

41934" Core. 23" Core lost,
As abave,

9'0" Core. No core lost,
9'0" Grey-brown, fine=grained sandstone with

veins of white calcite, apparently along shear
planes, in the sandstone,



76 -

86 -

96 -

106 -

116 -

126 -

131 -

136 -

146 -

156 =

166 -

176 -

193 -

196 -

86

96"

106!

116!

1261

131!

1361

1461

156!

1661

1761

1931

196!

204 16"

177

g'g" Core 0'3" Core lost.
9'g" Light-brown, fine-grained sandstone with
bands and irregular patches of white calcrete,.

BASE OF KALAHART BEDS

hih" Core
hrhm light brown siltstone grading downwards
into a brown mudstone, Core fragmentary.

17" Core. 1'5" Core lost.
817" light brown mudstone, calcareous in parts.
Core broken,

g'3" Core, 0'9" Core lost.
913" As above with G%" calcite band 3' from top.

911" Core. 0'11" Core lost,
9'1" light-brown mudstone.

3164" Core. 1'5%" Core lost.
ﬁs above.

5' Core, No core lost.
As above,

T'5" Core, 2'7" Core lost,
As above,

9'7" Core, 0'5" lost,
9'7" Grey-brown mudstone with red mottling
and bands,

10'0" No core lost.
10'0" Grey mottled mudstone grading into
a banded siltstone.

10'0"  No core lost,

10'0" Banded siltstone with small ferruginous
nodules.,

164" Core. O0'8" Core lost.
12'3" As above.

411" Dark grey micaceous shale with lighter
calcareous bands,

3'0" Core. No core lost,
3'0" Grey shale.

8'6" Core. No core lost.
8'6" Grey shale grading downwards into a
pale grey siltstone,



204 6"
212'6"
2162"
226" -
296" -
246" -
256" =
266 -
276" =
286" =
2967 -
301! =
306" -
316! -

- 212'6"

- 216'2"

- 226"

236"

2461

256"

266!

276"

286!

2961

01"

306!

Y161

2761

178

8'0" Core. :No core lost,
B'0" Pale grey shaly siltstone,

' Core. No core lost,
J'8" Grey brown banded siltstone,

9'10" Core. No core lost.
91'10" Grey=hrown muddy siltstone grading
into grey-gresen shalo.

9'8" Core. 0'4" Core lost.

9'8" Grey-green shale grading into reddish
shale all with numerous thin siltstone
partings. Decaslonal ferruginous nodules
and lenses occur,

10'0" gore. No core lost,

Red=-brown silty shale grading downwards
into a grey-green shale with numerous thin
(i*) ecalcite bands and lenses occur.

100" Core. No core lost.
100" Grey shale with thin siltstone partings,

9'6" Core. 0'6" Core lost,
9'6" Grey shale with siltstone partings,

9'7" Core, 0'5% Core lost,
9'7" Grey silty shale,

g'6" O'6" Core lost,

1'6" Grey siltstone with plant fossil at
bara.

B'0" Grey siltstone.

10'0" No core lost,
10'0" Grey micaceous muddy siltstone,

416" Core. 0'6" Core lost.
h'é" As above.

412" O'EY lost,
412" Grey shale,

g17ln Core,

B'6&" Grey micaceocus shaly siltstone with
plant fossill mt hase.

1'13" Grey shale with siltstone partings,

g'2" Core, 091" Core lost.

0.11" Pale grey shale with siltstone
partinga,

2'0" Carbonaceous shale,

4110" Pyritic coal with vitririte bands

and some carbonaceous shale,

1'53" Grev shale with Lhin siltstone partings
Frading into pa’s grey siltstone,



326 - 336!
336" - 346!
346" - Fhg!
349" - 353'8"
353'8" - 356!
3561 - 366°
366" - 3T
372y - JBES!
385" - 39h
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grl"™ Core, 09" Core lost.

713" Pale grey siltstone grading into fine-
grained grey sandstone with pyrite nodules

and numerous thin dark grey shaly partings.
1'10" Medium-grained gritty micaceous sand-
stone.

g912+" Core. D'9%" Core lost.
gt'2+" Fine-grained sandstone with numerous
dark grey shaley partings.

310" Core, No core lost.
3' As above,

Li1Bg" Cora. No core lost
418" Carbonaceous shale and coal,

210" Core. O'4" Core lost.

0'5" Grey carbonaceous shale.

1'04" Mainly vitrinitic coal with some
greay shale,

0'6" Grey carbonaceous shale,

10' Core, No core lost.
100" Cpal with minor thin shale bands.

6' Core. No core lost.

610" Mainly bright, banded pyritic coal
with some intercalated shale bands up to
3" thick.

13'0" Core, No core lost.

01'104" Bright and dull pyritic ceal with
glderite apotting.

2'3" Shaley coal

113" Dark grey micaceous shale,

212" Grey micaceocus finely laminated silt-
stone to 2'1" in diameter occur,

11104" Grey micaceous siltstone with
numerocus plant fragments.

03" ghaley coal

216" Dark grey shale with thin vitrinite
stringers.

110" Light grey shale with plant remains,

B'9" core. 0'3" Core lost,

1'13" Dark grey shale with numerous bright
coal partings less than {" in diameter,
2'8" Dark grey shale with plant remains,
0'43" Grey micaceous shaly siltstone,

1'0¢" Grey micaceous shale with plant
remains,

0'34" Aes above with much siderite spotting.

3133" Grey micaceous shale with plant
remains.



hoar - Loit
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Lot - K11
hiiv - 210
4217 - L3
42y - bz
hijoar . fh521
52" - Leg
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10" Core. Mo core lost.

214" rey micaceous shale wWith thin
micaceous siltstone intercalations towards
the base.

011" vitrinitiec coal with §" thick pyrite
laver.

1'4" Dark grey carbonaceous shale with
plant remains.

O'1l" Bright vitrinitiec coal,

1'2" Dark grev carbonaceous shale.

012" Y¥itrinitic coal with siderite spotting.
110" Dark gray carbonaceous shale,

218" Carbonaceous shale alternating with
shaly pvritic ceal,

Lih" Core,. 0'4" Excess core,

1'10" Carbonacecus shale alternating with
shaly pyritic coal, .
2'6" Dark grey carbonaceous shale,

2'11" Core, Q'1" Core lost.
211" Dark grey mudstone,

9'15%" Core, 1'2" Core lost.
3'8" Dull and bright pyritic coal.
05" Carbonacacus shale,

210" Cross bedded siltstone,
91'34" Carbonaceous pyritie shale,

10107 Core, 27 Core lost

1'68" Dark grey pyritie shale with thin
bright coal partings,

T'a2" Light grey micaceous siltstone with
occasional plane remains,

210" Grey, micaceous medium-grained to
coarse-grained Ecca grit,

100" Core, Mo core lost,

10'0" Grey, micaceous medium-coarse-grained
Ecca grit,

5'34" Core, 4"8B}" Core lost,
A=z above,

4t10¥ Core. A'2Y Core lost,
As above, '

END OF HOLE

Horehole 1867 nearby was drilled to a depth of 145m
(4757t), encountered water Trom 10%m onwards (3521t).
Static water level was 51lm and the tested yield

67,5 litres per minute (900 g.p.h.)
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2. THE HYDROGEOLOGY OF THE LOBATSE AREA

INTRODUCTION

Lobatse is & small wvillage spread roughly for a distance
of 5 km along the line of rail from South Africa 1o
Rhedesla, and is completely surrcunded by a group of

low hills. It 18 situated at an average elevation of
about 1220m above sea level; while the surrounding hills
reach a height of 1427m. Lobatse is situated some T4 km
south of the capital, Gaborone, in southeastern Entawana

only 10 km from the border of the Republic of South Afriea.

The develogpment and precise date when Lobatse was founded
is velled in obscurity, but must have been closely alliadl
to the completion of the railway line at the end of the
last eentury, as the older part of the town developed

round the railway station.

However, it was only during the 1940's that a rapid expansien
commenced with the establishment of a creamery (Imperial
Cold Storage Company) which was later replaced by the
Abattoir, The Abattoir was established in Lobatse in 1954
by Bechuanaland Protectorate Abattoirs Limited and still
later a subsidiary company - the Export and Canning Company ,
was formed to handle the canning and marketing of meat,
Killing commenced on 20th September 1954. The first full
year of operatien of the abattoir was thus in 1955 and

there has been a steady expansion ever since. In 1963

the Government agreed to convert the Bechuanaland Abattoirs

Limited into a statutory corporation and as a result, the
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Bechuanaland (now Botswana) Meat Commission was formed.

The Commission now handles all meat exports from Hotswana
and in 1973 the wvalue amnun{ed to RAl;3million.,. These
exports constitute & high percentage of all exports from
the country and hence Lobatse plays a vital role in the
economy of the country, The provision of an assured water
supply for the town is therefore of considerable national
importance. Other industries in the town consist of a
maize mill, cap and helmet factory, clothing factory and
brickyards, Manganese mining is carried out some six miles
east of Lobatse at Gopani and also 135 miles west of LﬁbatE&
at Kgwakwe. Lobatse is the commercial banking centre lor
the Molopo and Lobatse block farming communities and is the
headgquarters of the Government Geological Survey and the
Posts and Telegraphs Departments. Lobatse alse forms an
important administrative centre for Rhodesia Hailways and
is also a vital watering point for the long dry haul by the

Railways (steam) to the north of Lobatse.

The population of Lobatse is 12,920 (1971 Population Census).

HISTORY OF LOBATSE WATER SUPPLY

The Lobatse area probably represents one of the most
intensely studied grnﬁnd-water areas in Southern Africa.
Wayland (1944) was the firstltn give an outline report

on ground-water supplies in Lobatse. In this report, he
mentions that the water supply derived from hand-dug walla,
to that part of Lobatse township in the neighbourhood of

the Govermment offices (i.e. D,C.'s Office area),was
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inadeguate. He also gave the first geological description
and expectation of available water in the various rocks under
the conditions obtaining in‘Luhatsa. Wayland concluded

that the shortage of water could be solved by one of two

alternatives = wviz:i=-

{1} toa drill in "geood ground" outside the demand

area and to pipe the supply to it, or

(2) pipe water from existing boreholes yielding good

supplies.

This latter alternative was preferred by Wayland and in fact
water was laid on from the two exlsting government boreholes
Gl & 2, =ituated at the entrance to the Imperial Cold
Storage Company {Ahattnir}. These two boreholes were later
{195&} recommended by Geophysical Surveys to be closed down
in view of overpumpilng that was taking place from the

resgtricted area covered by the Abattoir,

It is interesting to note that Wayland's [lﬂhh} raport

was the first documented note of a water shortage in Lobatse =
a trend which was destined to continue to the present and,
-with the continued phenomenal increase in water consumption

in Lobatse, will undeubtedly continue in the Tfuture.

Lobatse has been dependent Tor the greater part of it's
history on ground-water supplies and has experienced a
series of water crises due to rapidly increasing consumption
from ground-water reserves of relatively limited storage
capacity and with limited annual replenishment. There

has been a phenomenal increase in water consumption from
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a
approximately 1 milllion gallons per qﬂﬂth (megem, 4545m~)

fn 1952.to over 20 m.g.m. in 1972, (90,909m”),

TABLE

WATER CONSUMED IN LOBATSE 1952-1972
_Tl-———

Million gallons per year

Source of Water Total

Year Ground Water Nuane Dam Railway Dam g::i::;v;‘:r
1952 12 - ? 12
59 14 - ? 14
54 31,41 - ? 91,41
55 50, 60 - ? 50,60
56 54,0 - 7 54,0
57 61,89 - 7 61,89
58 63,51 - 7 63,51
59 70,85 - 6,92 70,85
60 61,15 - 8,02 61,15
61 61,37 - 4,99 61,37
62 70,0 - L) | 70,00
69 g8gE,82 - T.Th 86,82
6l 106,98 - 5,2 106, 38
65 20,5 96,39 6,18 116,89
66 18,29 115,05 7 131,34
67 17,32 101,70 ? 119,02
68 18,05 130,23 7 148,28
69 43,8 7 ?
T0 127,91 Dam dry in May 7
Tl a9k, by 7
T2 ?
1976 Estimated by 1352
1978 Gibb(1969) ho2
1980 b 54

Factnru'leading to this greatly increased water consump=

tion In the 1950's were:- The rapid growth of the town=

ship since the opening of the Abattoir and later the

Canning Factoryj

the use of larger guantities of water

by the Abattoir than was originally planned; the rapild

expansfioen in the aize of the Government townahip; the

establishment of both European and Indian schools with

boarding facilities and the High Court in Lobatse; i

rapid increase in the size of the African townships

resulting from a large influx of people to the village
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following a series of disastrous droughts in the countryj
the development of secondary industry in Lobatse and an
expansion in the size of the Rhodesian Railways community
in Lobatse. Another factor was that up to 1955 the
pumping of ground water by the four main users - viz.
Government, Railways, the Abattoir and private sector

was largely uncontrolled.

In 1950, four boreholes in Lobatse were sufficient to

meet the town's noeds. {Parﬂﬂnal communication, C.
Hnunnck}. The first Government boreholes were completed
in 1937. It soon became obvicus that Turther supplles
would be needed and the Geological Survey, and Geophysical
Surveys Limited Iindependantly carried out magnetic, elec-
tromagnetic and electricel resistivity surveys to delineato
further favﬁurahl& ground-water areas. These surveys
resulted in a number of high yielding boreholes being
drilled in the mid 1350's. It was during this period
that the majority of boreholes supplying the township were

drilled.

In Januﬁry 1355, the Government established a system of
quarterly water meetings to provide a forum fTor

discussion by the main water consumers in Lobatse - viz.
Government, Railways and the Meat Commission (Abattoir)

of general water use policies, These meetings resulted
in a considerable degree of cooperation between the
varipus water users, and, as a result of an early decision,
all boreholes were equipped with meters and a number of
observation boreholes were set up in which regular water

level recordings could be made. As A result of this
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far-sighted policy, extremaely ﬂl-'l.‘:.lil-l-d records on the
performance of vi;tually all boreholes contributing to
Lobatse Water Supply are avadlilable and these have

enabled detailed hydrogeological observations to be made,
especially with regard to storage capacity, porosity,

rates of infiltration and safe yield.

The borehole supplies developed up to 1957, derived their
vater from two main gruﬁnd-untur basinm:-= The original
development took place in the western basin which is &

valley area containing a thick cover of alluvium underlain
by dolomitic limestone with occasional chert bands (Dolomite
Group, Transvaal Supergroup). When it became obvious that
overpumping was taking place from closely spaced boreholes

in this basin, wvhere water levels were falling at an alarming
rate, development of boreholes was carried out in the valley
east of a major fault running along the centre of the Lobatse
Valley. This so-called eastern basin consists of a
weathered diabase 8ill underlain by Magaliesberg Stage

quartzite and sandstone (Pretoria Group, Transvaal Supergroup).

By 1957, when 250 000 u: gallons of water were used in
Lobatse compared with 212 273 m3 for 1958, it was realised
that a water crisis was again lecoming up and consequently
on Tth May 1958, approval was given to Government to proceed
With a drilling programme on the farm Woedlands (Lobatse
Estates), which was then owned by the British South Africa
Company . The farm was later sold to Mr, C. Hurvitz, who
agreed to a water servitude on the farm in return for the

payment of the sum of R10 000. Ground-water supplies were
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developed in three discrete geological basins on this
farm. Drilling was completed in 1959 and the boreholes
wore brought into supply htt;nen 1960 and 1962, However,
total ground water abstraction had risen to 918 181 Hj per
annum by 1962 and the new supplies were unable to cope
with the increased demand, and once again "water capital”

bocame overdrawn, with a resultant rapid drop in water

levels in the newly developed areas on Lobatse Estates.

At the same time as drilling was in progress on Lobatse
Estates, detalled geophysical surveys were carried out

near Ootse (Waterberg Supergreup shale and sandstone) in

the Hamalete Reserve, approximately 22,4 km north of Lobatse.
A nuaber of boreholes were drilled, but the yields, ranging -
from 22,7 = 151 litres per minute, were disappointingly

low and wore considered insufficient te justify the expense
of the lengthy pipeline to Lobatse. A similar programme
invelving a number of holes penetrating shale and guartzite
of the Daspoort Subgroup of the Pretoria Group (Transvaal

Supergroup) on Lobatse also proved a failure.

As all the intervening land with good ground-water potential
was privately held ground, it became obvious that only a
surface reservoir could relieve the critical water supply
position. Consequently, the Nuane Dam with a capacity of

2 hos 6oo mj (542 million gallons) with an estimated net
sustained draft of 320 661 nj per annum (71 million gallons
per annum or 0,2 million gallons per day (m.g.d.)) was
completed and filled in November 1964, It was pointed out
by the consulting engineer, that during many years of averagoe

rﬂ.infﬂll. thﬂ ﬂf‘!—ft ﬂ'ﬂuld hE‘ i ran mad B derm  fmam e - 5
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this amount. In designing the dam for this draft, it
was intended that the surface rlﬁﬁrvnir at Nuane would
be used in conjunction with the existing ground-water
systoem, The latter being used to supplement supplies
from Nuane durling years of low rainfall and allowed to
recover during those years when the dam was capable of
moeting the full requirements of Lobatse. Deaplite the
intention that the boreholes be used in conjunction

with the surfmce supply, most boreholes were allowed

to fall into disuse and as a result, most of the ground-

water basins showed large recoveries in water levels.

Because of extremely low run-off during the 1967/1968,1968/1969,
and 1969/1970 rainy seasons, and because of increasing water
use, the Nuane dam dried up completely in May 1970, and

once again the town became completely dependent on ground
wiker. This had been anticipated by the Geological Survey,
which completed an emergency water boring programme in March
1970, This resulted in a further 13 productive boreholes
being commissioned and these borcholes together with the
older ones saw the township through until the following two
rainy seasons when sufficient water entered the dam to onable
the conjunctive use of ground and surface water to maintain

a sufficient supply of water for the township.

In addition to drilling by the Government and by the Abattoir
for domestic and industrial water a number of high yvielding
boreholes were drilled by the Rhodesian Railways in the
vicinity of the railway station (railway sub-basin) from

1928 onwards.
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TOPOGRAPHY AND DRAINAGE

Lobatse is pleasantly situated in the headwater region

of one of the ephemeral tributaries (the Peleng River)

of the Limpopo River system at an altitude of about

1220 metres above sea level, It is surrounded by low

hills averaging 1372 m in height and which attain a

maximum of 1427 m above sea level, There is & marked
geclogical control of the topography, with the range of
hills to the west and south consisting of resistant
Ventersdorp Supergroup felsites and gquartz porphyries

and Black Reef Group quart:itnl.{Trnnavaal Super-

group). The ranges of hills east and northeast of

Lobatse consist of dip slopes of quartzites of the
Magaliesberg Subgroup of the Pretoria Group (Transvaal
Supergroup). The Lobatse valley forms part of the late=-
Tertiary denudational surface. This valley which lies
north of the village of Lobatse trends approximately
N.N.E.-5.5.¥W. and has a length of over 5 km, The width

of the valley in it's central portion is 2,4 km from east

to west. There are no major surface drainage channels in the
valley, and thus run-off of rainfall is reduced to a minimum
within the valley itself. The general slope of the ground
is frem north to south, but in the extreme northeastern
corner of the valley the ground slopes from southwest to
northeast. The difference in elevation between the northern

and southern ends of the valley is 30m. (See Fig. 22),

Because of the large number of farm dams and the Railway
Dam {136964m" capacity) in the catchment of the ephemeral

Peleng River (catchment 02,2 kmz}. vory little flow takes
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place along this river and sustained flow resulting from
the spillage of the Railway Dam has only cccurred thrice

in the past sevonteocn yYears,' Brief low does, however,
gocur every vear along the tributory which joins the Peleng
River just south of the Lobatse Estates southern basin
(catchment 67,6 En:] and probably constitutes the major
recharge source for this ground-water basin. A number

of small stream courses drain the hills west of the main
dolomite basins and debouch inte a series of gravel fans
overlying the dolomite. No perennial springs are found
and as there appears to be little leakage from the wvarious
ground-water basins, each basin may be regarded as a compact

unit in which geohydrological data can be accumulated.

oo H

The present day floor of the Lobatse valley has no
surface drainage and represents an old valley which is now
choked by aggradation due to a change in base level, The
valley floor comprising the Lobatse Estates ground-water
area bas had a similar geomorphological history, Only the
Peleng Spruit, which forms a headwater drainage of the
Limpopo River system, is now actively ineciwsing intoe the

alluvial valley fill due to a later change in base level P1.55).

The ridge forming the western flank of the Lobatse valley
possesnes a more or less parallel series of youthful atream

courses which only flow for short periods following heavy rains,

The Boswelatlou stream is the only one with a catchment
to the west of the crest of the ridge, The toes of these
Streams are characterised by small alluvial fans which

coalesce with the valley floor. These fans absorh all
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interfluves passés into the valley through the extensive

soree at the foot of the Ventersdorp = Black Heef ridge.
(Plates 56, 57). .
This water finds it's way, by sub-surface drainage, inte the

thick cover of alluvium overlying the irregular sub-alluvial
dolomite surface,. No surface drainage leaves the arean west
of the railway line (Western Basin),and accordingly the area
forms a compact basin in which an accurate picture of the

hydrogeology can be built up.

Enat of the railway line, precipitation drains either north
or south,and has little or no effect on the gruunn-vaéar

supply west of the fault,

Springs:

Early records indicate that springs once existed {prnbnhly

in the Peleng River course, in the vicinity of the Railway
station}, and old inhabitants of Lobatse ecan recall permanent
deep pools in this now completely dry river bed. It is also
known, from ¥ayland's (1944) report,that hand dug wells once
made a contribution to the towns water supply but were already
falling - probably due to the general lowering of the water
table following the construction of the railway dam in a

narrow constriction between the hills just to the south

of Lobatse.

DROMETEOROLOGY

Elinfnll

The climate is essentially dry, i.e, potential evaporation

from the soil and vegetation exceeds the average annual
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precipitation, A2 a result of this rainfall deficiency
there is mo surplus of water with. which to maintain a
constant ground-water supply and hence no permanent

streams originate within the area. The semi-arid

climate can be classified as being of low=latitude hot
steppe type with summer rainfall (B, Shw of the K&ppen
clasaification), This type of climate is characterised

by relatively severe seasonal temperatures and large

diurnal temperature ranges, with extremely wvariable

rainfall so that the average cannot be depended upon.

1t is significant that there are more years wﬂan rainfall

is below average than above, interaperaed with the occaslonal
humid year which Lends to ralse the average, Procipitation
is mainly of the convectional type with thunderstorms, with

cocasional large contributions from frental type conditions,

The mean seasonal rainfall {July to June)for Lobatwe for the

17 year period up to 1971/72 was 547,88 mm, while the mean
annual rainfall at Lobatse Estates from 1932-1967 was 566,42 mm,
Rainfall wvariability on Lobatse Estates ranged from 56 to

173 per cent of the mean annual rainfall (low 322,07 mm,

high 995,93 mm),

As can be seen from the table of mean menthly rainfall for
Lobatse Estates and Lobatse given below, most rain falls
during the six month summer period from October to April,

with 76 per cent of the rain falling between November and

March.

ﬁhﬂml'liitlvrl
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BLE 1

Mean Monthly Rainfall

Lobatse Estates (1932-6

and Lo no B vear period

lobatse Estates Lobatae

ins. . Ans. me,

January 3,76 95,50 3. TT 95,7
February 3,81 96,77 3,66 92,9
March 3,04 77,22 3,13 79,6
April 1,87 7,50 1,70 hy,2
May 0,64 16,26 0,71 18,1
June 0,14 3,56 0,38 9,8
July 0,22 5:59 0,21 Sk
August 0,08 2,03 0,08° 2,1
September 0,49 12,45 0,65 16,5
October 1,81 k5,97 1,72 k3,8
November 2,66 67,56 2,97 75,5
December 3,80 96,52 3,96 100,5
TOTAL 22,30 566,97 22,94 5B83,1

For purpuauﬁ of estimating ground-water recharge a detalled
analysis of seasonal rainfall recorded from the 1954/5
season (i.e, 1lst July - 30th June) until the 1971/72 season

is given in Tables.

Key to Table:

A = Monthly rainfall toftal.
B = Humber of days in month on which rain fell.
C = Total monthly rainfall in falls exceeding 25 mm per day.
Ir = Numher of days in month with falls éxceeding 25 mm per da
BA = Seasonal total for A, (This varies from 339,34 te
902,21 mm per ﬁeasnni-
EB = Seasonal total for B, (This varies from 39 to 87
dayes of rain per EEEEﬂﬂ}.
Ec = Seasonal total for €., (This varies from 70,61 to
bT76,25 mm, )
ED = Seasonal total for D, (This varies from 2 to 14 days

per season).

E A mean= Mean seasonal rainfall for peried 19534/5 to 1971/1972 =
ehiy BB oo
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¥ § mean= Mearn seasonal number of days,rainfall period
1954/5 to 1971/1972 = 59 days.

'
-
+

» mean= Mean seasonal total of rainfalls of 7,25 mm, per
day = 213,10 mm,

FD mean= Mean seasonal totml of number of days of heavy
rain = 5,72 days.

ETH.EEEE'hiﬂ“

Evaporation measurements using a Class "A" pan for
Gaborone for the period 1958-1968 gave an average
of 2077 mm,with a minimum of 1575 mm in 1958 and a

maximum of 2550 mm in 1965.

Temperature, dew-point, wind speed and sunshine data are
also avallable for Gaborone and from this it is possible

to estimate open water evaporation using the Penman method.

Results as obtained by Gibb (1969) are given below in

Table 1B.

Run-aff

In the absence of reliable run-off figuras, sxtrapolation,
using Midgeley's (1952) eatimate of Zone 1 (Forest, East
coastnl sand and bush belt, Kalaharl sandveld, Northern
Transvaal sandveld and Dolomitic Flat Areas) has to be
rogorted to. Thus Tfor an area with a mean nﬁnual rainfall
ef 548,64 mm, the corresponding run=off has been eatimated
as 18 acre-feet per square mile (B571,26 m3 per RmE}. Thus ,
for the Nuane Dam with a catchment area of 220,15 square
kilometres, the mean annuanl run-off can be eatimated as

1,500 acre-feet (1 886,964 m°).

;":G'Enmurﬂirllllll
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TABLE 18

DETAILED ANALYSIS - LOBATSE RAINFALL 1954/5 - 1573/4
S—
D 8 c ¥ Ec X =Zo% Dc ¥ 0 <

- days am days TR DE A mean 8 cean
1954 /5 703,58 66 291,08 7 25,27 10,61 51,12 12,53
1955/6 651,76 62 309,63 B 47,50 12,90 54,37 14,32
1956/7 489,57 48 179,58 5 36,65 10,42 31,53 8,95
1957 /8 764,29 65 184,15 5 24,00 7,69 32,33 B,95
1958,/5 643,89 51 358,14 10 55,62 19,61 62,89 17,50
1959,/60 430,02 5B 146,56 4 23,62 7,14 25,74 7,16
1960/1 747,27 68 296,42 & 39,66 8,82 52,01 10,74
1661,/2 459,36 46 237,49 6 30,61 13,04 41,70 10, 74
1962,3 406,15 53 102,36 3 25,20 5,66 17,98 5,37
1963/4 383,28 a9 190,35 5 49,90 12,82 33,50 8,95
15645 389,13 43 70,61 2 13,05 4,65 12,40 3,58
1965/6 393,95 40 * 152,91 4 38,81 10,00 26,85 g
15667 902,21 LE 476,25 14 52,79 15,73 83,63 25,06
1967,/8 582,17 B6 93,98 3 10,30 3,49 16,55 5,10
1568/9 403,86 53 133,35 4 33,10 7,50 23,50 6,80
1968/70 335,34 54 115,06 3 34,00 5,56 21,1 5,26
1970,/1 578,87 64 218,19 6 37,69 © 9,37 40,02 10,82
1971 /2 683,77 B7 281,94 8 41,23 9,19 51,72 14,03
19723 422,30 56 147,10 4 34,83 7,14 26,84 7,01
1973/2 751,20 30 204,1 7 37,11 7.1 B3, 66 12,27
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JABLE 19
FENMAN ESTIMATE OF OPEN-WATER EVAPORATION AT GABORONE

(25°4o's, 25%°35'E, 989m)

Jan Fab Mar Apr May June July Aug 3apt Oct Now Dae TOTAL

Mean air 25.8 25,1 23,4 20,3 16,1 12,8 12,7 15,5 19,9 23,2 24,4 24.9

tgm erature

(3c)
Mean dewpoint 14,7 14,9 12,9 10,1 5,4 P | O,% 1,59 3,6 7,1 10,9 13,1
E&mp&rature

(“c)
Mean sunshine 8,9 9,3 8.T B h 9,3 B,8 9,6 04T 9,9 10,0 8,9 9,1
{hnursfday} . ‘

Mean wind run 125 ga 96 104 69 &89 g5 104 139 178 177 144
{milaﬂfday at

6m

Eao Emanfﬂa?} T.64 6,81 5,75 4,45 13,07 2,69 2,99 13,83 5,87 T+60 7,73 7,71

Eo (mm) 237 192 178 133 95 81 93 119 176 236 232 239 2011
Eg [inchau} 9;3 T:E ?,ﬂ 5[2 317 3,2 JrT hrT 5,9 9r3 9:1 91“ T9:1
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GEOLOGY AND STRUCTURE

Geolopgy.

Th batse Valley:! (Figures 23 and 24).

The western Tlank of the Lobatse Valley is formed by
reslistant, siliceous, potash-rich tufr..igntuhrttu and
amygdaloidal andesite with a prominent, intercalated
gquartz-or less commonly,quartz-feldspar porphyry sill,
These rocks have been assigned to the Ventersdorp Super-

group and dip unifurnlr'lnltunrdl nt about 30 degroos.

A thin veneer of much younger, Black Reef Group grit and
quartzite, unconformably overlie the Ventersdorp pyro-
clastics, These form the lowermost member of the Transvaal
Supergroup and are conformably overlain by the Dolomite
Group which forms the floor of the vnlicy west of the
railway line although exposures are limited to the

northern and southern extremities of the area, This

Group consists of dark blue dolomite with intercalated
stratiform chert bands, Both groups dip to the east at

about 20 degrees.

The eastern flank of the valley is formed by a northeasterly
trending group of northwesterly dipping {ju-Enu} sediments

of the Pretoria Group,which were emplaced by a complex
gravity slide at the end of Transvaal Supergroup times,
This major north-south trending gravity fault brings
Smelterskop Subgroup sediments (top of Fretoria Group)

into juxtaposition with the Dolomite Group and runs approx-

imately parallel and adjacent to the railway line in the

Svieinity....
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vicinity of Lobatse village but trends in a northeasterly
direction further north, This fault can be traced on
the ground northwards Tfrom the wicinity of the Lobatse-

Zeerust road but disappears beneath surface cover about

1,2 km to the north.

Most of the dolomite west of the railway line i= overlain
by an extensive cover of recent deposits consisting of
porous and permeable rubble, gravel and colluvial soil
which attain a thickness of up to 30 m, This considerable
thickness of recent deposits is not present overlying the

Pretoria Group east of the railway line. (See Plate 58).

Immediately below the alluvium the dolomite is highly

leached and consists of relatively unconsoclidated mangan-
iferous "wad", which extends to a depth of about 27 to 41 m,
The solid dolomite beneath the wad consists of an irregular
surface of basins and ridges whose positions are controlled
by planes of stratification and jointing. Where the dolomlte
is undecomposed and unfissured At forms a hard crystalline

impermeable formation which is a very poor bearer of ground

water.

The Lobatse Eastern and Lobatse Estates Central and Northern
Basins are situated in the Magaliesberg or Smelterskop Sub-
groups of the Pretoria Group (the latter overlies the former).
The main gquartzite horizoen of the Magaliesberg Group forms
the crest of the hills forming tho eastern flank of the

above three basins, This horizen is composed of three
quartzite bands with interbedded shale and thin dolomitic
limestone. The quartzite is predominantly hard, white

and sugary but passes upwards into a sandy, rather friable



PY. 58

Pl 59
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Porous soil and gravel at foot of hilil

Lobatse Western basin.

(Dl |

=

N. Koketso measurin: water level in

bh. 952, Lobatée Western basin.
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guartzitic sandstone. The quartzites dip in a generally
westerly direction and are overlain by sediments forming
the Smelterskop Subgroup and consist of interbedded,
sometimes highly pyri#ic, argillaceocus and quartzose
horizons with intrusive diabase sheets. A persistent
ferruginous quartzite band forms the lowest member of

the gquartzose horizons. The Lobatse Estates Central

and Nerthern Basins have up to 90 m of sandy alluvium

overlying the Pretoria Group sediments,

The Lobatse Estates Southern Pasin is situated iIin argilla-
ceous and quartzose rocks of the Daspoort Subgroup. The
rocks comprising the aguifer consist of a thick succession

of dark grey shale over a thin ferruginous guartzite horizon,

Crockett (1969) has described a climactic collapse of the
bamin Tloor at the end of the Transvaml Supergroup times
which triggered off extenailve gravity sllding along the
flanka of the basin. Much of the Pretoria Group succession
doveloped in the present area was originally situated some-
what centrifugally from 1t's present position with respect
to the centre of the baain, Two stages of gravity sliding
took place in which the momentum of gravity-slipped
allochtons wae mbsorbed by a complex pattern of reverse

and transcurrent faults which are widely developed
especially in competent rocks. This tectonic instability

contimied on a decreasing scale into post Waterberg Super-

group times,

f i T PO
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The large fault separating the Lobatse eastern and
western ground-water basins was formed by a major gravity
slide while a transcurrent fault separates the Lobatse
Estates soathern and central basins, A further gravity
slide separates the central and northern basins on this

farm.

HYDROGEOLOGY

The systematic collection of hydrogeological data in the
Lobatse area was commenced in 1956 and continues at
presant. At present eight observation boreholes are
equipped with avtomatic water stage recorders while water
levels in a further forty-nine boreholes are measured at
daily, weekly or monthly intervals using electrical
ganges. Virtually all production boreholes are equipped
with meters, which are read at monthly intervals, and hence
exact amounts of water abstracted from all ground-water

basins are known, (See Plate 59).

Gr ar Basins

Eight geologically discrete groundwater basins are to be
found in the Lobatse area (Fig.235),

The Lobatse area may be divided into an eastern and
western basin, The weatern basin may be subdivided
from south to north into the Railway Sub-Basin, the
Botswana Meat Commission Sub-Basin, the Government Sub-
Basin, Going Sub-Basin and the Pltsanyane Sub-Basin, all
occurring in the Dolomite Group (Transvaal Supergroup),

but disconnected by topographic highs of s0lid dolgmite,
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A further basin 1s to be found in the Dolomite Group

north of the Teachers Training College.

L]

The agquifer in the westerm basin is a zmone of alluvium
overlving decomposed dolomite with relict chert which
overlies the solid dolomite and chert of the Dolomite Sub-
group (Transvaal Eupnrgrnup]+ The decomposed dolomite

is overlain by up to 30 m of soil; gravel; alluviaum nnd

I“dl"

The Lobatse Eastern Basin, situated in Pretoria Group
(Transvanl Supergroup) is separated from thes Vestern

Basin by a major fault which runs approximately along
the line of rail. This fault forms an aguieclude and
effectively separates the widely differing rock types

ef the eastern and western basins,

Three important basins situated in Pretoria Group
sedimentary rocks and separated by faulting, are to
be found on Lobatse Estates, These three basins are

denoted the Lobatse Estates Southern, Central and Northern
Basins.

Lobatse Western Rasin

R Sub-Basin (D 's Office Sub-Basin).

This sub-basin is situated in the Dolomite Group of the
Transvaal Supergroup,but is separated from the main
Lobatse Western basin by a prominent dolomite kopje,
which lies at the northern end of the Railway Sub-Basin

and separates this basin from the main Lobatse Western
Baain,

/Thirty=three......
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Thirty-three boreholes have been drilled by the govermnment,
the railways and by private owners in this basin,

However, the entire amount of water abstracted from this
basin comes from ona government and four rallway boreholes,
Since 1957, when meters were first installed, a total of
591 B B (117 mg.) (till lst June 1970) has been pumped

fram this basin. (See Table }a

‘TABLE 20

Railway Basin Abstractions
(Millions of gallons)

Yoar Railways Government Total
m m m

1957 14,80 67272 4,75 21591 19,54 BBB18
1958 6,76 30727 T,64 34727 14,41 65500
1959 6,60 30000 T35 33409 13,94 63364
1960 0,85 3864 5,99 27227 6,82 931000
1961 2,65 12045 2,05 9318 h,70 21163
1962 1,53 6955 2,00e8t,9090 3, 53est 16045
196 5,10 23182 3,88 17636 B,98 hoB18
196 2,56 11636 2,01 9136 4,56 20727
1965 3,10 14091 - - 3,10 14091
1966 2,70 122743 - - 2,70 12273
1967 2,19 9955 - - 2,19 9955
1968 h,06 18455 - - L,06 1Bh45s
%g?g Gt 20,36 92545 - - 20,36 92545

o

Hl?llj,Tﬂ 62272 - - 13,70 62272

Daily or monthly water levels have been measured on Five

observation boreholes since Octobar 1067.

The Lobatse Western Basin

The main western basin may be defined as extending from

the northern end of the Agricultural Department plantation,

west of the Lobatse-Gaborone Toad, to the dolomite kopje

Fanrth
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south of the Abattodr, and bLounded.on the west by
impermeable felsites forming the north-south running

hill weat of the vill:un.nnq on the east by the Dolomite-
Pretoria Group fuult_running roughly underneath the rail-

way line,

The shale, quartzite and conglomerate of the Black Reef
Group (Transvaasl Supergroup), which form the western
margin of the basin, dip eastward at 30 te Lo degrees
beneath the :onrnrmnhlyluvnrlring dolomite and chert beds
(Dolomite Group). The Black Reef Group is in turn under-
lain by tuff, ignimbrite, mndesite and quartz porphyry
(Ventersdorp Supergroup) dipping eastwards at about 30
degrees, The fault forming the eastern margin of the
basin brings Magaliesberg Group sedimentary rocks into
Juxtaposition with the Dolomite, The throw of this fault

must therefore amount to many hundreds of metres.

Although recent drilling has shown that there is little
Justification for subdividing this basin into the Botswana
Moat Commission and Government Sub-Basins, they will be
treated separately, as boreholes in this basin are situated
in two widely separated areas, A total of 2217 13um3

(487,77 mg.) has been pumped from this basin (1953-1972).

TABLE 21

Lok ¢ Western Pa Abstractions

(Sum of Lobatse Government and B.M.C, Sub-basins)

Million Gallons “3
1953 1k, 49 65 860
1954 27,25 123 B63
1955 46,3 210 455
1956 54,0 2h5 454
1957 6, 6 166 367

1954 30, B2 140 090
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1959 36,76 167 181
1960 4,42 156 454
1961 30,62 139 181
1962 28,13 127 863
19673 26,00 118 181
1964 25,81 108 227
1965 6,53 29 682
1966 3,27 14 863
1967 1,87 8 500
1968 3,59 16 318
1969 5,00 13 6136
1970 19,80 180 909
1971 22,348 101 T27
1972 18,23 B2 TTE

The Botswana Meat Commission Sub-Basin

This sub-basin is situated Jjust nerth of the dolomite
kopje,vwhich separates it from the Hailway sub-basin,

Five production bershelea supplyving the Botswana Meat
Commission and one observation borehole are situated

in this sub-basin. Monthly or weekly static water lewvel
measurements have been taken in borehole A.6 {Fig,zﬁ]gin:e

May 1956, while over 950 000 m- (209 mg.) of water have

been pumped from this sub-basin since the inception of metering

in April 1957. ({S5ee Tablez2 ),

Thg Guv&rﬂﬂant Sub-Basin

This basin originally contained five production boreholes
drilled by government feor township supply. An additional
four boreholes were recently brought into use while

there are elght observation boreholes in the area. Monthly
water level observations have been taken at borehole G629
since lst April 1939, while an estimated 681 B18 n’ (150 mg.)

have been pumped from this sub-basin since 1953 {s&u Tahlazjl.
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Fig.ab HYDROGRAPH: BH. A6 |LOBATSE WESTERN BASIN— YEARLY PUMPING FIGURES AND DEPARTURE CURVES.
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TABLE22

BOTSWANA MEAT COMMISSION WESTERN BASIN ABSTRACTIONS ( Millions of Gallons)

Pumping borehoales Al, AZ, A3, A4, AS
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SR FEB. MAR . APA. MAY JUNE JULY ALIG. SEP, aocT. NOV.  DEC
1953 0,35 0,44 0,49 0,50 0,58 0,81 0,80 0,35 0,17
1954 O, 33 0,77 0,71 0,78 0,76 0,72 0,77 0,96 2,07 3,03 4,35
1935
1956 21,87 January to Auguat
1957 3,08 2,83 2,68 1,83 2,09 1,67 1,3 0, 97 1,33
1958 1,42 1,37 1,70 1,38 1,63 1,26 1,28 1,74 2,02 2.22 2,16 2,08
1959 1,86 2,00 1,54 1,82 1,889 1,52 1,82 1,70 2,14 2,15 1,81 1,17
1960 1,90 2,00 1,86 1,88 1,71 1,73 1,98 1,17 1,35 1,39 1,22 1,20
lgﬁl 11‘! 1|12 llq'ﬂ llzg liﬂ'l lld'd' liﬁd lrﬁﬂ l|EE l.ﬂ? 1.?1 1.53
1962 1513 1,96 2,00 1,76 1,57 1,80 1,72 2,02 1,55 1,59 1,04 1,00
1863 1,76 1,28 1,47 1,40 1,63 1,46 1.47 1,17 1,25 1,17 1.5 1,80
1964 1,41 ' 0,84 1,38 1,18 1,49 1,37 1,13 0,92 0,86 0,70 0,74 0, 66
1965 o, 80 0,97 0,97 1,38 1,26 0,74 0,70 0,51, 0,38 0,11 g,01 0,10
1566 0,48 0,14 0,34 0,46 0,45 0,11 0,57 0,20 0,71 0,51 0,62 0,24
1567 0,25 D, 24 0,18 0,14 D,13 0,13 0,11 0,10 B, 00 0,11 - g,11
1568 ’
1969
1970 1,38 1,40 1,03 1,24 1,80 2,21 1,7 1,62 1,67 1,52 1,24 1,38
1971 1,06 2,19 2,06 1,53 1,46 0,70 1,46 0,53 0,53 0,62 0,73 0,73
1972 0,23 0,08 0,03 0,04 0,07 0,02 0,03 - 0,21 0,09 0,03
1973
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TABLE 23

LOBATSE GOVERNMENT SUB-BASIN ABSTRACTIONS (Millicns of Gallons)

Pumping borsholes 665, 2261, 2268, 2278, 2302, P. 212 2302

| JAN . FEB. MAR . APA, may JUNE _JuLy AUG SEP. OcT NDVY, DEC. TOTAL
1553 10,00 est.
1954 12,00 est.
1955 14,00 est.
1956 16,20 est.
1857 16,00 eat.
1958 12,25
1885 15,18
1860 16,29
1961 13,06
1862 B,43
1963 9,03
1964 ; : 10,94
1965 -
1966 -
1567 . -
1568 0,08 0,19 0,30 0,3 0,38 0,33 0,33 0,66 2,59
1959 l..l]Ei n.'Elﬁ D,lFI el - . - - - - = - E:.E“:l
1970 5 1,28 0,55 4,00 4,64 1,20 1,50 16L 3,4 2,36 1,27 1,50 21,62
1971 0,40 0,65 o, 50 0,62 0,79 0,50 0,47 D,50estd, 50est 0,50est D,50estl,B0sst 7,43
1972 1,00est 1,00est 1,00est 1,50est 1,54 2,50 1,80 1,85 1,81 1,48 - = _
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Go b=Hasins

These dolomite basins are situated north of thae Western
Sub-Dasin and contain a small number of privately
drilled boresholes with widely varying vields. VWater

from only one borehole is available for township supply.

The T T n C T,T,C Hasin

A large number of privately owned and three productive
governmant boreholea have been drilled in this dolomite
basin, During the period 1957 to 1961 a total of over
863 63 o (19 mg.) (Table 24) and an estimatea 136 364 m°
(30 mg,) were abstracted from government and private bore-
holes respectively. Owing to overpumping during this
period, a number of horeholes showed signs of drying up,
and pumping from this basin virtually ceased from 1962
onwards, Following the good rains in 1966/67 water rest

levels have now besn restored.

The Lobatse Eastern Basin

This basin is separated from the western basin by a
major fault which must have a considerable throw as it
brings lower Dolomite Group dolomite (W,Basin) into

Juxtaposition with Maguliesberg Subgroup shale, quartzite

and dolomitic limestone and mafic intrusives.

All boreholes in this basin except 2261, were drilled by
the Meat Commission. Accurate abstraction figures (Tabie 25)
and water level observations for this basin have been mada

since pumping commenced in October 1957. A total of over

PiEa &  #Fuifiin & |
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TABLE gll

PUMPING FIGURES FROM GOVERNMENT BORCHOLES T.T.C. BASIN IN GALLONS

1857 ' 2,435,250
1958 4,916,550
1959 4,374,220
1960 3,340,150
1961 4,034,600
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TABLE:25 LOBATSE EASTERN BASIN ABSTRACTIONS (Millions of Gallona)

1987
1558
1959
15960
1961
1962
1963
1954
1965
1966
1967

1968

1565
1570
1971
1972

JAN. FEB. MAR. APR. MAY  JUNE  JULY  AUG. SEPT. OCT. NOV. DEC. TOTAL
o,43 1,24 1,64 3,31
0,50 0,84 0,69 0,90 1,44 1,27 1,35 1,78 1,26 1,39 1,16 1,27 13, 36
2,14 1,88 1,71 1,60 1,46 1,73 1,56 1,68 0,98 1,35 0,61 0,58 15,14
1,07 1,59 1,72 1,86 1,12 0,95 0,70 0,52 0,83 0,80 0,5 0,50 10,82
0,53 p,9 0,97 0,87 0,92 0,93 1,15 1,22 1,28 1,00 1,06 0,60 10,94
0,58 0,87 0,82 0,80 1,10 0,89 0,90 0,75 0,50 0,68 0,58 0,75 9,13
0,78 0,76 0,85 0,82 0,70 0,79 0,71 0,40 0,24 0,26 0,33 0,37 6,25
0,41 o, 0,97 0,82 0,81 0,69 0,5 0,66 0,78 0,78 0,49 1,04 7,95
1,32 1,16 1,72 @,70 0,67 0,8 0,74 o,s¢ 0,55 0,84 0,90 0,60 9,06
0,91 0,52 0,92 0,80 0,64 0,90 0,75 0,95 0,86 1,17 1,19 1,14 10,15
1,18 1,08 0,9 1,11 1,19 0,99 1,00 0,86 0,84 0,83 - 0,85 10,79
0,83 0,80 - - - - - - - - - - 10,00 est.
- - - - - - - = e - = - 5,00 est.
- - - - - 0,01 0,38 0,23 - - 0,02 0,03 0,74 '
0,60 0,47 1,06 @,73 0,81 0,46 0,35 0,41 0,22 0,14 0,29 0,32 5, B6
0,32 0,20 0,20est0,20est0,23 0,22 0,20est 0,20 - - 0,09
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Fig. 35 HYDROGEOLOGICAL SECTION ACROSS LOBATSE ESTATES CENTRAL BASIN

SCALE — |em = 50 Mefras or |1 S000
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TABLE:26 LOBATSE ESTATES SOUTH BASIN ABSTRACTIONS (Millions of Gallons)

MAIN ABSTRACTION BOREWOLES:- 1010, 1077,13256, 1077

1960
1961
1962
1963
1964
1965
1966
1867
19648
1560
1970
1571
1972
1973

AN, FEB. MAR. APR. MAY JUNE JULY AUG. SEP. DCT. NOV. DEC. TOTAL
0,52 0,53 1,05

0,86 1,00 0,47 0,22 0,3 0,47 0,56 0,56 0,67 0,93 1,50 1,94 9,53
1,50 1,44 1,25 1,36 0,30 0,44 0,25 0,46 0,95 0,64 0,085 0,60 9,24
p,40 ©,20 0,49 0,73 0,94 0,29 0,09 1,30 2,27 1,74 0,08 0,03 8,51
0,41 0,79 0,81 0,66 2,03 0,86 0,90 0,96 1,76 1,02 1,36 0,35 11,86
0,04 p,l0 0,08 0,08 0,05 0,19 0,55

0,22 0,5 0,98 0,84 0,17 0,01 0,03 0,09 0,01 0,05 0,08 0,06 0,87
p,02 0,02 0,11 0,24 0,46 0,09 0,08 0,28 0,00 0,00 0,02 0,00 0,35
p,03 0,06 0,00 =~ n,01 0,04 0,06 0,04 O,08 0,11 0,38 0,80 1,42
2,92 1,11 0,17 0,0 0,04 0,06 0,08 0,03 0,03 0,24 0,31 1,62 5,62
3,41 3,85 4,80 2,57 0,08 0,05 1,64 6,26 1,82 2,46 2,32 3,14 32,40
i,82 2,07 2,46 0,95 2,33 1,69 1,06 0,96 2,54 1,3 1,71 1,7 18,98
1,71 1,50 1,33 0,9 0,94 0,56 0,16 0,3 0,54 0,11 0,1 0,0 8,27
, - N N - - 1,79 2,3 1,76 1,07 0,931 0,93 8,83




TABLE27
LOBAT E ENTRAL B A v il ns of Gallons

Main sbgtraction bhs i1- 1379, 1414, 1429, 2265, 2270 2271
Obearvation borahols := 1412

221

JAN.  FEB. MAR., APR. MAY  JUNE  3JULY ALG. SEP. OCT. NOV. DEC. TOTAL
1961 - D.22  0.27 0.22 0.12 0.05 D0.19 0.23  0.27 - - - 1.57
1962 0.45 .78 0,66 2,89
1963 1.88 2.36 .78 3,33 2.E7 1.63 1.68 1.62 * e S l.41 2.56 3.89 25.594
1964 4,66 Z2.60 4.75 4.38 3,45 4,40 391 4.61 J.61 3.560 du13 0.43 44.52
1965 0.20 D0.11 - - 0.11 0.11 0.15 - - 0.03 0.0 0.43 1.18
1966 .08 0.04 0.04 D.46 0.84 O0.73 0.03 0.1a 020 0.13 0,14 0:16 1.30
1867 O.21 0.08 0.25 0.14 O.08 0.07 0.21 0.08 D.16 0.10 0.24 028 2+12
1968 | 0.12 0.18 0.1 0,10 0,35 0.10 0.10 0.05 0.l0 0.05 0.05 0.13 1.57
1569 0.97 0.13 0.06 0,04 0.07 0.05 0.07 0.53 1.79 1.89 2,29 3.04 10.52
1970 7.368 6.15 4.62 4.75 9.26 B8.69 11.18 6.02 10.44 10.24  B.45 7.74 85.49
1571 6.19 6.95 F.06 AN B0 N18 118 - 1.22 .96 3. 74 3.42 6.00 51.51
1972 6.00 5.10 3.80 3.12a85 72  4.30 LT 3.67 1.22 1.21 l1.00
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An emergency drilling programme Was recently completed

in the central and northern hllinn.unﬂ a number of high
.yialding boreholes with minimum yields ranging from 912 -
1968 litres per minute wers developed at the foot of the
Magaliesberg quartzite dip slope following detailed

genphraiuil BUTVEYE .,

The lLobatse Estates Hn:;h Basin

This basin is situated in an identical geological situation
to the Central Basin, but is separated from it by a fault
Detailed pumping figures are available for the entire
pumping history of this basin ( 401 318 m’)(88,29 me.)
(Table 28 ), but unfortunately no water levels could be

measured during this period.

GROUND WATER REPLENISHMENT (RECHARGE) AND SAFE YIELD

Infiltration and recharge studies can be made by use of
lysimetera or preferably from studies of ground water table
riuntuutinnl coupled with statistics of rainfall, area of
catchment and amount of water extracted from the ground-water
basin, Infiltration calculations can also be made in
gntchment basins of known area and low evaporation and where
accurately gauged permanently flowing rivers occur, In
these latter basins, calculations .are based on the assumption
that the yearly flow of rivers in the basin is equivalent

to the vearly replenishment of underground water.

Replenishment depends on a number of factors such as the

amount of rain, the intensity of rainfall, the period of

JAUration. . ...



TABLE: 28 LOBATSE ESTATES NORTH BASIN ABSTRACTIONS(Millions of Gallens)

MAIN ABSTRACTION bhe 1126, 1331, 1463, 2254,
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2262, 2264

JAN. FEB. MAR . APR. may JUNE JuLY  AUG. SEP. DCT ., NOV. DEC. TOTAL
1962 0,64 0,85 0,77 2,26
1963 1,60 0,68 0,79 1,25 1,60 0,57 1;1%: 1yiz2 1,59 1,40 0,80 0,54 [13,14
1964 0,72 1,83 1,55 0,66 0,50 0,37 1,21 1,29 1,62 1,68 1,52 0,73 [13,68
1965 0,10 0,10
1966 NIL
1967 NIL
1968 NIL
1969 0,15 0,38 0,14 0,23 a, 50
1970 - 0,15 0,10 0,25 1,20 0,06 0,29 2,20 1,53 0,14 1,40 1,96 9,28
1871 2,89 3,99 5,10 1,50 1,66 2,71 1,83 1,07 1,58 1,19 3,865 3,40 | 32,79
1972 3,40 2,24 0,81 3,72 0,82 1,56 0,19 1,14 0,62 1,44
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duration of the rainy season, the climate, topography,

the nature of the surface cover, the nature and structure

of the geological formations; the vegetal cover and runoff.

. Of the above factors, man can only control the nature of the

"surface cover and the vegetation.

In the Lobatse area, these studies are simplified by the
fact that no permanent springs are found in the area,

and as, in most insténces, the water table exceeds a depth
of 30 m, there can be no significant losses by evapotrans-
piration, Furthermore, all the ground water.basins appear
to lose minimal amounts of water by subsurface leakage and

hence the basins may be regarded as virtually closed systems.

Farly calculations of recharge

Early reports by Geophysical Surveys Limited from the
Lobatse Abattoir based recommendations for pumping on

safe yields as determined by one of three methods .- viz.

By analogy with the Slurry area east of Mafeking, where
similar geological and climatic conditions prevail, In
the Slurry area, no measurable recharge of the ground-water
reservoir was found to exist when the annual rainfall was
less than 483 mm. (19 ins.) The first 483 mm. of rainfall

are lost to surface run-off, evapotranspiration and the soil-

moisture zone whereas any rainfall in excess of this contributed

to the recharge of the ground-water reservoir. Geophysical
Surveys used a figure of 516 mm. for the effective average
annual rainfall for Lobatse and so obtained a figure of

X7y 727 m3 per year for the total Lobatse Valley catchment

2 :
of 5,3 km™, assuming a recharge of 33 mm. This method is

not considered reliable by the writer because the amount of
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replenishment is unlikely to depend simply on the total
rainfall as the run-off which governs recharge is dependent

"'srn a number of variables such as vegetation cover, vetness

of catchment, intensity and frequency of rainfall eteo,.

2) Once again an analogy is made with thirteen catchments
studied in South Africa, with fairly low evaporation,
which indicates that an average of between &4 and 7 per
cent of the average annual rainfall over the whole catchment
area penetrates to the ﬂ;tnr table, Assuming a mean of
545 per cent for the Lobatse Valley, Geophysical Surveys
Limited calculated, using the same average annual rainfall
of 516 mm , that 28,45 mm of rainfall per year would reach
the ground-water reservoir. Thus for the same catchment
area of 5,7 km-, 150 455 m” would be recharged per annum.
This method as used by Geophysical Surveys is regarded as

being useful to obtain an lidea of the order of the probable

amount of recharge.

3) Geophysical Surveys assumed that large amounts of moisture
would be retained in the porous rubble and alluvium overlying
the dolomite aguifers (i.e. on the flat valley=floor) and
considered that only 2 per cent or 10,41 mm of rainfall
falling directly on the valley-floor, remches the ground-
¥ater reservoir. Thus, the direct recharge of the aguifers
under the valley-floor amounts to 18 636 m3. Due to the
surface run=off being allowed to percolate directly inte

the aquifers on the hill-slopes, it was considered possible
that 10 per cent or 51,56 mm per year makes it's way to

the ground-water =oneo. Thus, the annuul recharge off the

hills amounts te approximately 180 454 rn3 and the total

Frprnhaves .
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recharge thus becomes 199 030 mj . Thia estimate is

regarded by the writer as being calculated using arbitrary
‘estimates which are unlikely to be of use in estimating

accurately the actual amount of water recharged.

The above three methods used gave an average possible

recharge for the western catchment area of 175 909 mj.

Use of Long Term Hydrogeological Data

A study of the topographic map of the Lobatse area {Fig.za }
shows that the catchment area of the Lobatse western ground-
water baesin can be divided into three main areas as shown
schematically in Fig.29,with rainfall on any or all of

the three main arcas able to infiltrate to recharge the

underground water supplies of the western dolomite aguifer.
i

E ite
Fig. 30 — LOBAT Felzife ond andesite [Ventersdorp)

=  pLOLK Black Rea!
B LOBATSE WEST BASIN
LOBATSE EAST
c BASIN
o
Boulders F ""'f_.--* /
i ;ﬁff Guartzile ond shale
_T_-—,f""' { Magaliesberg)

lA 5 — Crclomite with charl bonds

Afyvium
The respective areas of the three main catchments which may

be termed the Boswelatlou catchment (A}, the hillslope
area (B) and the dolomite flats (C), are 4,3 kmE, Te3 km~

and 2,83 knz respectively. (See also Fig. jﬂ}.

In actual practice recharge from the Boawelatlou catchment
is small because of the poor run-off characteristics of the
s0il in this catchment and consequent almost complete lack

of flow far enough to consistently recharge the dolomite

Jaguifer..ceees
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aquifer (C). In addition the relative flatness of the
area forming the dolomite flats, the lack of any surface
"drainage, the very thick uﬁ{la overlying the aquifer and
the depth to the watqr table (jﬂm} also preclude any
appreciable amount of rainwater from direct infiltration
reaching the water table. Far and away the greatest
amount of recharge is presumed to derive from run-off
from the hillslope area concentrating in a number of
small gulleys and infiltrating directly into the gravel

fans at the edge of the dolomite basin.

Jennings [19?0] took Tairly long term data available of
pumping figures for the Lobatse western basin and using
the hydrograph for the tally hole A.6 (Fig.26 ), two dates
were selected (1.6.56 and 28,.2.65) when water rest levels

in borehole A.6 were the same depth below ground level.

During this period of 105 months, 1 315 0O m3 of water were
pumped from the basin. Therefore, assuming that no leakage
from the basin takes place, the abstraction and amount of

water recharged must be in balance, and the recharge or

safe yield = 1 715 000 m- - per month
105
= 12 524 |:|:|EI per month {2.?5 M« s parT munth]

150 286 |:r|j per annum (33 m.g. per annum)

This figure compares reasonably well with that obtained by
Geophysical Surveys Limited in 1956 - wviz. 175 909 mj, but
is regarded as a far more reliable figure than the earlier
estimates, which are largely based on assumed figures
derived from catchments elsewhere. The only major possible

weakness in the above calculation lies in the fact that

I|I;H‘].-It11l'lllll'u
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with the erratic rainlfall pattern,; the 105 month period
may not be a truly representative average period as far
as ground-water recharge is concerned, and h;nca may

give a safe yleld which is lower or higher than average.
Care should be taken therefore to ensure that safe yield
{riehnré&} caloulatlons are made over as long a period

as possible to cater for the variable rainfall, Care
should also be taken to ensure that the peried chosen
does not start or end in the middle of the rainfall
Aeason. This will prevent errors in the calculations
caused by a possible time lag betwesen rainfall and
recharge. An analysis of the rainfall period used above,
gave seasonal rainfall totals of:-

k89,96, T64,29, 643,89, k30,00, TH7,27, 499,36, 406,15,
983,28 and 389,19 mm reapectively. This represents an
average of 528,32 mm which is slightly below average. It
should also be noted that 6 of the 9 years were of sub-
average rainfall. The ealculated recharge figure counld
thus be slightly conservative. Similar safe yleld
(average recharge) calculations for different ground-

wvater basins in Lobatse are given in Table 29 .

Ground Water Recharge

As far as estimation of conditions favourable for rechargo

is conecerned, it was thought probable that £ C (Table 18 )

X Amean
@xpressed as a percentage would be the most dingnostie,

Values for Z¢ per cont ranged from a low of 12,4 per
FAmenn

cent in 1964/65 to a high of 83,63 per cent in 1966/67,
wWith an average of 137,71 per cent (18 years). However,
comparison of = values from 1957/58 to 1971/72 with

Amenn
the estimated semi-quantititive amount of recharge gauged
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TABLE 29

SAFE YIELD [RECHARGE) CALCULATIONS, LOBATSE AREA

PERIOD AT BEGINNING AND END OF TINME PERIOD  WATER REBSTRACTED BY PUMPING CALCULATED AVERAGE MONTHLY BECHARGE

HICH WATER LEVELS WERE SAME IN MONTHS OVER THE SAME PERIOD m= (SAFE YIELD)

LOBATSE RAILWAY SUB-BASIN (8h 1276 (D.C.2.) Fig ) m3§m MaGan
1.3.68 - 15.10.68 (Fig ) T4 9 550 1 273,33 0, 2¢
1.10.67 = 15.5.68 % 9 675 1 289,98 0, 26

Regarded es being unraeliable because of short pericd wsed.

LOBATSE WESTERM BASIN ( Bh A.6 Fig )
1.5.56 - 282.65 { Fig ) 108 1 215 ooo 12 523,81 2,75

1,11.64 = 1.2.67 147 1 p44 909 11 189,84 2,46

LOBATSE EASTERM BASIN ( Bh x Fig )

1.41.59 - 1,11,64 Bh x 1 50 218 633 3 643,85 0,60
1,2.54 =-3l.1.B7 95 J87 TO2 4 038,37 0, 86

ILDBATSE ESTATES SOUTHERN BASIN (Bh 1071 Fig )

31.5.60 - 31.12.55 79 189 090 2 393,56 0,52
31.5.50 - 31.12.69 115 222 BAZ 1 536 36 0, 42t
1.11.61 = 1l.8.68 556 155 500 o a7 27 0,62
31.7.67 = 15.5.59 23 27 545 1 187 B2 o, 26
1.10.61 = 30.65.73 141 455 364 3 300,45 o, 72

LOBATSE ESTATES CENTRAL BRSIN { Bh 1412 Fig )
1.3.64 = 1.6.67 39 185 182 ! 4 748,20 1,045
Regarded as a 1little high as it ineludes the qﬁ:EFtinnal 1955}1957 s8ae0nn

=
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from hydrographs for the Lobatse basins, shows that no

correlation can be made between the above postulated

-ru:hnrgu parameter and the actual recharge. e.g. for

1964,/1965 C was only 12,4 per cent, yet "moderate
ean

to large" rocharge took place in all four main ground-wvater

basinas in Lobatse. See Table 30 and Figs. 26,27, 28;31.

An extromely useful recharge inventory has been given

for the period 1923-1968 by Bredenkamp and Vogel (1970)

for a dolomlte aguifer im the northern Cape sltuated in

B similar climatic ®one te that of Lobatse. Ma jor recharge
events since 1954 in this area took place in 1956 (3 times
mean annual recharge (m.m.r.) ), 1957 (2} times m.a.r.),
1961 (2.8 times m.a.r.) and 1967 (6.6 times m.a.r.). This

data has been plotted in Fig.32 .

Caleulation of Proportio 1l Co i o t

round=water Hecharge Co 11

During the same period used earlier for the recharge (safe
yield) calculation for the Lobatse western basin (1.6.56 to
28.2.65) a total of 4679,95 mm (184, 25 in.) of rain fell
and a total of 1 315 0DOD lj water was abstracted. The
catchment of the Lobatse western basin is clearly defined

by geological and topographic boundaries and measures T3 trE

(2,82 square miles) in extemt.

Ll

+ « Per cent of rainfall infiltrating
a8 recharge component = 1:1; 000 =x 100
v 3 x BE7950

= j.ﬂns lﬂj’ h.ﬂﬂi
Put another way, a long term average of 3,84 por cent of the

mean semson rainfall (S48 mm) or 21 mm of rainfall infiltrates

to the water table.

JCnleulntions.:cseesss



~LABLE 30

SEFMI-QUANTITATIVE ESTIMATES OF RTEHARGE SCASONAL MATNIALL AKD RAINFALL

FALLING IN HEAVY PRECIPITATION DIVIDED BY MEAN RAINFALL

233

SEASON ESTIMATED RECHARGE FROM HYDROGRAPH SEASONAL RAINFALL IN mm c %
Loa. EST. W. BASIN E. BASIN LOB. EST. A MEAN
2. 92510 L. BASIN
1956/7 No data Nil No data 490 31,53
ins*r,-'a . Large Very small 764 32,33
1558/5 Small Nil Nil - 644 62,89
1559/60 Small Small Modarate 430 25, 74
1960/1 Moderate Moderate " 747 52,0
J.EE-J.,"'E Very small Very smell [Small 453 41,70
1962/3 " v Moderate " 406 17,98
1962/4 " " " Moderate Nil 353 31,50
1964,/5 Largs " Mod,~Larga | Moderste 389 12,40
1965,/6 i " Moderats Nil 394 26,85
1966/7 Ma jor Larga Ma jor Ma jor a0z 83,63
1567 /8 Small Moderate |Large Nil 582 16,55
15689 Very small Mil Vory small | Large 404 23,50
1969/70 Mil " " Moderate 339 21,1
1970/1 Foderate Moderate |Moderate Nil 579 40,02
1371 /2 " Fad.-Large|Moderate Large G4 51,72
19723 - 422 26,84
1973/a o 791 53,66
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Calculations of Safe Yield Using Assumed Recharge

IEnlnulltiana of safe yield for the various ground-water
basins have been made assuming a recharge of 4 per cent

of the average rainfall (559 mm) or 22 mm per annum
falling on the hill slopes. This figure of 4 per cent
was ﬂhtli;ld from the relation of long term observation

of water levels to abatraction and rainfall figures in the
Lobatse Western Basin. It has been assumed that no recharge
can take place through the thick soil cover overlying the
actual ground-water basinas. This latter assumption is
rogarded as valid, as field observation has shown that the
moisture from 25 mm rainfall generally only penetrates
about 150 mm in the thick soils forming the flat floor

of the Lobatse valley.

On this basis the safe yield for the Lobatse area is as
follows:=
Railway Sub-Basin (7,17 knE] = 155 000 njfnnnum or 12 917 uj m

Lobatse Western Sub-Basin s 4
(7,27 km®) = 157 727 m° fannum or 13 144 w’/m

Going Sub-Basin (6,78 knzj = 146 364 mjfhnnuu or 12 197 mjf-
Pitsanyane Sub-Basin {a,gnm2]= 192 273 ujjﬁnnum or 16 023 mjjm

Teachers Training College 2 9
(T.T.C.) Sub-Basin (1,63km") = 37 279 m Jannum or 3 106 mjfh

Lobatse Eastern Basin 2
(2,09km") =45 455 -annnum or 3 THB mjfn

* Lobatse Estates South Basin =37 271 uj}hnnum or 3 106 mjfm

Lobatse Estates Central
Basin (1,94 km?) =Lz 273 tnj,-"armum or 19 523 mjg"m

Lobatse Estates North EaninE
(2,46 km“)=54 091 w’/annum or & 508 m>/m

TOTAL B&T 729 or 2 311 mjfm
ﬂljlgl l:l-g-ﬂl-

* The safe yield for the lobatse Estates socuth basin has
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been caloulated from long term observation of water levels
and not from the catchment area which is not clearly

defined. i

It is interesting to note that the safe yleld for the Lobatse
East Basin ([ 9 64L& njfm or 0,81 million gallens per month).
caleulnted Trom water level fluctuations and abstraction
figures, compares extremely well with the figure obtained

(3 788 m3/m ) using an assumed recharge rate and known
catchment area. This is regarded by the writer as confirm-
atory ovidence of the reliability of the method used for

calculating recharge.

Of the other two basins where the safe yield calculations
can be checked using gechydrological observations, there

is again a good correlation for the Lobatse Estates Central
Basin, viz. b 748 m}/m versus 9 523 njfu- However, for
the Railway Sub-Basin, there is a large discrepancy due
probably to the very short periocd (of sub-normal rainfall)

over which recharge calculations have been made.

A Possible New Method of Estimating Ground-water Recharge

Lund (personal communication, 1973) has recently kindly
supplied the writer with synthesised, long term run-off dats
for certain catchments in Botswana derived using a method
developed primarily as & practical solution to the problem

of reservolr yield determination in arid areas such as
Botswana, where there is a paucity of hydrological and
meteorological data. This method is based on the proposition
that for a particular depth of rain falling over a reasonably
long period, run-off will depend primarily on the wetness of

the catchment. This is done by calculating the wetness of
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the catchment by a water balance for a unit of time taken

to bo one month (Lund and Bylsma, 1972). With short term
'run-nrf records, a set of characteristic curves for the
catchment are drawvn up relating to rainfall and evaporation
data over this limited period. These characteristic curves
are then used to synthesise probable run-off records [rom

the whole period over which rainfall and evaporation data,
{or wet and dry bulb) are available. In order to produce
the run-off figures, it was necessary to write a computer
program involving the solution of five simultaneocus equations
for each month starting from the earliest years. An fterative
procedure was used owing to the discontinuous nature of

the rainfall/run-off relationship. Since run-off forma a
small part of the water balance equation SR = R- ( ASM +

(INT 4 ETV)) or SR = F(R, SMAV), it is set at zero for

the first diteration of each month, and only included in

the second iteration when the first wvalue of SMAV for that

month has been obtained.

Symbols Used

SRH: Surface run-off,

R 3 Average rainfall over catchment,
A 5M: Change in so0il moisture state over month.
INT: Sum of rainfall intercepted by vegetation

and surface detention.

ETV: Evapotranspiration from the scil mass
and -vegetation.

SMAYV: Average s5oll moisture state of the
catchnm?t and taken to be the average
soll moisture in the top 0,7-1,0 m of
the soil mass,

ETP: Evaporation from a Symons pan.

Ci A constant usually taken as 0,7.

f"ll.th‘llllll
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With the value of the calculated run-off over the catchment,

a new value of SMAV is calculated and the procedure continued
‘until the water balance equation is satisfied, Of the five
basic equations for the solution of the problem it was

found that evaporative processes play a major role in the
analysis and care had to be taken to see that the heat

budget equation was satisfied, i.e. C, ETP2 ET + ETV.

uring normal months this relationship is satisfied, and

the excess evaporating energy is used to heat the atmosphere.

During months of high rainfall, where the so0il has reached

field capacity, and there is low evaporating energy, there

ia an excess of moistore available which is assumed hI the

writer to be lost to ground-water storage. ¥o now thus

have a possible method for determining amounts of recharge

from long term rainfall and pan evaporation (or wot and dry
bulb temperature) measurements and hence invaluable quanti-
tative data can be synthesised for any area. This data

can be of great use for sound long term resource planning.

Using this method, data covering the Nuane catohment immediately
wvest of the Lobatse western ground-water basin, was synthesised
and used to determine major recharge events in Lobatse. Thin
has been plotted on Figu'jztngethar ¥ith a long term recharge
compiled from long term spring flow measurements by Hreden-

kamp and Yogel (1970) for a dolomite catchment in South

Africa in a similar climatic zone to that of Lobatse. The
calculated recharge for the Lobatse western basin for the
1970/1971 and 1971/1972 seasons as estimated by stream flow
gauging, 1s also shown on the same figure. While there are

some discrepancies between the curves, it appears that the

j"nhn?tllli----
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above method could be useful for estimating ground-water
recharge in developing,semi-arid countries which lack

long term run-off data or detalled hydrogeological records.
This data could be a partiocularly useful aid for assisting
decisions as to whether ground-water resources should be

supplemented by expensive surface water storage schemes.

Recharge Studies VUsing Glyind Weilr Hllluruﬂgntn

Although long term records of wvater level fluctuations,
ground water abstraction figures and rainfall are available
for Lobatse, there was an urgent need for the establishment
of gauging weirs at various localities in the vicinity of
the Lobatse ground-water basins in order to obtain a better
idea of the mechanism of recharge and to provide an independent
check on recharge calculations obtained from these long
term measurements. This had however, proved impossible
prior te 1970, because of the shortage of funds. In thins
year, however, the Geological Survey in conjunctien with
the Department of Water Affairs and the United Nations
Development Fund, erected a single weir on a typieal gulley,
(the "hospital gulley”) on the hill to the west of the
Lobatse western ground-water basin. This gulley, together
with a number of similar gullies, form the sole source of
recharge to the western ground-water basin, By accurately
determining the catchment area of each gulley and bLecause
geologleal conditions, vegetation and hence run-off char-
acteristics are considered to be identical for all the
gullies, 1t was considered that the total ground water
recharge would be caleulated by extrapolation from the one
gauged catchment., See Fig. 22for catchment areas and Plates

60 and 56,which show the gauging weir and typical sullias



PlL. &0 Gauging weir - Lobatse Western basin.

Fl. &1 Pumping installation = Orapa 8 Mile Wellfiold.
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in flood following exceptionally heavy rains.

These gullies normally carry no flow whatsoever, but because

»

of the scrubby vegetatioh with sparse grass and soil cover,

‘and even, in many places, a complete lack of soil cover,

considerable volumes of water are channelled into the
gullies and debouch onto the alluvial fans at the foot
of the hillslope. These fans consist of large, angular

to sub-rounded boulders, pebbles and cobbles set in a

‘highly permeable and porous coarse sandy matrix. Further

away from the foot of the hillslope, the inclusions become
sméller, but nevertheless the material overlying the dolomite
up to distance of 200 m from this point may contain boulders
up to 15 cm and more in diameter (See Plate 58 ). Because

of the permeable nature of this fill, only exceptionally
heavy and prolonged periods of rain (e.g. 1966/1967) have
resulted in flow from any of the gullies reaching the main
road situated at a distance of 100 to 300 m from the foot

of the hill, otherwise all run-off sinks in immediately into

tpe porous material at the toes of the gullies.

It appears therefore that the Scree zones at the foot of

the hillslopes form an ideal naturél medium for recharging
the important underlying dolomite aquifer, while the shale-
quartzite sandstone aquifers elsewhere which form the Lobatse
Eastern and Lobatse Estates aquifer are probably replenished

in a similar way by run-off from the surroundihg hil s,

The Gauging Weir

The weir was constructed of solid concrete, into which a
quarter dinch steel plate was set and was built on a solid

quartz-feldspar porphyry foundation. The gauging section
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consists of a conventional rectangular weir with a Ves
notch set in it's base to measure nmail flows. This

" rectangular weir is 6 feet long while the right-angled

¥ notch has a height of 1 foot {Eni Plate 60). Discharge
measurements were made with an automatic water

level recorder. During the 1970/71 season, no

flow took place within the rectangular section, while

in 1971/72 flow topped the V-notech en only 5 ocecasions,
The maximum recorded flow was at a rate of 5 295 n; per
hour .for 24 minutes following a period from 9 - 29th
March, 1972 in which a total of 144,2 mm (5,67 inches)

of rain fell on 13 separate days with a maximum rainfall
of 81,7 mm (3,22 inches) in one day. During January 1972,
when the first recorded flow of the scason was measured,

a total of 231,8 mm (9,13 inches) fell on 24 separate day;
of which rainfall exceeding 10 mm fell on 9 days, with a
maximum intensity of 33,8 mm (1,33 inches) being recorded

in one day.

Calculations of the amount of run-off from the Lobatse
Hospital gulley were carried out for the 1970/71 season
by Robins (1971) with certain additions and corrections

by the writer, and for the 1971/72 season by the writer.

GauEqu Fﬂrnulgn

The writer has followed Robins (1971) and used the formulae

2,48
Q = 2,49R for the V-nmotch, while for the rectangular
flat spill the writer has used the formula Q@ = 3,93 L.H 1.5

vhere Q = discharge in cubic feet per second (cusecs)

H

head in feet above the bottom of the notch

L = total width of spill (6 feet)

l‘l'uhl-—-
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Where flow was restricted to the V-notch, the writer

used the rating curve supplied by .Robins. Where flow
'topped the V-notch, the writer used thé rating curve
derived from the above formula . This curve _

. gives both flow th?ough the V-notch and for the rectangular

Spillo '

Discharge Calculations

Figure 33 shows the‘hydrographs for the two flow
periods in the beginning of 1972. Figure 34 shows the

relationship between discharge and rainfall for the 1970/71

rainfall season .

Extrapolafion to calculate total run-off contributing

to Lobatse Western Ground-water Basin

Examination of aerial photographs and a recently published
topographic map of Lobatse to the scale of 1 : 5,000 show
that there are eight brincipal gullies draining into the
western basin. As the gullies are similar in character,
it is considered that by extrapolating the discharge from
the known cétchment area of the hospital gulley, a fairly

reliable measure of the total run-off from all the gullies

could be obtained by simple proportion.

e.g. If run-off from the hospital gulley
catchment of 145 700 m? is 17 409 m3,
then the run-off from a similar gulley,

say that opposite the tennis courts with
a catchment of 116 900 m? will be

17 409 x 116 900 - 13 968 m3
145 700

The gullies draining into the western basin are designated,
from north to south:- Boswelatlou (?) Lamont's gulley (A),

Hospital Gulley (B), Gulley opposite Geological Survey (C),

Gulley opposite Tennis Courts (D), Gulley opposite B.M.C.

A s (o (SR
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cold storage store (E), Gulley opposite B.M.C, main gates
(F), gulley behind Post Office (H). A further gulley
occurs opposite the Lobatse Indian School (I), but drains

into the Railway basin, which is separated from the western

basin by a low dolomite hill.

The areas of the wvarious catchments were calculated by
Jennings (1961) and Robins (1971) with very good agreement.
Lamont's gulley catchment was unaccountably ignored by
Robins. The areas and calculated discharge for the past

two rainy seasons are given in Table 1 .

Summary of Results of Gauging Measurements

3

During the 1970/71 season a total of 159 B73 m” of rain
water was calculated to have run off the hills to the west
of the Lobatse western dolomite basin, the major portion

of which was considered to have immediately entered the
porous fill overlying the dolomite and to have gone
directly to recharge ths ground-vater basin. In 19T1fTE
this amount was caleulated to be 382 121 mj. These figures
represent a run-off of 21,9 mm or 3,99 per cent of the mean
seasonal rainfall for the 1970/7T1 season and a run-off of
52,35 mm or 9,55 per cent of the mean seasonal rainfall for
the above average 1971/72 rainy season (684 mm). As the
rainfall total for the 1970/71 rainy season was slightly
above normal ( 579 mm compared to tho long term average

of 548 mml there is thus an excellent agreement between data
obtained by using an inﬁlplndlnt method. i.0. Four per cent
recharge caleulated from stream gauging for a year with

slightly above average rainfall compared with 3,84 per cent

recharge caleulated from long term water level data and water
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T ABLE 31

CALCULATED RUN-OFF TO LOB. W. BASIN

CATCHMENT AREA M2 RUN-OFF 1970/71% m3 WEIGHT OF WATER RUN-OFF m3  |WEIGHT OF
SEASON GALLONS (SHORT TONS) 1971 /72 WATER
GALLONS (SHORT TONS)
A 2,645,012 25,042,000 132 009 145,210 69,514,000 315 973| 347,570
B 120,490 1,323,000 6 014 6,615 3,141,000 14 272 15,705
HOSPITAL
C
(GAUGED WEIR) 145,700 1,600,000 7 273 8,000 3,830,000 17 408 19,150
3 46,080 508, 000 z 300 2,530 1,187,000 & 395 5,935
E 116,900 1,284,000 5 B36 6,420 3,064,000 13 927 15,320
F 58,170 639, D00 2 905 3,185 1,494,000 6 751 7,470
G 50,100 550, 000 2 500 2,750 1,302,000 5 918 6,510
' 20,730 228,000 1 036 1,140 536,000 2 436 2,680
TOTAL{A to H) 15,172,000 159 B73 175,850 84,068,000 352 121 420, 340
1 2,138,000 23,478,000 117,350 56,186,000 280,530

# NOTE: 411 totels for tha 19?&;?1 sgason barring A and H were calculated by RAobins. & numbsr of
arithmetical arrore made by Aobins have been corrected. All other calculations were made

minor
oy the writer.
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Some calculations using data from gauging weir

1. From 1.8.70 to 1.8.71, the water level rose in
observation borehole A6 from 25,73 m to 24,78 m.
i.e. 0,95 m. During this period, 82 227 e (18,09 m.g.)

were pumped, while recharge as calculated by extrapol-

ation from the hospital weir gauging was 159 873 m3

3

per month (assuming all

(35,17 m.g.) or 13 323 m

run-off gbes to recharge).

o o« Excess of recharge over abstraction

159 873 - 82 227m°

= 77 646 w
.". Storage capacity for 0,95 m of 3
- aquifer % 77 646 m
Quantity of water stored per unit
drop in level = 77 646 x 100
95
= 77 646 m3/m

As rainfall for the season (579 mm) was only slightly above
average (548 mm ), there is an excellent correspondence between
the above recharge of 159 873 m3 and the average recharge
raté of 150 000 m3 per year calculated from long term water
levels and abstraction figures. This tends therefore to
confirm that the above assumption of nearly all run-off
contributing to recharge is correct. This is also confirmed
by observation of the flood waters. When these reach the
toes of fhe gullies, the water can be seen to infiltrate
directly into the permeable scree. None of the flood water
thus collected in pools at the surface, where it could be
evaporated, while the lack of any significant concentration
of vegetation in this area probably means that little trans-

piration losses can occur. Data from tritium measurements

of the ground water, however, shows that there is no
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significant rise in tritium levels (which could be

expected with recharge water with high tritium mixing

' with water with about 0,7 TH). This is interpreted by the
~writer as giving valuable data on the actual mechanism

of recharge which is regarded as a downward displacement

of moisture iﬁ the unsaturated zone to the water table.

2. The static water level rose from 25,15 m on 1lst
October 1971 to 22,5 m on 1lst October 1972 - i.e. by
2,65 m, During this period, gauging on the Hospital
gully weir indicated a total recharge to the western
basin .of 382 127 m3. During this same period 83 773.‘m3

of water were pumped from boreholes.

« « Excess of replenishment over
abstraction

382 127 - 83 773 m3
298 354 m3

+ « An increase in storage of 298 354 m3 resulted
in a rise in water level of 2,65 m.

« « Quantity of water stored per unit
(metric) drop in level from 22,5
to 25,15 m = 112 586 m3/m of
aquifer.

For this period recharge rate = 9 382 m3 per month.

3. On 1.6.70 and 1.5.71, water levels were the same (Fig. 26).
During the same period,‘135 409 m3 (29,79 m.g.) were

pumped from the western bésin. i.e. During this period
replenishment may be assumed to equal abstraction because

of identical water levels,

During the 1970/71 Season, calculated run-off and hence
assumed recharge was 159 873 m3 (35,17 m.g.). The
difference can be accounted for by a possible time lag

in the recharge of the aquifer (corroborated by a rise
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in water level in the months following the above period),
or could be caused by -vlpntrlnlpirntinn or soil =zone
losass, One thing is elear, however, that a very high
percentage of run-off doea infilirate to replenish ground-
vater storage in the Lobatse area. The assumption of
run=off for this particular basin going to recharge of

ground-water is thus confirmed.

Artificial Recharge

Artificial replenishment of the Lobatse aquifers (using
excoss water (overflow) from Nuane Dam) should be

seriously considered at some time in the future for Lobatse
water supply. This would supply extra water storage

in a large, low-cost evaporation-free reservoir. Am

the ground-water basins are already equipped with bore-
holes and an efficient reticulation system, the capital

costs of such a scheme would be very low.

- GROUND=WATER STORAGE CAPACITY

The ground-water storage capacity of all basins in the
Lobatse area was calculated using a combination of data
frem long term pumping {ahstractiun} figures and water
lavel fluctuations in observation boreholes situated

some distance away from oxisting production boreholes

nnd hence away from cones of depression of pumping bore-
holes. In addition pumping from all boreholes in the
Abattolr area in the viﬁinitr of observation borehola

A6, was stopped for at least 24 hours pricr to the measure-

ment of the monthly water level in the borehale. The

average recharge rate (safe yield) was first calculated
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for ana long m period as possible, over which water levels
at the baginning and end of the period were the same.

Honece knowing the amount of water pumped from all boreholes
in the basin over the same period, it was then assumed

that nb!trnctlﬂn over the whole period equalled the recharge.

This assumption could be made because of the lack of springs
or any other obvious leakage from the ground-wanter basins
and the fact that evapotranspiration losses would be
negligible both because of a lack of large trees and shrubs
In the area and also because of the depth of the water
table (730 m). The next step was to take twvo points on
the hydrograph as widely separated in time and vertical
elevation as possible and,knowing the amount of water
pumped during this same period, the difference between

the amount abstracted by pumping and the caloulated total
recharge was assumed to represent the net loss or gain in
storage capacity for that depth interval. From this a
storage capaclty per metre of aguifer was caleculated and
hence the total storage capacity for the whole aguifer

was estimated knowing the thickness of the aquifer from

a combination of past fluctuations of water levels in the

aguifer, geclogical logs and geophysical data.

The major possible sources of error in the above calculations
BTre

(i) the assumed recharge rate,
(ii) the assumed saturated thickness of the aquifer,

(£i4)  the assumption that there is no decrease in
storage with depth.

This latter can be largely eliminated by obtaining an

faverago.......
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average storage capacity which is representative of as

wide n difference in water levels as possible.

The recharge rate Ls probably fairly reliable, provided
long term periods are taken and provided the pericd chosen

does not end or start in the middle of the rainy season.

The figures taken for the saturated thickness of the
aquifer are, in all cases, regarded as conservative. They
however, probably represent the major source of error in

the ealeculations of sterage capacity.

Entimates of the storage capacity for five Lobatse ground-
wnter basina for which long term data are avalilable, are
given in Table 32 , vhile estimates of the total storage

capacity of all the Lobatse basins are given in Table 33 .

Use of Aquifer Test Duta to Calculate Storage Capacity

Dobnoy (1969) used the data (Jennings, 1969a) which indicated
a 2 per cent specific yield for the Lobatse western basin
dolomite aquifer, which is a water table aquifer. Assuming
the same agquifer thickness as used for the earlier storage
sapaclty calculations, he obtained a calculated storage
capaclty of BT2 T27 mj. This compares remarkably well

with the mean figure of B&9 %8B m {Table 32) obtained from

long term water level and pumping data.

Storage Capacity and Specific Yield Variations with Depth

Enslin and Kriel (1967) have shown that doleomite aquifers
in the Hepubliec of South Africa show a Tapid decrecase in
perosity with depth. Etorage capacity calculations (See

Table Jﬁ] over different depths within the Lobatse wastarn
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TABLE 32

STORAGE CRSACITY OF \EMTOUS LOEATSE RSUIFIRS
| faripd ower which Mo Mbstzection cvar | Bechacge swar] DUFF. = L1220 unr.lt;i E,!-tl..‘.r.wi Tolal ztorasc
Eﬂmii::ﬂ.g;; n::u:‘u;l::n;r\ L::; or cisd occursd|of same paortiod Gane papled | wiorage Hl‘lﬂ:n pac agire sf aquifer | earsclty of
yleig - monthe| =3 m3 for drop ar sguifer nd thick~aas | ®guli
in w¥/manth o PULTRS in calumn 2, [ wl -
t=r e ‘
-
1. LOBETHC At
uaY SuB-gAjil
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g550y
1L #s? (Le3. 204 9 x 11 857 | 593 133 52 583 18 |> 708 7es
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- - 4w 11 087 | 811 TiE 83 418 - 7§51 733
11 289 + 17,00 [35,02-23,02)] 31.5.83- 30.0.72 Jil Fo4 408 :.1 : 35
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3 7 - 4,57 1.10.57-30.9.83 | T 335 716 Tia 3837 | T4 L0 15 653 - 18 #2198 154
- 351 TP
4. LORATEC CRISTES
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ITABLE 33
E TSE IF
STORAGE CAPACITY mo
Lobatse Railway Sub-basin 621 036
Lebatsa Western Basin u51 232
Lebatsa Eastarn Basin 299 754
Lobatse Estates Southern Basih IG8 A30
Lobatse Estates Central Basin a4%h 152

Going Dolomite Basin (Estimated at $ cepacity
of Lobatse Western Baasin) 237 808
Pitsanyane Dolomite Basin (Estimated ot §
capacity of Lobatuoe W. Baain) 237 608
Teachers Training College Bauin (Estimated 2 x Safe
ylald) T4 545
Lobatse Estates Northern Basin (Estimated to be
aimilar to Cantral

Basin) —t38 152
TOTAL 3 662 937n =805 B46 140 m.g.
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basin support this evidence and show a progressive decroase

with depth.

TABLE 34

SHOWING DECREASE IN STORAGE CAPACITY(AND SPECIFIC YIELD)
WITH DEPTH*, LOBATSE WESTERN BASIN

Depth m Storage Capacity mjfm Specific Yield %

22.% - 26,15 91 393 3,15
23,78 - 35,06 56 953 1,96
6 2

*Calculations based on an agquifer area of 2,9 x 10m
(1,11 sq. miles)

Storage Capacity Calculations using TIsotopic Measurements

The use of environmental isotopes in the Lobatse area has

been described in greater detail in a separate chapter on

isotopes and Hnly a brief summary will be given here.

Using the average value of 11 B57 x 12 nj = 1.4 x lﬂ'ﬁ m
the annual recharge and value of T = 92 yra then

Storage capacity = 92 x 142 28B4 o
a 13 090 128 m°

This value is 15 times higher than the calculated storage
capacity derived from long term pumping and water level

data but probably inecludes all water present in the un-
aaturated zone. Tha volume of water in this zone assuming

8 per cent molsture and a dolomlte basin area of 2,9 x li.]E km~
is7 37h 272 mj. vhich together with the calculated storage
capacity totals 8 244 261 mj. loaving o difference of

L BLS B6T7 mj. This difference probably represents a more
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realistlic value for the storage capacity of the aquifer
because 1t ia caleculated without the need to ostimate
the aguifer thickness - the main possible source of error

in the earlier storage capacity calculations.

THE USE OF ISOTOPES AS AN ADDITIONAL GEOHYDROLOGICAL TOOL
IN THE LOBATSE AREA

A detalled project to determine the effectivenass of
environmental tritium as an additional geohydrological

tool was commenced in 1969 in collaboration with the
Kuclear Physica Hesearch Unit {H.P.R.U.} of the University
of the Witwatersrand. To date more than 1000 water samples
have been measured for tritium and over 2100 samples
collected. Results have been presented by Verhagen,
Sellschep and Jennings (1970, 19702 and 1974) and by
Jennings et al (1974). These results are described in

more detail in the chapter on Environmental Isotopes.

The main conclusiona from this joint research project
undertaken by the writer and Professor J.P.F. Sellschop

and Or. B. Verhagen (both of N.P.R.U.) are:-

1. It was found possible to obtain excellent repeatability

of measurements on the very low levels of tritium

found to be present in ground water in Botswana,

This therofore gives confidence in the reliabity

of measurements at extremely low levels, Colleaguos

in the northern hemisphere,had previously queried

the ability of a laboratory to make reliable and
meaningful measurements at thede low levels (largely
because of the much higher atmosphere tritium levels

in the northern homlsphere with a conseguent much
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higher risk of contamination ) ,

nifferences in tritium levels in the different
ground-water basins in general confirmed the distinet

hydrogeological characteristics of the basins.

Areas of recharge were indicated by higher tritium

levels.

The mechanism whereby racharge takes place was more

clearly defined using a combination of tritium data

from both the unsaturated and saturated =zones,. As

a result, a model for the recharge of aquifers in the
western basin was postulated and was successfully

applied to other basins in the area.

Calculations of the storage capacity Tor the differsnt

basins (Verhagen, Sellschop and Jennings, 1970, 1970a)
had earlier given consistently higher values [hy &
factor of about tan] than those obtained from draw-
dovn and pumping figures. Howaver; infiltration
measurements through the unsaturated zone have under-=
lined the importance of water stored in this =zone.
Caleulations, using the tritium methed, of the total
amount of water present in both the unsaturated and
saturated zone are thus now in reascnable agreement
(but still somewhat higher) than obtained by conven-
tional methods. This difference 1s regarded by

the writer as being due to additional water present
in the saturated zone, which had not been taken into

account because of the lack of geohydroleogical data
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on the true thickness of the aguifer. The tritium
methed could thus be a valuable tool in obtaining
reliable eatimates of ground-water storage in fissured,

secondary type aguifers.

While tritium measurements have confirmed the overall
geohydrologioal assumption of discrete ground-water
basins, they have also showed (e.g. southern part

of western and eastern basins) that some leakage

probably takes place from one basin to another.

Carbon-14 isctopic data has helped show the general
pattern of ground water movement in the Lobatse Estates
Central Basin, which tritium had failed to do.

1hﬁ measurements have furthermore showed that mixing
of "old" and "youug" waters is taking place in the

Hailway and Lobatse Estates Southern Basins.

GEOPHYSICS AS AN AID TO BOREHOLE SITING

Geophyaics has long been used as an aid to the siting

of boreholes in Lobatse. Electrical resistivity, and

magnetic surveys were carried out initially by Geophysical

Surveys Limited and later by the Geological Survey of

Botswana. In addition to the earlisr use of the above

two methods, gravity, self-potential, constant separation

resistivity, Afmag and horizontal loop-inductive electro-

magnetic traverses have beaen carried out. The electro-—

magnetic methods proved useful in delineating a major

wrench faolt on Lobatse Estates and the gravity methed

proved useful in delineating zones of decomposition in
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the Lobatse western basin, However, the method which
undoubtedly yielded the best results was the electrical
resistivity method which proved useful in locating zones
of decomposition in both the dolomite and quartzite
aguifers in the Lobatae Western and Lobatse Estates
agquifers respectively. A typical example of an elec-

trical resistivity depth probe is given in Fig. 136 .

A number of boreholes have been electrically logged
while fluid temperature and conductivity logs have been
carried out on a number of boreholes, The fluid con-
ductivity log proved useful in one case in giving the

exact entry point of water inteo the borehole.

PUMP_TESTS

Carefully controlled agquifer evaluation pump tests have
been carried out in both the dolomite and shale/quartzite
aquifors. Particularly detailed results were obtained
from a pump test carried out at borehole A.2 in the Lobatse
Western Sub=Basin, where five observation boreholes were
available at distances of 104 te 321 m from the pumped
borehole {J&nningl. 1969a). The results of this test
using the Thelis non-equillibrium formula gave valuessa lor
the coefficient of tranamissivity {T} of 248 metres
squared per day and a value for the coefficient of storage
(s) of 0,20 (2,0 per cent specific yield for a water table
aquifer). On Lobatse Estates values for T were as high
as 621 metres squared per day. The lack of suitably
spaced observation boreholes in this area unfortunately
prevented obtaining values for 5 which could be used to

calculate the storage caproity.
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Debney (1969) has used the above values for borehole A.2
to calculate the fotal volume of the western Lobatse basin
and has obtained a figure of 872 000 m3 assuming a 15 m
saturated thickness and a specific yield of 2 per cent.
This figure agrees remarkably well with the figure_of

868 000 m3

obtained earlier using pumping figures and
water level fluctuations. Debna&also showed that even
after two years of continuous abstraction, a fully

efficient well should be capable of yielding 378 litres

per minute for a drawdown of three metres.

HYDROCHEMISTRY

Systematic sampling, on a monthly basis, of borehole water
for chemical analysis has been carried out since January
1969 on a large number of boreholes. In addition to
pump ed samples, depth sampling, using a special sampler

was carried out for routine chemical and tritium analyses.

Slight chemical stratification "was noted in a number

of boreholes with an increase in total dissolved solids
(t.d.s.) with depth. Examples of this slight chemical
stratification with increasing depth are given in Table 35 «
Boreholes 629 and 2135 are both situated in the western
basin while boreholes 1331 and 1352 are in the Lobatse
Estates northern basin. The chemical Stratification

in the northern basin was noted only during a period when
no pumping (December 1969) was taking place in the basin.
Boreholes 629 and 1352 are both situated at a considefable
distance from pumping boreholes in the western basin.

It is concluded therefores that the chemical layering
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T ABLE

33

SHOWING CHEMICAL STRATIFICATION WITH DEPTH BY 629, 2135 :E. ﬁﬂEINJ 1331, 1352 (LOB EST. C. BASIN)

BH. NO.
DATE
DEPTH
pH
(FLk
HCO3™
el ™
504 =7
Foo-
TOTAL ANIONS
K +
Het
*Thad
Mg+

TOTAL CATIONS

SUM TOTAL
Tadus.

THEOR T.d.s.
K ;

£29
B.6. 171
100
§,80

116

129

25

an
165
124
1i0
160

629
B.6,171
168"
7,18
426

v
135

1
669

1pa

176
T45
5596
529
800

1331
22,9, 169
1301
7,90

13
167

“

24

1
212

10

22
Bl
283
228
208
400

1331
22.9.'69
380!
7,55
240
{
430
1
678
|
11
20z
29
249
927
916
a0s
973

1352
8,12169

z00!

6,70

ar

’

15

1

110

18
12
32
142
112
ea
135

1352
8,12, 169
340"
7,65

240
14
33

296

38
BS
382

264
260

2135
8,4,170
120
7,55

212

Ea
2596
212
197
250

2135
B.4.'70
1791
7,485
344
11
851
1
407

20
27
127
234
376
158
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in these boreholes has come sbout as a result of gravitational
settling of the slightly heavier water during times of little

disturbance of the ground water in the basins by pumping.

In the vicinity of the Meat Commission, there is a marked
age {tritium} and chemlical stratification; with an increase
in t.d.s. from 600 at 2T m to 1570 parts per million at

43 m in borehole A6 (western basin). There was a drop
from 16,1 tritium units (TU) at 27 m to 4,5 TU at 43 m.
Similar stratification is present in borehole x4 {&aatern
basin, See Table 36 ). This marked chemical stratifi-
cation is undeubtedly due to pollution by effluent Trom

the Botswana Meat Commission whieh discharges effluent
with a very high dissolved solids contant through an
unlined drain inte the nearby Peleng Riwver. Effluent
disposal into the river has increased toe such an extent
that a perennial flow of water now passes down the river
past the Lobatse Estates southern and central ground-=
water basins. As a result of this; boreheoles in the
southern basin have showed a deterioration in water guality

{Table 5 b The only borehole in the Lobatse Estates central

basin to show thiz iz borehole 112, which iz situsted on the

banks of the Peleng River. Water from this borehole

has shown a rise in t.d.s. content of from 402 on 1.B,1962
te 1796 parts per million on 29.9.1969. This has sub-
sequently dropped since effluent brine containing the
equivalent of approximately one ton of sodium chloride

per day was removed by tanker and dumped elsewhere.

The water in the western dolomite basin is generally of

moderate quality with average t.d.s. of 300-400 parts

gy
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TABLE ﬂﬁ

CHEMI AND TRITIUM ATIFICATION IN BHS x 4 AND A.65 LOB. W BASIN
BH No. P772(x4) P772(x4) B772(x4) Z1661(A.6) | Z1661(n.6)| Z1661(A.6) | P.209(A3)
DATE 29,7, 150 29.7. 169 29.7.'69 25.4. 169 25.4. 169 25.4. 69 14.1. "M
DERPTH 501 g5t lagt B5? 1251 140" PUMBED
pH 7,6 7,60 7,70 7+25 £,95 7,15 7,05
Coy - - - - - - -
HC D3 255 362 457 108 255 261 289
W 358 522 852 207 435 770 851
504~ 39 60 59 110 44 30 Bl
P 1 1 1 1 1 3 1
TOTAL 693 245 1369 426 738 1062 1222
K+ 17 7 B 5 7 g g
Nat 13 41 46 g 148 250 305
Cat+ 108 200 300 4 111 164 161
mg*+ 100 124 188 46 62 BA 111
TOTAL CATIONS | 259 arz 542 185 328 11 1041
SUM _TOTAL 852 1317 1511 611 1063 1573 2263
TRITIUM TU 14,3%1,4 | 13,6%0,8 12,820,8 16,1%1,5 |13,3%1,4 4,5%0,6
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per million with calcium and magnesium cations and bl-
earbonate anions dominant. A typical example of this
type of water 1s given in Table 35, The waters in theo
eastern quartzite basins are generally of better quality
except where contaminated by effuent. Four boreholes
with excellent quallity water containing less than 100
parts per million t.d.s. are situated in the Lobatse
Estates central and northern basins. Typical analyses
of these pure waters are given in Table J8 ., Thoeso
wvaters, which are slightly acid, are even bettor quality
than the pure wvwaters found in the ﬂknvnngnlﬂuampu. The
axcoellent quality of the water is probably due to the
lack of contaminating salts in the quartaitic sandstone

aquifer.

Most of the waters may be classified as Type A (van
Straten 1961), i.e. with equivalent (ca’® + Mg**) >

(Na*

+ K+] and {Eﬂjh* + HGQJ-] b {Sﬂh-—] though boreholes
which have been contaminated by effluent are classed as type
E. It is interesting to note that H-+ has been eliminated

from the effluent by cation exchange in the stream alluvium

during infiltration.

W LEVELS

Hydraulic QGradients

The collars ef a number of boreholes in the Lobatse western
and eastern basina and Lobatse Estates basins, were levelled
using a dumpy level and all water levels were measured at

a time when ne pumping was taking place, in order to

determine wvhether any clear hydraulic gradients wero

/present....
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BH NO. 2280 2268 2262 2264 2271

DATE 6,10, 769 2.7.'70 3,.3.171 2.7 170 16,1269
DEFTH 140" PUMPED PUMPED PUMPED PUMPED
pH 6,15 5,50 6,10 6,40 5,75
coy == = - - - -
HCOg = 47 47 34 a1 13
£y = 7 4 11 7 11
S04~ 6 5 5 18 9
F= 1 1 1 1 1
TUTAL ANIONS 61 57 51 67 34
K+ 1 1 2 1
Nas * 3 2 2
Ca ** 13 ? 9 4
ng 6 10 5
TOTAL CATIONS 23 16 17 17 12
SUM TOTAL B84 73 68 84 46
T.d.s. 58 56 56 72 40
THEDR .t.d. 5. &0 49 g1 64 13
K Bs 78 75 72 55
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presont,

Lobatse Hasins

These levels are shown in Fig.37 and show clearly that
wvater levels in the northern (P.212) and southern ends

of the western (railway basin Bh 1968) basin have apprec-
iably higher levels than the boreholes in the central part
of this basin. Boreholes in the central part of the
western basin show very little hydraulic gradient and
hence it is concluded that the aquifer has a good trans-
misaivity. It is interesting to note that the two
boreholes with the highest water levels are situated

near the toes of the largest gullies. There is a steady
decreass in water level evaluations northwards from the
p.C.'s office boreholes (1368 etc,) and there is also
some evidence of a gradient from borehole P.212 south-
wards (borehole 665 has a higher water level than the

other boreholes in the central part of the western basin).

There is a difference of about 5 metres between eastern
and western basin boreholes, thus confirming geological
avidence that these two basins may be regarded as

discrete geohydrological units.

Tritium measuremants on boreholes in these basins confirm
the postulated recharge areas at the northern and southern
ends of the westorn basin and also that the sastern basin

may be regarded as a hydrologically separate basin. {Sew

Chapter on Inutnpu-}.
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batse Eatates sins

Water levels in boreholes on Lobatse Eatates are shown
in Pig.38 . Water level gradients in the southern basin
are in general higher in a southwesterly direction,

indicating flow from this direction.

Boreholes in the central basin have clearly different
levels teo that of the southern basin {3 17 m difference)
indicating hydrologicanl discontinuity between the two
basins. This has been confirmed by conslderably different

tritium levels in the two basins.

In the northern basin water levels indicate an easterly and
northerly source of recharge, presumably the dip slope

of the Magaliesberg Subgroup guartzites.

Long Te VWater Level Fluctu o

Long term water level fluctuations are given for the

Lobatse Railway (Figs,3940)VWestern (Figs. 26, 41, 42) Eastern
(Figs.27,43)Lobatse Estates Southern (Fig.28 ) and Central

Basins (Fig 31 ).

All show some seasonal response to recharge by rainfall
while the other fluctuations are in response to varying
pumping ratea. Particularly large fluctuations are
gaused by pumping In the Lobatse Estates southern basin.
The saympathetic response by different boreholes in

different basins to pumping, is shown in Figs.lih, 45, W6, A7.

Theseo long term fluctuations have been used to calculate
the average recharge rate and the average percentage of

rainfall forming the recharge component, (See earlier

f3ent1nn-.
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sections on replenishment and safe yiald).

Differsnces in water levels have also, in combination
with known pumped abstraction figures, been used to
estimate the storage capacity of the different ground-

water basins.

Short Term Fluctuations (See Chapter on Water Levels)

Certain borsholes show diuvrnal fluctuations caused by
pressure variations during the day. Others show regular
variations in water level and can be correlated with lunar

changes and are thus of tidal origin.

A Bingle borehole showed interesting water level changes
in response to the major Boland {Eapa Pruvincej garth-=
quake on 29/9/1966 (Fig.48 ). This has been described in

more detail in a separate Chapter on Water Levels.

Fluctuations in water lewvels due o recharge are shown in
Figs.li9-58. The extremely rapid response in water levels
to prolonged heavy rainfall may be due eilither to rapid
direct movement of water, concentrated 1in the toes of the
gullies, to the water table,; or it could be a response due
to a "displacement" or "piston flow" effect of older water
present in the unsaturated zone being displaced downwards
to the water table by recent recharge. This latter
possibility is supported by tritium measurements which
show that there is no rapid rise in tritium content (average
0,8 TU) in the ground water yet rain water infiltrating

rapidly into the porous surface zone is known to contain
30 - 50 TU.
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SHOWING EFFECTS OF HEAVY RAINFALL IN JANUARY 1972. NOTE ALS0 DROP
IN LEVEL DUE TO PUMPING (81h—12th FEBRUARY 1972)
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Notes on Hydrograph for Horehole AB - Lobatse Western
Basin (Fig.26 ).

The regular measurement of water levels on observation
borehole A6 in the Lobatse western basin, was commenced
in mid-1956, while occasional measurements are available
bafore this.

By looking at the hyvdrograph and cumualative rainfall

and pumpling departure curves 1t can be clearly seen that
the overall shape of the hydrograph corresponds closely
to the cumulative departure curve from the calculated
mean monthly safe yield of 2,75 million g;llnns per
month (12 500 rtlj_}’m}. Fluctuations on the hydrograph
correspond wvery closely %o peaks or positive gradients
on the cumulative departure curve from the long term
monthly rainfall averages. The close ecorrelation of
these poaks may therefore be interpreted as rises in
water level due to recharge followlng above average rain-
fall, There is no time lag between rainfall peaks and
water level peaks and hence recharge is assumed to take
place extremely rapidly (less than one month) despite

the fact that the water level in the borehole varias from

24 to0 36 m.

These hydrograph peaks may thus be used to make semi-
quantitative estimates of ground-water recharge and the
frequency of this discharge. These estimates ara
gliven in Table 30.

Notes on Hydrograph for Bh X4 - Lobatse Fastern Hasin
(Fig. 27 Y,

Pumping commenced from this basin in October 1957 and by

the end of 1972 over 622 Ta0 m3 {13? m.g.} of water had
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been pumped from the basin, Monthly water level
measurements have been taken on an observation bore-

hole in this basin sinece 1957.

The general form of the hydrograph shows a ¢lose correlation
with the cumulative departure curve from a pumping rate of
0,B0 million gallons [3 636 -J] per month between 1959

and the end of 1966, In the first half of 1967 however,
the hydrograph shows a marked deviation from the cumlative
wator ahstraction departure curve with a marked rise in
wator level occurring desplte an lncrease Iin water pumped
from the basin. This corresponds with the large peak

in the cumulative rainfall departure curve for the same

period. A further rise in water level in 1968 again
corresponds to a rainfall surplus. From 1969 on, the
hydrograph and cumulative pumping departure curve again
show a similar trend, i.e. with total abatractlion governing
the overall shape of the curve. Minor peaka on the hydro-
graph often show close correspondence with the rainfall
curve. ¥here sharp peaks occur on the rainfall curve
there is often a corresponding sharp peak on the hydro-
graph. e.g. January 1960, December 1960, November 1963
and January 1971. This indlcates that recharge takes
place very rapidly in this basin, i.e. less than a month
is taken for the rainfall to cause & Tise in the ground-
water table which lies between 10 and 27 m below ground
level.

By studying the peaks on the hydrograph semi-gquantitative
estimates of ground-water recharge have been made (Ses

Table 30).

SROtes.uises
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8 _on Hydr h for Bh 1071 - Lobatse Estates Sou
Basin. (Fig.28 ).

Large scale pumping of water from the Lobatse Estates
southern basin for township water supply, commenced in
November 1960. Prior to this ,water level fluctuations
are due to increments in storage due to recharge during
the 195%/1960 seamon and losses due to natural leakage,
with minor pumping from the basin by the farmer for
cattle watering. It can be seen that natural losses

from the basin are therefore not large.

By looking mt the hydrographs betweenm 1961 and 1964

there is a large overall drop in water level caused by
pumping excesding the mean recharge rate. This is
clearly showvwn by comparing the hydrograph with the
cumulative departure curve from a mean recharge rate of
0,73 million gallona per month obtained from long term
water levels and known water abstractions. Major lows

in the water level are clearly related to increased
punping, i.e. end April 1962, end October 1963, end
October 1964. By comparing the hydrograph with Lthe
cumilative departure curve from thé mean monthly rainfall,
it can be seen that peaks in the hydrograph correspond
roughly with peaks in the cumulative rainfall departure
curve, but with hydrograph peaks displaced two to three
months ,indicating a time lapse between peak rainfall and
actual recharge in the observation borehole, whose levels
vary from 1% to 35 m below surface. The hydrograph clearly
shows that almost no recharge occurred during the 1962/196%

rainy season and again during the 1963/1964 season.

PTH® s 45 an
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The section of the hydrograph from 1965 te 1969 shows
large recovery in water level due to a marked reduction
in pumping in mid - 1965, with superimposed ground-water
peaks, caused by recharge during the 1964/1965, 1965/1966,
1966/1967 rainy seasons. An especially large rise in
water level took place follewing the exceptionally heavy
1966/1967 season. Little recharge apparently tock place

during the 1967/1968 and 1968/1969 seasons.

The section of the hydrograph between 1970 and mid-1972
shows an overall marked drop in water level due again
to overpumping with superimposed peaks due to recharge
in the 1970/1971 and 1971/1972 seasons. The pealk in
July 1970 is probably due largely toc a drop in pumping
(see cumulative pumping departure curve) during May and

June 1970,

From mid=1972 to mid-=19T7%3, there was again a rise in water
level, due largely to a decrease in pumping. An increase
in pumping in the second half of 19713 resulted in a corres-

ponding drop in water level.

Conclusions

Detailed analysis of the hydrograph for borehols 1071
in the Lobatse Estates basin has enabled semi-guantitatiwve

estimates of recharge of ground-water. {Saa Table 30 }.

Notes on Hydrograph Bh 1412 - Lobatse Estates Central
Basin. (Pig.31 ).

Pumping commenced from this basin in February 1961, while
regular measurement of water levels in the basin was

commenced in 1964 with some measurements having been takeu

Jearly.... .
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garly in 1963. By comparing the hydrograph for obser-
vation borehole 1412 with the cumulative departure curves
for the mean monthly rainfall and the estimated mean re-
charge of 1,00 million gallons per month {ﬁﬁhj mj per
month) it can be seen that the main form of the hydrograph
is controlled by deviations from the mean monthly recharge,
while minor peaks on the otherwise fairly smooth curve

are caused by recharge esvents. These minor peaks ocour
during or just after the 1964/1965, 1966/1967. 1968/1969,
1969/1970, 1971/1972 rainfall seasons, It would appear
therefore, that this basin, from which over 254 million
gallens (1 150 000 mj} had been pumped by the end of 1972,
has been pumped at a considerably greater rate than that
of the recharge and as a result, has shown a decline in
water level of more than 23 m. It appears furthermore
that recharge ococurs more infreguently than in the other
Lobatse ground-water basins, because of a greater lack

of favourable recharge conditions - either ephemeral
rivers or gullies concentrating water in areas favourable
Tor recharge {nnly one major gully drains the gquartzite
hill east of the basin while recharge from the Peleng
River on the western margin of the basin is probably
prevented from reaching the main sandstone/quartzite
agquifer by impermeable shale horizons overlying this
aguifer). Significant recharge therefore only appears

to have taken place during the abovementioned 5 years, out

of a total of 9 years [1964-1972),

The fact that no diminution of yield cecurred in any of

the production boreholes in this basin, despite a drop

f‘iniilll



298

in water level of 23 m and despite the fact that recharge
only occurred in 1969/1970 and 1971/1972, indicates that

the storage capacity of this basin 1is very large.

CONCLUSIONS

The collection of long term hydrogeological data has
enabled accurate calculations of specific yield, safe
yvield and storage capacity of the wvarious Lobatse
ground-water basins to be made, as well as an estimate
of the percentage of mean annual rainfall which is
likely to recharge the aguifer. The total storage
capacity 1s estimated to be 3,6 x lﬁEm3r which is much
greater than the Nuane Dam capacity of 2,27 x lﬂﬁmj.

The combined safe yield is calculated to be 72 273 m3/m.

The use of tritium has helped delineate recharge areas:
the mechanism of recharge, and has been used to calculate
the turnover time of water and the storage capacity of
the basins. The storage capacity obtained using tkis
method, indicates a larger volume of water prssent than

indicated by the conventional method.

Study of hydrographs has enabled semi-quantitative
estimates of seasonal recharge and of the freguency of

recharge, to be made.
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HYDROGEOLOGY OF ORAPA

INTRODUCTION

Following the discovery by de Beers (Botswana) Pty. Ltd,

of a large kimberlite pipe contailning payable gquantitles

ol dilménda. the provision of an assured supply of water,
initially for prospecting and later for pilot plant testing
and plant and township construction, became of vital import-
ance. Fortunately the Cave Sandstone aguifer was able to
meet these early needs. Howaver, detalled aquiler evaluation
tests indicated that the provision of the large amounts of
water required for full secale production {E to & million
gallons per day, 9 091 to 18 182 njfd} gould be more economl-
cally met by a surface water supply scheme and consequently
the Mopdipl surface storage dam was completed and Filled by
mid 1971. This achome however, has a considerable e«lement

of wncertainty,as the Hoteti River has been known in the

past to have carrled no flow downstream of Hakops (Tsienvane)
for longer periods than the total storage peried of the
reservoir and in fact at the time of writing {Uunnmhnr. 1971)
the Mopipi Dam is completely dry. As a result it was

decided by the Geological Survey to commence m limited amount
of hydrogeological research in the Orapa area. This research
was later expanded when the Diamond Research Laboratery (de
Beers) made a grant to the Nuclear Physics Research Unit of the
Witwatersrand University, to carry out further research, in
collaboration with the Geological Survey. All work conducted
by the Geologlcal Survey in this programme waa under the

writer's direct supervision.

L KPHF:VI{JI}E
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Pravious descriptions of the area are to be found in the
report by the consultant engineers on "Yater Supply to

ak1 (orapa)*  (Anon, 1969) and by Robins (1972 and 1972a).
The writer was directly involved with the geohydrolegical
studies at Oraps which included pump tests; logging of
boreholes and geophysical work, but gratefully acknowledges
the assistance and advice given by Mr. A.G.P. Debney of
the Institute of Hydrelogy, Wallingford, who carried out
most of the aguifer tests at Orapa. This work was con=-
ducted on behall of the Consultant Engineers with the
assistance of the writer and other staff of the Geological

SUrvaey.

PHYSIOGRAPHY

The Orapa area consists of relatively flat, scrub-covered
country which slopes gently toward the Makgadikgadl Do-
pression (D.G). A prominent scarp overlooks the south-
eastern corner of the Makgadikgadi, but elsewhere there ia
a gradual drop towards the base of the Depression whieh

is situated at an altitude of about 915 m. Most of the
area is covered by Kalahari Beds unconsolidated sands,
calerete and silcrete bmt occasionally the older solid
geoclogy is exposed ,particularly along the rim of the Mak-
gadikgadi. The near ubiquitous sand cover prevents any
effective run-off and consequently no active drainages are
present, though the fossil Letlhekane valley can be traced
on air photos as a very faint shallowly incised feature [(less
than 15m deep},fﬂr over 100 km. Two other miner fossil

drainage valleys are also present in the area.

g P FThae
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The main physiographie feature of the area iz the snormous
flat-floored Makgadikgadi Depression which occupies an
aren of over 1 2B0 000 hectares. This Dopression is
usually -underlain by a shallow, brine water table,. The
only other physlographie feature of any significance is a
low scarp extendlng northwards then westwards from Serowe
but which dies out due east of Orapa and marks the eastern

limit of the Kalahari region.

Rainfall and Climate

Only & wvears rainfall data {(and this incomplete) are available

for Orapa. The maximum monthly rainfall recorded during
this period was 206,37 om (January 1972) while monthly rain-
fall exceeding 100 mm fell on 5 other occasions viz:187 mm
(Pebruary 1969); 107,6 mm (March 1969) 1 104,5 mm (November
1969); 157,8 mm (December 1970) and 106,7 mm (March 1972,

The available rainfall data are shown in the table below:-=

TABLE 39
RAINFALL AT A 1958 -1 IN mm

1968 1969 1970 1971 1972 1971

JANUARY 31,6 24 .8 160% 206,13 36,9
FEBRUARY 189,0 L8,8 Jo* 28,7 56,9
MARCH 107,6 10,4 hos= 106,7 33,8
APRIL 12,8 22 ,0% 15% 25,6 0,0
MAY 0,9 0,0 1w b, 2 1,9
JUNE 0,0 55 0,0 0,0 0,0
JULY 0,0 0,0 0,0 0,0 o,n
ALUGUST 2,1 0,0 0,0 0,0 0,0
SEPTEMAER 0,0 5.3 ho,6 B,5 b, 6
OCTODER 15,9 0,0 4,8 9 97,5
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TonEinued. s 1900 1960 1970 1971 1972 1073
NECEMBER Wb, 5 Lg,o 157 ,8 51,3 b, 3
TOTAL (67,1) 508,3 290, 4 Lz1

» Estimated from surrounding rainfall gauges at Serowe,

Gweta and Totomes.

GEOLOGY

TAB OF GEOLOGICAL FORMATIONS

FORMAT1ON GROUE AGE
Spdiments of Makgadikgadi Tertiary and
t
Unconformity? Hecen
Sand calerete ferriaorete Kalahari Masozaic -
Unconformity Tertiary

Stormberg Lava
Ntane (Cave) Sandstone

Mosu Sandstone

Kantse Bedsa Karoo Late Palanozain
Non-carbonaceous und; Tlapana Supergroup Early Mesozoic
carbonaceous Beds. Mudstone

Mea arkose

INTRUSIVE ROCES

Kimberlite Pipes Poast=Karoo
Dolerite S5illas Post-Karoo
Dolerite Dykes Post=Karoo

KAROO SUPERGROUP

Ecea Subgroup

Rocks of this subgroup do not crop out at Orapa itsell and
are only found to the north and northeast, where they ara
exposed on the escarpment forming the southern marglin of the
Makgadikgadi Depression. A deep, diamond core barshole
2125 A/D1 drilled 6 kilometres east of Orapa however has

revealed the lellowing lithological succession:=



0 - 99:5

9916 i 15211 m

152,1 - 152,4
152,4 - 168,4
168,4 - 169,6
169,6 - 176,8
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Basalt (Stormberg).

Pale grey to pink fine~grained sandstone
[Cave) with dark grey siltstone lenses

at 99,6 m and a thin, red micaceous mudstone
band at 132 m.

Dark brown mudstone.

Pale grey fine-grained (Cave) sandstone.
Maroon, silty sandstone

Pale, grey-brown fine-grained sandsione.
Medium-to coarse-grained sandstone with
occasional green clay pellets.

Maroon and pale grey or brown laminated
mudstone with thin siltstone intercalations.
Maroon mudstone.

Brown to pale grey medium-grained sandstone
with thin bands of maroon, silty sandstone.
GGrey shale.

Brown, medium-grained sandstone.

Brown, extremely coarse-grained sandstone
with ccecasional vein quartz pebble bands

at ¥ 211,9 m. N.B. This rock is extremely
porous and is probably a good aquifer.
Maroon, brown and blue-grey silty mudstone.
Grey medium-grained slightly micaceous
sandstone.

Grey, silty mudstone.

Cave Sandstone

The Cave Sandstone underlies the basalt either with a slight

uncenformity,

or in some areas, the lava flows are inbedded

with the uppermost sandstone beds thus indicating contemp-

oraneity " between the closing stages of the deposition of

the Cave Sandstone and the outpourings of Stormberg lavas.

The Cave Sandstone croms out in & fringe surrounding the

lavas from west of Orapa eastwards then southwards past Serowe

past Moijabana (E.7) to west of Shoshong (F.6).
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The sandstone varies in colour from pink to orange, or may

be buff, or even white. It is generally fine-to medium=gralined
and consists of well-rounded "millet seed"” sand grains with
some feldspar. Tt is characteristically poorly cemented,
and often soft and friable. Pink marly sandstones are
generally developed towards the base of the succession.

The sandstone on the contact with the overlying basaltic

lava is often hard and better-cemented than the remainder

of the sandstono. It is moreover, often well-fissured,
commonly with fissures up to 3 em in diameter. Diamond
core-drillers dArilling at Orapa, have reported poor core
recoveries in this zone, while a cavity of 76 cm was reported
on the basalt contact in a borehole drilled in the cantral
Kalahari Game Reserve. (Bh. 1599, E.3). It is therefore
likely that the fissures within the indurated zone act as
conduits for the passage of water into boreholes penstrating
this horimon. This more permoable Zone forms the most con-
gsistent aquifer in Hutnwnnl,with virtually every known bore-
hole penetrating this horizon produeing yields varying from
38 to over LS50 litres per minute. Pump testing of the

Cave Sandstone agquifer has shown however, that the Coeffecient
of transmissibility of the Cave Sandstome is surprisingly low

- an average of only 1 000 g.p.d/ft. (15 mzfd}.

This ean probably be accounted for by the fact that the
fissures on the contact have little lateral extent. Tests
in which samples of core from the indurated contact zone were
soaked in hydrochloric acid, showed that rapid and complete
disintegration of the hard, caleite-cemented sandstone took

place. It 18 probable therefore, that acid treatment of the

iyiifer would result Iin inoreased coefficionts of transmiggsivd =,
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Stormber A

Basaltic lavas of the Drakensberg Lava Subgroup of the
Stormberg Group (Karoo Supergroup) orop out over an

extensive belt extending friom Serowe (E.T7) northwestwards

to Orapa (D.6) They then run in a nnuthungtl;lr direction for
at least 180 km and then swing southeast towards Kutawe

(F.5) and Lephepe (F.6). From hewe they run north and then®

northaast back to Serowe. These lavas are overlain un-
conformably by Kalahari Beds while they are underlain by the
Cave Sandstone Stage which forms an irregular fringe around

the margin of the lavas.

Borelholes in the area indicate a maximum thickness of basalt

of 252 m at Serwe north of Serowe. Several boreholes e.g.
1703, 2065, 2083, encountered less than 30 m of basalt. A
number of fairly closely spaced boreholes, e.g. 2065 and 1694,
2199 and 2206 and 2152 and 2183, although at similar elevations,
show respective basalt thicknesses of 65 m, 43 m and 77 m, thus
indicating possible differences in pre-basalt reliefl, or more
likely, the presence of minor faulting. At Orapa 1tself, the
average depth to the base of the basalt is 110,2 m (12 bore-

holes) with a maximum thickness of 118,37 m of basalt snd a

minimum of 100,6m. (See Fig. 59).

At the B mile wellfield the average thickness of the basalt
in 5 borehsoles (2182, 2183, 2184 and 2190) is B6 m while the
average thickness of basalt in the 2 boreholes constituting the

12 mile wellfield is 53,7 m.

Elsewhere in the Kalahari reglon the greatest known depth

of basalt is in borehole 1351 near Lephepe (F.6, more tnan 401 m).

-l-l-ilfln
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In borehole 1578 at Semolale, in the Tuli basalt trough in
eastern Botswana (D.9), the basalt attains a thickness of

aver 249,39 m (borehole stopped in basalt).

A study of the diamond core borehole drilled at Serwe (E.7)

as part of the hydrogeclogical research programme, shows

that the borehole penetrated Stormberg basalt lavas from

11,28 m - 252 m (Goe Appendix). The basalt varles in colour
from black to grey or even reddish-brown. It conalsta of
alternating fine-grained massive and amygdaloldal zones and
occasionally shows minor fracturing and thin velns of calcite.
A study of the amygdaloidal mones shows that 22 individual
lava flows make up the total thickness of 240,72 m with an
average thickness of 10,94 m. Individual flows vary from

2,74 to 32,92 m in thickness.

The presence of tuff bands up to 23 cm in thickness and of a
single thin band of green shale indicate a temporary lull

in the vcleanie outpourings. Close examination of the lavas
indicatesthat there is no marked interflow weathering of the
basalt. As the fine-grained basalts lack intergranular

space and also have a general absence of Jjointing, it is not
suu prising that in the Serowe - Orapa reglon, the basalts

form an extremely poor agulifer. This is supported by data
from numerous borsholes penetrating the basalt in this region
in which the driller seldom recorded supplies in excess of

2 1/min being edcounteredin the basalt. Where large supplies
are encountered in the basalt, e.g. Panda ma Tenga (A.6) and
Morukuru (D.7) areas, it is probable that water is encountered

in basins of decomposition, on weathered llow contacts, or in

fracture m=ones.

wain st i
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A petrographic description of the balsaltic lavas was given

earlier in the section on the geolegy of Botswana.

Kalahari Beds

Prior to the drilling of a number of core boreholes for
hydrogeological research in both the central and northeastern
Kalahari regions, little was known of the true nature of
these virtually unknown beds, both because of a pauclty

of natural sections and because of the difficulty in identis=
fying the true nature of rock types from sludge samples from
percussion drilled boreholes. The diamond coreholes have

thus provided unigue information on these beds.

Only three of the coreholes drilled in the Serove=Orapa
reglion encountered significant thicknesses of Kalahari Hedsa

= Tshepe, Makoba and Mahata.

Summary logs of the Kalahari Beds section of two of these

boreholes are given below:-

ISHEPE

0 = 9 Sand

3 - 39 White to mottled siliceous sandstone with
some cAlcareous cement and occasienal "root

holes" filled by poorly cemented sandstone
or sand.

39 = F2¢ Mainly white (medium-grained) sometimes
Fferruginous-stained, calcarecus-cemented
sandstone with oeccasional vertical root-
holes filled with poorly cemented sandstone.

T2' = 90! Mottled sandstone with appearance of "con-

glomerate" consisting of round to elongate
fine-grained brown calecareous sandstone
"pobbles" 1" to 1" in diameter set in &
matrix of coarser-grained dark brown cal-
careous sandstone. This sandstone contains
pebbles of basalt towards the base at =/901,

MAKOBRA

ar - 4 Sand and grey sandy soil.

| e ok
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calcareous with occasional pipe-like
rootholes.

30! —.82%' Pink to mottled pink and whiteicalcar?ous
sandstone with occasional rootholes/pipes

of red sandstone.

82%4t- 89! Red calcareous sandstone '"conglomerate" with
‘ rounded, white, silty limestone segregations.

891 -~ 182! Mainly fine-grained pink calcareous sandstone
with occasional partly infilled "pipe".

Base of Kalahari Beds at 182¢',
The main characteristics of the Kalahari Beds in this section
are thus the extremely thin cover of unconsolidated Kalahari
sand of 5y metre, underlain by 9 - 12 m of partly Silicified.
red sandstone underlain by up to 45 m of fine-grained pink
sandstone bearing a startling similarity to the Cave sand-
stone, but distinguished by occasional thin pipe-like "root-
holes". Thin mottled zones in which segregations of the
.calcareous matrix have taken place are aléo present and it
gives the sandstone a "conglomerate-like"appearance. As
noted later in the section on the Stormberg lavas, the
presence of identical "conglomerate-like" intercalations
within the lavas is regarded as evidence that lower Kalahari

Beds are coeval with the lavas and are probably much older

than originally thought.

The Kalahari Beds in the Makoba area are of sufficient
thickness for water to be encountefed within the Kalahari
Beds. The poorly cemented nature of the soft friable cal~
careous sandstones is such as to be reported by percussion

drillers as "running sand" when saturated with ground water.

In the Orapa area a thin veneer of Kalahari sands overlies
calcrete which in turn overlies decomposed basalt. The
maximum recorded thickness of Kalahari Beds in this area

is 16 m in borehole 2185/150. These consist mainly of
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sand with less than 30 cm of calcrete. No ground water
occurs in the Orapa area within the Kalahari Beds except
in the shallow hand-dug well near the large pan on the

edge of the landing ground (airstrip).

Intrusive Rocks

Dolerite Dvkes

A number of west-northwesterly trending post-Karoo intru-
sive dolerite dykes can be clearly discerned on air photos
and can be traced for distances up to 30 km. Similar
dykes are‘presumed to be responsible for similar trendiné
magnetic lineaments present in the sand covered area south

of Orapa.

Kimberlite Pipes

A large number of Kimberlite Pipes with surface areas of up to
a maximum of 112 hectares intrude the basalt in the Orapa
area. Much of the material in the main Orapa pipe is
regarded as of secondary kimberlitic origin.following the
slumping back of kimberlitic material into the original
crater. A number of the pipes are known to contain economic
quantities of diamonds and production from the 2125AK/1

pipe is in pfogres$>and is planned for the 2125DK/1 pipe.
Only very minor quantities of water, identical in chemical
quality to that of the neighbouring basalt, were eﬁcountered
during pitting operations to evaluate the_pipe. It is con-
cluded therefore, that the kimberlite pipes in the Orapa

area do not constifute aquifers of any significance, while
boreholes drilled in the basalt in close proximity to the

kimberlite intrusion, produced no greater supplics of water

T T D T e I RIS ot NP S IR IRRNT X, = . 6 - e
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A log of one of the hydtrogeologicel rasearch boreholes is

given in Appendix 3 .

%48 borehole i1s of particular interest as it reveals in-
direct’ evidence of the age of the Kalahari Beds. The
calcareous sandstone conglomerate between 154 and 165 feet
is identical in appearance to that of rocks present between
64 and 84 feet above the top of the Stoermberg basalt at 90
Teet. This could thus provide Important evidence that the
lowermost beds at least of the Kalahari Group are contemp-
eraneous with the Stormberg lavas and hence the age of thease
beds could be as old as Liassic. This could have important
connotations for kimberlite prospecting in Dotswana as the

late=Creataceous kimberlite pipes could thus be of poat=

Lower Kalahari age.
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: HYDROGEOLOGICAL CH

Introduction

The discovery of the world's second largest payable kimberlite
pipe at Orapa led to a rapid increase in the demand for water,
initially for evaluation of the plipes and later for the pilot
plant operations and construction satages of the mine. As

a result of this demand, a total of 22 boreholes  yq5 -drilled
between 1967 and 1969 (see Table 40 for details of these
boreholes). This extensive drilling programme was preceeded
by photogeolegical interpretation and in some cases by geo-

physicnl surveys.

Subsequent to the drilling, all borehole collar elevations
wers accurately lovelled, and some of the most detailed
agquilfer svaluation tesits omndertaken in South Africa were
carried ocut by Sir Alexander Gibob and Partners in collabor-
ation with the Geoclogical Survey {undnr the writer's super-
viuinn} in ordsr to determine the long term effects of
sustained pumping at various projected pumping rates. In
order to carry out the aquifer tests properly a wellfield
consisting of 4  Binch prnductinn-burahulaﬂ was drilled by
percussion methods in a virgin area 8 miles (12,8 km) from
Orapa in a symmetrical pattern with a 6 inch observation
borehole drilled at the centre and a total of 8 diamond cored
observation boreholes drilled 150 feet (45 m ) and 1000 feet
(300 m) from each production hole (see Fig. 60 ). Detailed
water level observations have bBeen made subsequently in the
aren while samples of water have been cellected at regular

intervals for chemical and tritium analysis, Samples hove

-l-lii-".‘ﬂllﬂ
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TABLE 4O

BOREHOLES - ORAPA_ARER

ND. LOCALITY DEPTH WATER STRUCK STATIC REST AFTER YIELD DEPTH OF CYLINDER DIAMETER  DRAW DOWN DURATION = ODATE

: LEVEL TEST BASE OF  DEPTH oF oF DRILLED

: BASALT BOREHOLES TEST

2048 Orapa 408! 140%,354" 70'? +1800 gph 3541 360! 6" Not to intake 9 hrs 20.6.67-13.7.67
gris ' Bamaiken 200" 40',150" 321 521 1600 - 4! 160t 6" Intake 9 brs  19.7.67-3.9.67
2068 Orapa 418° 824,370! 37! 371 41200 370! 380" 6" Not to intake 24 hrs  9.8.67-12.9.67
2083 Orapa Airstrip 212! 201! 43¢ 43" 1600 78! 200! 6" Intake 24 hrs  14.9.67-27.9.67
2118 Orapa 426! 8a', 380! 39! 1440 380! 390! 6" Intake 7 hrs  11.12.67-16.1.58
2130 Orapa 420! 342! 471 471 2000 342! 390" 6" Intake 17 hrs  17.1.68-19.2.68
2152 Orapa 423! mO—-Um.no-UDD— 39¢ 391 +3600 330! 380! 6" Intaks 3 hrs 8.4.68-25.4.68
2153 Orapa 390! 374! 63! 3600 374! 390" 51 Intake 2,7.68-2.7.68
2154 Orapa 5851 64',390',520',570" 451 45¢ 1000 388! 560! 6" Intake 2 hrs 25,4.68-17.5.68
2174 Orapa 400! g 370! 511! 1000 360"
2175 Orapa . 4121 3821,390!,408° 50! 50! 2000 376" 400! 64" Intaka 15 hrs  12.8.68-9.10.68
2179 Orapa 4641 360',380',440°" 51° 81"t 2540 344" 400! 64" Intake S hrs 21.8.68-11.10.68
2182 E. of Orapa 402" 90' 295! 531 5000 295! 8! 25.8.68-10.9.68
2183 E. of Orapa 385! 45' - 285! . 42! 3000 280 " 26.8.66-10.9.68
2184 E. of Orapa 3351 2251 34! 3000 280 8 12.9.68-26.9.68
2185 £.. of Orapa 4551 2251 341 +3000 275! .m.“ 18.9.68- 7
2180 E. of Crapa 3041 90!, 200'7 - 3000 moo.ﬁmmoi 6' 7.10,68-16,10.68
2192 Orapa <t 430! 60',379,420" 48! 2500 380! e 17.10.68-4.11,68 .
2193 Orapa 450! 561,346'370",425" 48! 2570 340, mm 24 hrs  4.11.68-20.11.68
2198 E. of Orapa in valley 325! 90! 42! 3000 220 Mw_. S.S.mm;mu.ﬁmm
2199 E. of Orapa in valley 432! 381,-324"1 97.7 3600 280 . 63 Hm.pp.mmuwm.wﬁum
2206 E. of Orapa in valley 354!. 751, 354! 22.6 7200 138 18.12,68-31.1.69
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alse been taken for stable isotope and carbon - 14 analysis.
A number of boreholes were logged for fluid and formation
remistivity, one downhole S,P. log was undertaken and shot
firing testa carried out to observe whether yields could

be improved.

Laboratory tests were carried out on certain core samples
to determine the porosity and permeability. All boreholes
wore eguipped with water meters but the extremely fine silt
pumped with the water from the Cave Sandstone aguifer
unfortunately resulted in rapid failure of all the meters.
However, bocause water requirements for the diamond treat-
ment plant were well known, falrly accurate estimates of

the total amount of ground water used could be made.

As part of the general policy of carrying out hydrogeological
research within Botswana, a line of diamond core boreholes
was drilled by the Geolegical Survey Department extending
from Serowe to Letlhakane (D.6). The object of this re-
search was to determine the geology of this sand-covered
northeastern section of the Kalahari desert; to determine
the nature of the basalt/Cave sandstone contacti and to
commence ressarch on long term water level fluctuations
both in the vicinity of and away from pumped boreholes.
Following the disceovery of the Orapa diamond pipe, the
Anglo American Corporation of South Africa Limited and the
Geological Survey drilled a further series of diamond cors
observation boreholes at Orapaj between Orapa and the B
mile wellfield; at the 8 mile wellfield; at the 12 mile

wellfield and west of Orapa at Mopipi. A a resulr of this

@ w -fﬂrii'l il].ﬂ‘
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drilling a unigue opportunity was presented to satudy the
nature of Botawana's moat widespread and consistent agquifer
(Basalt/Cave Sandstone ). A log of the deep borehale
2125A/D1 drilled 6 km east of Orapa was given on page 303,
This borehole ia interesting in that a considerably thicker
succession of sandstona is present in the Cave Sandstone
subgroup. An unusually coarse=grained, highly porous
sandstone (slightly unnllnlnrnttu] is found at the base of
the stage. This particularly porous zone has never been
tested as an aquifer and could well supply the answer to

the present water crisis at the Orapa Mine.

Hydrogeology

ogeologi (1] h 5

Apart from shallow hand-dug wvells in the Letlhakane area
(D.6) southeast of Orapa yielding some water (saline) in
calerete, the Kalahari Beds in the Orapa area are nowhere

surficiently well developed to form an agquifer of any

lignif#cnnnaq

In the Makoba marea 850 km to the

southeast, the Kalahari Beds are sufficlently well developed

to yield good supplies of water while north of the Makgadik-
gadi Depression the Kalahari Beds also form m good aquifer,

(Nata, Odiakwe area, Fig. 61},

rogeological prope § of the Stormberg Baaalt

Although the Stormberg basalt forms an important squifer in
the Panda ma Tenga area (A.6) in northern Botswana, and also
further southeast (180 km S.E. in the Morukuru area (D.7, Fig.?lﬂ,

the basalt forms a poor agquifer in the Urapa area and generally
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borm nyveRti ien gl (2]
Stormberg basalt

Tests on a core sample from core borehole 2185/1000 at

Orapa gave the following results - Table k1 .

TABLE 41
LABORATO TESTS ON DRILL CORE oM T - B MILE L
F - A

(millidarey's)
BOREHOLE  SAMPLE DEPTH  DENSTTY POROSITY  FE

Vert.Horlize. Vert. Horiz.

2185/1000 16118" Dry bulk
2,M7g/ce T,8% 7.04%F 1 1
0, 5% 0,5%
Saturated
bulk
2,558/ /cc

Orain
2,675

It can be seen therefore that unwveathered basalt has a low
porosity and an extremely low permeability. It is ox-

pected that the weathersd zones between some lava flows

will have considerably higher porositlies and permeabillities.

drogealogical Properties of Cave S5 & tone

The contact sone with the overlying basalt forms LRotewana's
meat important and consiatent agquifer. Although 1t had
long been known that this "indurated zone"” was an important
agquifer, very little wvas knowvn of it's exact nature. The
recently drilled diamond coreholes have given important new
data on this aguiler. In addition to the indurated zons,
the leached, poorly cemented and highly porous gzone immad-

iately below the indurated zone also probably provides water

to drilled holes.. In the indurated zone open fissures are

eften present while examination of the core logs ahows that
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core lossamss of up to two metres ocour in this zone. The
"indurated"” zona referred to in most literature is somewhat
of & misnomer as the Actuanl contact metamorphic Zzone seldom
n;nuaﬂ? more than a few centimetres of hard, maroon sandstone.
This is usually followed downwards by up to one metre of
hard, calcite ceomented sandstone occaslonally with open
fissures up to 2 to 3 om in diameter. Below this zone a
vory poorly cemented, porous sandstone generally oocurs
(approximately 3 m thick). This whole zone is probably
the one which yields water to boreholes penstrating it and
is probably the zone which shows up as a resistivity low

on formation resistivity logs.

A summary log of diamend boreholes penetrating the contact

is given below in the Table:-

TﬁHLEﬁE

SUMMARY OF SELECTED CORE LOGS PENETRATING CAVE SANDSTONE

CONTACT
Borehole Number { Description
2182/1000 15 cm Indurated sandstone underlain by

45 cm calcarcous sandstone with thin
calcite veins. Note 1,82 m lost in 6 m
of core centaining contact zone.

2183/150 76 em Indurated calcamreous sandstons with
thin calecite veins. Note 2,13 m core lost
in 10,6 m of core contmining contact zone.

2184 /150 7:6 cm Indurated sandstons underlain by
63,5 em of sandstone with calcite filled

Joints. Note 1,6 m core lost in 2,6 m
of' cora.

s /2185/150
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12,5 cm Calcareous sandstone with hori-
zontal joints (partly open) with calcite
filling underlain by 40,6 cm of calcareous
sandstons .

2125a/D1

38,1 cm Indurated but cavernous sandstone
underlain by 2,97 of leached and highly
porous sandstone.

21254,/D

30,48 cm Indurated sandstone underlain by
fine-grained well sorted, soft, friable
and porous,; thin-bedded sandstone.

Serowe recorder
borehole

1,14 m Red indurated sandstone with thin
white calcite veina interascting core at
45° angle. An open fisnure 7,6 cm from
the basalt contact contalins caleite
crystals,

Bosupswe recorder
borehole

1,3 em Altered sandstone underlain by
95 cm white calcareocus sandstons underlain
in turn by yvellow and pink sandstone.

Mashoro recorder
borehole

22,8 om Pink indurated sandstone underlain
by 15,24 cm of calcareous wvhite sandstone.

Tshepe recorder
borehole

2m5 cm Altered white sandstone with thin
caleite vein underlain by 2,49 m of white
calecareous asandstone.

Makoba reacorder
borehole

ﬂ,ﬁﬂ em Indurated sandstone underlain
by 45 ocm calcareous sandstone.

Laboratory investigation of physioal properties of the
Cave Sandstone

Laboratory tests were carried out by the Institute of

Geological Sciences on drill core on samples from boreholes

2185/150, 2185/1000 and 2189/150 (Fig. 59). These results

are given below in the Table:-
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TABLE 473

ON DRILL CORE FROM CAVE SANDSTONE - 8

MILE WELL FIULD,ORAPA

BORE- SAMPLE  DENSITY POROSITY PERMEABTLITY
HOLE DEPTH (Millidarcy's)
Vert. Horiz. Vert. Horiz.
Dip oirike
2185/ 218:gm Dry Bulk
1000 1,84
Saturated
2,14
Grain
2,53
301 ,1% 29+ ,8% 4101 hogg
2185/ 252123 Dry Bulk
1000 1,95
Saturated
2,21
Grain
2,64
25,9% 26,15 1555 3128
Mean
of dip
& strike)
2185/ 221 - 27,55 - 2650 3627
1000 (")
2ol - 19,90 - aBT
{u}
2291 - 3?.35 - 3%43 5310
if
2301 31,14 3?? 3016 3418 3607
280° 28,13 E?,? 2700 2L25 2187
300! 28,7 2?.? 3949 B98 1644
(&}
ELij 2790 11,8 15 2
150 {;? 5 330 196
2851 28,5 EE,?E 2261 18BB3 1710
Fi
Mean Eﬁpﬂﬁ (26 Mean 2531 (mean of 91
deter=

minations)

The mean values of 26,01% for the effective porosity and of

2531 millidarcys thus indicate a remarkably high parosity and

#.50 a very high permeabillity f'or the Cavo sandstone,
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PUMP_TESTING

AQUIFER EVALUATION

Extremely detailed tests were carried nut in an undeveloped
area 19 km east of Orapa by the Geclogical Swurwvey in con-
junction with the Anglo-American Company of South Africa

Limited and Sir Alexander Gibb and Partners.

Four eight inch boreholes were drilled on a diamond pattern
wlth boreholes on the leng axis 5000 feet apart and 3000

feet apart on the shorter axis. Diamond core cbservation
boreholes {HI diameter) were then drilled at a distance of 150
sad 1000 feet each from the elight inch boreholes and on the
extension of each axis {Eaa Fig. 60 ). A 8ix inch ohservation
hole was drilled in the geometrical centre of the area. Con-=
trolled pump testas were then carried out to provide guan-—
titative data relatling to the Cave Sandstone aguifer and to
give an idea of the performance of the aguifer under pumping
conditions. Elsevwhere in Botswana, the only aresa where any
extensive exploration of the Cave Sandstone aguilfer had taken
place was at Serowe and even here little gquantitative data

was avallable.

All production boreholes penetrated the Kalahari Beds,
Stormberg basalt and the Cave Eandﬁtunu agquifer. They
were lined with unperforated steel casing to a depth aof a
30 m and were unlined below that depth. Although small
quantities of water were encountered in the basalt, the
main supplies of the water were encountered under confined
conditions at or below the basalt/sandstone contact with

static water levels rising to some 60 m above this interface.

Illlf“&ta‘r
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Water level obeervations were made using electrical depth
sounding probes and with four auntomatic water stage recorders.
Barometric readings were taken at frequant intervals and
ourves corrected for barcmsiric fluctumtions where necessary.
A single step-drawdown test was carried out to determine
borehole performance characteristics while all other tests
vere conducted by pumping at a constant rate and determining
the drawdown in the pumped hole and using all other bore-
holes for drawdown observation purposes. Each eight inch
hole was pumped in turn after allowlng sufficient tima
betwoen tests for water levels to recover. The drawdown

in the pumped hole was initially measured at one minute
intervals and then with gradually reduced frequency as the
test progressed. ¥ater levels in the observation holes

at 150 feet and 1 000 feet from the pumped hole were measured
initially at five minute intervals and then at greater time
intervals as the test proceeded. All other boreholes were
carefully monitored during the testsa but at less frequent
intervals. Initial tests were carried out using a recip-
rocating pump, but later tests were carried ocut using a
turbine pump capable of delivering a more steady flow and

of pumping greater amounts of water than the 04 litras

per minute [h 000 g.p.h;] capable of being delivered by the

piston pump.

The wator level data was then plotted and analysed using
conventional non-equilibrium techniques as described in

the sectlion on aquifer evaluation.

Results of data from two typical pump tests are given below:-

«es+ /2183
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2131
t = 120 mins
T = 8 in
Q = 50 gep.m.
8 = 40" plus
s = 0.0000 34
. LR cpems /T
% = %EE 0.15 g-p-m !

2
Drawdown at 150 ft = 33 ft, r = 22500

Drawdown at 1000 £ = 1 ft, r~ = 1,000,000
2
T = 280 g.p.d./Tt (3,47 =" /aay).

2182

q = 4,30 g.p.h. for T4 huuﬂ2
Drawdown at 150 ft = 20.3 ft, r = 22500
2
Drawdown at 1000 ft = 75 ft, == = 1,000,000

t = L50 mins

T = B in

Q = T2 E«p-m.

s = 19} 1t

8 = 0,00 11

% - %%75 = 3.7 g.-p.m./ft,

T = 6000 g.p.d./ft (Th,4 = /day)

Results of the pump tests indicate that the Cave Sandstone
agquifer has a calculated coefflclient of transmissibility

range of 260 tc 6 000 gallons per day per foot (3,2-74 m /day)
with an average of about 1 000 gallons per day per foot

{15 .gfdny] and a ceefficient of storage ranging from
0,000018 to 0,000280 and an average of 0,0001 (0,01 per cent ).
Curve matching indicates that leaky artesian conditions

exist.

Typical drawdowns for a pump test are glvem in Pig. 62 .

Having established the range of values for S and T, a

series of distance-drawdowns for hypothetical boreholes can

be drawvn up in order to ~ilculate the long term effect ¥
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continuous pumping without recharge, and also to eatablish
probable costs and optimum spacing for a large well field.
(See Fig. 63).

It nuﬁ be seen that for a borehole {T = 500 gallons per day
per foot drawdown (7,5 mjfd} and 8 + 0,00006) a drawdown of
72 feet (21,9m) at a distance of 10 miles (16 km) can be
anticipated after 1 000 days pumping at a rate of J 000 g.p.h.
(228 1/min).

It is thus obvious that despite the considerable storage
potential of the Cave Sandstone, it is nevertheless a
relatively poor aguifer by international standards and its
development as a source of major ground water supply will

be governed by the high cost necessary for the establishment
of widely spaced, low yielding boreholes with large drawdowns
and consegquent high pumping costs. Determination of whether
or not replenishment of the aguifer takes place, and the mag=-
nitude and frequency of this recharge, thus becomas of wvital
importance to the cost of the production and assessment of
the long term reliability of the Cave Sandstone agquifer.

Step Drawdown Test Borahole 2184

A three stage step-drawdown test was caonducted on borehole

2184 during mid-October 1968 by the writer in conjunction

with Sir Alexander Gibb and Partners. The test commenced

at a rate of 1750 gallons per hour (133 1/min) on ODctober

13 at 17,30 hours and continued to 16.30 hours on ODctober

14 when the pumping rate was increased to 2460 gallons per
hour (186,9 1/min), During the first period the water level
dropped from 34,0 feet (10,36 m) below surface to 70,6 feet

(21,5 m). During the second period the water level dropped
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to 91,9 feet (28 m). At 1 000 hours on the 16th the
pumping rate was increased to 3 760 gallons per hour
(285,7 1/min) resulting in a further drawdown to 120,6

feaet (36,76 m) after a further 8 hours.

The step-drawdown data were than analysed to determine
the "formation" and "well loss"™ components of drawdown

in the pumped well using Jacob's {19&5} equation Sw = BQ
+ ﬂ&z where Sw is the thoeoretical drawdown in the pumped
well, B is the "formation" constant, C is the "well loss"
conatant and Q is the discharge. Results are shown in

rigl Ehi

Attempits at owi AguiTer Performance

In an attempt to improve the aguifer performance in borehole
2189 following an earlior test, a 9 kg charge of dynamite
was detonated on the basalt/sandstone contact. This ax-=
plosion resulted in 7,6 m of basalt debris and fine sand
accumilating at the bottom of the hole. This was cleaned
out and the hole was retested. The effects of shot firing
ware assessed by comparing the theoretical and actual
:pac;fic capacities of the borehole. The theoretical walue

was obtained from the equationi-

T
% 36h log [Tt 72206 v 5= B5,5

vhere T = 600 g.p.d./ré, (7,4 mafdur] S = 0001, t is the

time after pumping started (1350) and v is the radius of
the well in feet while the "well efficiency™ was caleulnted
for each test where "well efficiency™ = BQ and where SW = BQ
+ CQ2. Sw is the theoretical drawdown ?:r the pumped bhore=—

hole, B 1s the formation constant, C is the well loas constant

%A N 418 +#=s A &5 wmes
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After
- ahot=
firing

Borehole  Walton method 480D maghos Haptush methoc
I 5 I ] T §
2187 ¥ - 300 - - -
2183/ 215 0, 000053 1390 0, 0000145 250 0, 000084
150
2184/ 995 0,0000Th 1390 0, 0000 54 515 0, 000057
1000
2183 - 515 - - -
150
2183/ 1030 0,000075 1900 0,000057 - -
1000
TABLE
RESULTS OF SHOT-FIRING IN BOREHOLE 213]
Specific cn it Theoretical ¥ell effic-
g (afte 0 mins) Spec. oApa- one
. L] th I:I -ﬂl- ft
1st test ﬂ'.Z-LE ﬂ‘llTE‘ Ejig
After shot- 0,178 0,178 100
firing

These results indicate that the "efficiency" of the well

was improved from 83,9 to 100 per cent, i.e. by 16,1 per cent.

The use of explosives to ilmprove borehole pumping efficiency

would thus meam to be justified on a routine basis in this

kind of agulfer.

v oo JGround
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Ground Water Storage

E

Using the mean calculated value of 0,00001 for the co-

afficient of storage (S5) for the Orapa area, the volume

of water may be calculated from the equation Yw = Vr.8
. where Vw = volume of water

Vr = volume of rock through which
a change in water level occcocurs

s = storage coefficient

therefore Vw = 1000. 1000, 100, § per km"
(assunming a plezometric level
100 m above the Cave sandstone
nnntlﬂt}.

= 108, 107" &7
= lﬂh njfhna
3 2
= 10000 m~ /km
therefore for every kﬂﬂ of aquifer confined by basalt a
3

atorage of 1|::Ih m~ can be assumed. This calcoculation however
represents only water released from the confined aguifer as

a result of compression of the agulifer and alsc because of
slight expanslon of the water as a result of the decrease in
pressure. Therealfter thas Cave sandstone would behave as

a water=table {unﬂﬂnfinid} aquilfer with an estimated specifiec
yield of 5-26 per cent, the latter wvalue being obtained from
laboratory tenats, For a sandstone aquifer of 100 m thickness
the water stored in the aguifer would amount to between 1ﬂ5.

. njfknz of agulfer and lﬂs- 26 mjfkm; of aguifer. i.8%
i 6 9 6 3 99, _
HBetwean 5.10 m~ and 26,10 m” /km™ of aguifer. It is thus
obvious that, considering the tremendous areal extent of the
Cave Sandstone aquifer in Botswana (+51 800 square kilometres),
the amount of water in storage is exceedingly large (of the

order of :I.lnﬂ.].DE gallona to 5T2n.106 gallons per squarae

kilomatre).

& = m i-fTiE].dE
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Yields from the Cave sandstone in the Orapa area vary from
1 000 g.p.he (76 1/min) for m drawdown of 515 feet (157 m)
to £250 g.p.h. (475 1/min) for a drawdown of only 55 feet

(16,7 m) with an average of 2700 g.p.h. (205,2 1/min).

See Table D for details of boreholes drilled at Orapsa.

of 22 boreholes drilled, four boreholes had yields in excess
of the capacity of the pumps, i.e. between 1 200 and J 000
g-p-h.(91-228 1/min), depending on the size of the pump and

the head of water in the borehole eolumn.

Specific Capaci (yield divided by drawdown)

The specific capacities of boreholes at Orapa are given in

Table 45 below and range from 1,94 to 114 g.p.h,/ft.

TABLE 45
SPECIFIC CAPACITY OF ORAPA BOREHOLES
Borehola Depth of Drawdown Yield ecific ca i
Number intake-ft. ft. Eep.h. gallons por ft.
drawdown
2048 60 ? +1800 7
2065 160 128 1600 12,5 g.p.h. /Tt
2068 380 b +1200 7
2083 200 157 1600 &|10,19
2118 390 351 1ho 5] 4.2
21350 190 349 2000 r:‘ 5,83
2152 980 41 +3600 ; 10,55
2159 390 327 9600 Y11,0
2154 560 515 1000 1,094
217h 1000
2175 40D 150 2000 5,71
2179 hoo o LT 2540 T+27
2182 - -
2183
21384
2185
2190
2192
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2198

2199 3 20 gallons per
hour per foot

2206 ' of drawdown

These results indicate large drawdowns for moderate yields

and hence the need for numerous widely spaced boreholes

and high pumping costs for any large scale abstraction scheme.

WATER LEVELS

Long term fluctuations

Orapa wellfield (1) (See Fig. 59).

Abstraction of water from the Orapa well field has been

estimated as follows:-

1968 45 300 m3

1969 90 600 m>

1970 66 450 m3

1971 on nil

Total 202 350 m3

This resulted in a maximum drop in water level in observation
borehole 2153 of 11 m (see Fig. 65) for a total abstraction
of 202 350 m3 during 1968, 1969 and 1970. As water levels
recovered to above the original measured 1evei by mid 1971

it can be seen that recharge from 3.seasons (1968-69, 1969-
10, 1970—71) more than exceeded the abstraction and hence
recharge2 202 350 m3, i.e.”> 67 450 m” p.a. or> 5 620 m> per
month (236 400 g.p.m). This figure is regarded as a minimum
because if comparison with the hydrograph for borehole 1506,
Letlhakane (Fig. 66), (which is an area of moderate abstrac-
tion compared to that of Orapa) is made, it can be seen that
moderate recharge took place in the 1968-1969 and 1970-1971
seasons, virtually no recharge took place in the 1969~-1970

season and ma jor recharge took plage dih the 19711979 saacn
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The three seasons consildered above for recharge calculations
thus consist of two moderate seasons and one Very poor season.
Thus the caleculations above may be regarded as being very
conservative in view of the known conditions prevailing
elsevwhere Iin Botswana in which very occasional, abnormally

heavy rainfall results in massive replenishment of aquifers.

The behaviour of water levels in the different boareholes

in this wellfield is shown on Fig. &7

Orapa Wellfield (2). (B mile wellfield, ses Fig,59,Plate 61,p.240

Examination of a typlcal hydrograph for wellfield 2 (seeFig.
68, £9), - shows that water levels declined from ampproximately
12,5 m, as a result of the abstraction of 181 200 -: water,

and recovered to the pre-pumping level (January 1970) by
January 1972 after cessation of pumping in July 1971. Thus
replenishment of 181 200 nJ took place over 2 seasons {IETD~
71 and 1971-72) at a rate of 90 600 m° p.a. or 7 550 m’
PeET month. This compares remarknbly well with the minimum

figure of 5 620 - per month for wellfield number ons (Orapa).

Wglifield 3. (12 mile wellfield)

Examination of the hydrograph for observation borehole
2125/8/D1 (Fig. 70 ) shows that the water level declined

8 m as a result of the abstraction of 115 050 m3 of water
from the aquifer during 1970 and 1971 but had returned to
virtually dits , pre-pumping level by early 1972, (i.e.
after 2 rainy seasons - 1970/1971 and 1971/1972). Therefore
annual recharge for the 2 season period = 57 525 mj p-A.
ar 4 T94 mj por month. This 4is aénin in relatively good

agreement with recharge figures for wellfields 1 and 2,
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Recorder Boreholes gerowe - Letlhakane

Following the drilling of a line of diamond core boreholes
from Serowe to Letlhakane (Fig.'rl) measurements of water
levels at two monthly intervals was commenced in 1968.

Four typical hydrographs are shown in Figs.72-ﬁi75All
recorder boreholes are situated in close proximity to

existing boreholes and show to a varying extent, the influence
of pumping on the water levels. All show an overall slight
downward trend in water levels due to slight overpumping
during the period of the hydrograph. Regular replenishment
of the aquifer is shown by the Bosupswe and Makoba boreholes

(Figs. 72 and Th ).

General recharge considerations

Tt would appear therefore that recharge at widely separated
points in the aquifer amounts to a minimum of 5 988 say

6 000 m3 per month. It would appear therefore, that a
ground-water supply scheme for Orapa would not require as
many boreholes as ériginally anticipated (Anon{ 1969).

This could result in considerable savings in both wellfield
drilling, equipping and pumping costs though this would have
to be balanced against possible increased piping costs to
specially selected borehole sites giving higher transmissi-

bilities.

Conclusions concerning study of water level fluctuations

The Letlhakane hydrograph (porehole 150, Fig. 66) and the hydro-
'graph§7(67,69,70)_prove that present day recharge is taking
place and thus completely refute the evidence Anon. (1969)

that no recharge is taking place at present. Further evidence

2 support this contention willﬁbe provided in the section
on Isotopes.

/undisturbed
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Indisturbed Water Lewvals

E!Enu.-ﬂrngn-tnkn Xau

In order to determine the source of recharge for the Orapa
area, mccurate barometric levelling was carried out in 1968
between Serowe and Lake Xau using the recently completed
trigonometrical points for control. The results of this
survey are plotted in Fig. T0 and show an apparent hydraulic
gradient from Serowe to Gugae towards Orapa. However the
danger of deducing a ground-water flow direction from a
two-dimension model cannot be overemphasized. In arder to
obtain a better picture of the hydraulic gradient accurate
levelling of boreholes drilled for a drought relief programme
in the Makoba area was carried out (See Fig.77 ). TIsopiez-
ometriec contours were plotted by the writer, as well as depths
to the bases of the Kalahari Beds and depths to the base of
the basalt (Ses Figs. 78-81 ). These show a general north-
westerly flow direction. However, in view of the confined
conditlions present at both Serowe and Gugae the writer fesls
it is more probable that recharge occurs in the nearest areas
of unconfined conditions (i.e. further east in areas with
Cave sandstone exposures or sub-outcrops) and not at these
two localities as postulated by Robins (1972). Further
levelling and plotting of isopiezometriec surfaces eastwards,
northeastwards and northwards from Orapa may show that recharge
takes place in the area of Cave sandstone fringing the basalt
(See Geologicnl map, Fig. 7 ). Should thism be the case the
previous supposition (Anon.,1969) of no recharge feeding

the confined Cave sandstone could be seriously in error.

«sss/Mashoro
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Mashoro Artesian borehole number 141 (See Fig. 76).

One of the tweo known arteslian boreholes in Dotswana was
sited at Mashoro in basaltlec lavas below the main Kalahari
escarpment which is present only & short distance to the
west. This borehole encountered a weak artesian flow when

it penetrated the basaltic lavas at 121 m.

B Mile Wellfield (2)

Piezometric surface contours were measured on 1J3th October
1968 prior to the commencement of the detailed pump tests.
These contours are shown in Fig.82 and show s general west-

ward gradient and hence indlecate A recharge arvea somevhere

to the sasat.
Isopisro gontours in t vileginity of a - & borehole

The numerous cbservation bereholes at wellfield 2 (8 mile)
enabled a4 eclear picture of flow conditions to be bullt up
during the pump tests. Fig. B3 shows the iscplezometric

contours after 5 days of pumping from borehole 2182.

hart term 1 1ons

Short term fluctuations during the pusping of productlion
boreholes in the Orapa wellfield (1) are shown in Fig. B4
which is derived from the automatic water level recorder

on observation borehole 2153,

Rate nf Ground-Water Flow

Using Figure 76there is a hydraulic gradient of 400 feet
over 64 miles from Makoba to borehole 2087 (Orapa) L1.e. a

hydraulie gradient of 40O =

hoo
&6, 5280 337 920

=

1
L1

- l.i"ll'Thﬂ
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The equation for ground-water veloclty combines Darcy's Law

with the basic velocity equation for hydraulics. (See

chapter on aquifer hydraulics).

Darey's law states Q@ = K A dh
d

=

while the velocity equation is @ or Q = Av
A

therefore, by substitution Av = K A dh
dl

and v = Kdh (1)
dl

Equation (1) assumes water movement throughout the entire

cross-sectionnal area. However as water can only move

through the pore space the actuanl veloeclty is proportiomal

to the porosity (a) L.e. v = K dh. Therefore, using
i

a value of T of 15 m/day for the Cave sandatone agquifer, snd

assuming an aquifer thickness of 90m [fram Cora 1n;n}, nnd

a porosity of 20%, then v = i&_ x 100 x 365 m/yr
- 20 90

= 0,36 m/yr. (a)
Using the same figure ( 76 ) a hydraulic gradient of E%E

is present from Letlhakane borehole to bh. 2083 (Orapa)

Therefore v = 15 x 100 x 365 m/yr
20 L

= 0,48 m/yr (v)
Using the same figure ( 76 ) above, a hydraulic gradient
of E%E is present from Makoba to Gugae.
v = x 100 x 6
g™ M| * g
= 0,47 m/fyr (e)

All the above gradients were calculated using a single line

of levels and not from a flow net and should be viewed with

cavtion.
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From the isopiezometricsurfgeagmap of the Makoba area

(Fig. 81 ) a gradient of 40 = 1 can be measured.
10 000 250
Therefore v em ks % 100 x 365 m/yr
250 20 0
= 1,21 m/yr (a)

For a ground water flow rate of 1,21 m/yr it would therefore

take 180000 years = 148 760 years for water at Serowe to
1,00

reach Orapa. For a flow rate of 0,36 m/yr, it would take

500 000 years to reach Orapa.

The presence of both tritium and carbon - 14 (time range
50 and 50 000 years respectively) in the ground Water at
Orapa indicate that recharge in the Serowe area only is out
of the question and hence it may safely be concluded that
recharge takes place at some point closer than that post-

ulated by Anon (1969).

The above calculations have been made assuming an aquifer
thickness of 90 m which is the total thickness of sandstone
present. However if data from formation resistivity borehole
logs is taken into accounfthethickness in which ground water
movementcm@ﬁakefpku&gmay be as liftle as 3 m. This 3 m zone,
being a fissured and very porous zone immediately below

the basalt contact is. known generally as the "indurated

zone".

Should the main aquifer be 3 m, as postulated by Anon. (1969),

flow rates through the porous medium only would then be:

(a) 10,79 m/yr
(v) 14,4 m/yr
(c¢) 14,1 m/yr
(a) 36,3 m/yr

For a flow rate of 10,79 m/year it would take 16 682
yvears for water to reach Orapa from Serowe while at a rate of

SRR i v S L



360

36,3 m/year it would take 49%9 years to reach Orapa, These

figures are regarded as somewhat too high.

i s -~ e e iy =
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ENVIRONMENTAL ISOTOPE ORAPA

Introduction revious wor

The earliest samples for tritium analysis from the

Orapa area were collected by the writer in 1968 as

part of the general research programme on the application
of isotopes in hydrogeology in Botawana being carried

out in collaboratieon with the Nuclear Physics Research
Unit (N.P.R.U.) of the University of the Witwatersrand,
Following the earlier exploratory work, and a realisa-
tion by de Beers Prospecting Industrial Diamond Division
(Diamond Research Laboratory) that the provision of

an assured water supply for the Orapa Mine was ol vital
importance, and that further research was warranted,

a research group was set up to: "study the ground water
regime at Orapa, to assess the abstractable guantities

of water and to provide recommendations on the optimum
ways of further development of the ground water resources,
in case of future demands®., As a Tesult an extensive
series of tritium and carbon = 14 measurements were made
in the low-level counting laboratories of the Nuclear
Physlocs Research Unit. Results of this work have been
presented by Sellschop et al (1973) and Mazor et al

(in press)., The assistance of my colleagues in this
project, especially of Professor J,P,F, Sellschop, Dr.

B. Th. Verhagen and Dr, E, Mazor is gratefully acknowledged,
All measurements unless otherwise acknowledged were

carried out in the laboratories of the N.P,.R.U.
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Isotopic Studies

Detnils on the mode of formatlon of and application of

environmenatal isotope studies has been given elsewhero

in this thesis (Chapter on Isotopes).

Tritium results for Orapa boreholes are given in

and Figures 69, TO0, B4, B5.

Tritium Results - Orapa

TABLE &E
ORAPA, CARBON -14 AND TRITIUM DATA
BOREHO DATE OF TRITIUM 7 U
LES ION SAMPLING
*2153 October 1968 0,6 +/= 0,3
1,9 +/= 0,5
2173 October 1971 0,0 +«/= 0,1
(28/8/71)
2182 - 0,4 +/- 0,2
®#2184 October 1968 1,7 +/= 0,h
2198 Dctober 1971 1,8 ¢/« 0,4
2199 3 0,7 +/- 0,3
2206 " 0,8 +/- p,2
Steinberg's " 2,8 «/= 0,9
Mahata " 3,6 +/- 0,5
Makoba " 0,0 +/- 0,4
(26/2/71)
Tshepe " 1,9 +/= 0,4
Mashoro ' 1,3 +/- 0,3
Bosupswe " 2,9 4/- 0,3
(26/8/70)

Tablahi

CARBON =14

f il

10,1 +/- 0,3
913 +f." D|5
15-0‘ i'f- ﬂ'ﬂ-
22,6 +/= 0,9
12'9 +.|'Irl- ﬂps
9,1 +/- 0,5
20,2 +f~ 0,8
86,2 +/- 2,0
69,1 +/- 1,3
Tﬂ.ﬂ "'"-!'H' 1.#
78,4 +/= 1,3
20,6 +/- 0,8
heS +/- 0,3

* Analyses by Dr, J.C, Vogel
All other ananlyses by Nuclear Physics Research

Unit.
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It can be soen that in genaral the Cave sandsatonsd agulfer

has small but definite amounts of tritium (1,17 = 0, TU =

average of 102 measurements). This could be interpreted maai-

(1)
(1)

(114)

a ground water body which is more than 20 years oldj;
a body which has been recharged by recent waters
(post-bomb) directly through the Kalahari Beds

and basalt. (This is considered to be unlikely

as the Cave sandstone aguifer is confined,)

an aquifer in which the post-bomb (post-1952)
recharge in the nearby phreatic Cave sandstons
aquifer has moved laterally to the confined aroas
being studied. This then raises the guestion of
whether permeabilities are sufficiently high tno
enable this to take place and here we have con-
flicting evidence from laboratory tests and pump
tests. There are also uncertalnties as to the
nearest areas of Cave sandstone sub-outcrop (because
of the paucity of the exposures). Robins (1972)
however, mentions the presence of Cave sandstone
halfway across the pan at the Orapa airstrip and
hence Cave sandstone is present only 8 km from
wallfield 1 at Orapa Mine. On theoretical grounds
it would seem that under the prevailing hydraulie
gradients thought to be present in the area, the
flow voeleeity through a porous medium is unlikely
to exceed a maximum of 36 m/yr (see earlier section).
However, experience resulting from the dvilling of
core boreholes both in the Orapa and KEweneng areas,
has shown that flow undoubtedly takes place mainly

along lissures. These fissures are in all probability
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hydraulically interconnected over long distances,
and hence it would be feaslible for "modern-water"
falling on the unconfined Cave sandstone aquifer
to move at considerably greater velocities than
calculated earlier, provided sufficient head
oxistaed. This head would have been considerably
increased by the large scale pumping that took

place in the Orapa area.

(iv) a perched Kalahari Beds/basalt aquifor recharging
the seml-artesian Cave sandstone aguifer once boreholes
have penetrated the confining horizon i.e. mixing
of high tritium waters with the effectively zoro
activity water in the Cave sandsatone. This i= regarded
as unlikely as water encountered in the basalt, eo.g.
2153 had no greater tritium content than Cave sand-
astons water. Most boreholesa in the Orapa area
show fluctuations in tritium values with time.
When these fluctuations are compared with the
periods of heavy pumping of the wellfields (Figs.67,69,70)
it would appear that tritium levels on the water
diminished during pumping in the B and 12 mile
wollfields ( 2 and 3 ) while tritium levels in the
Orapa wellfield (1) attained their nadir at a
period when water lavels were beginning to recover,
An adequate explanation for this phenomenon is not
immediately obvious. It would seem however, that
older waters were drawn inte tho wellfieid areas
to replace younger water pumped out. The evidence
to date does however, indicate that no large scale

replenishment of the aquifer by young water, e.p.



367

from a perched Kalahari Beds/basalt aquifer,
took place. It also indicates the probability
that the volume of water in the aquifer is large

in comparison with the amount abstracted.

Carbon - 14
As stated in the Chapter on Isotopes, the carbon - 14 content
of pre=19%2 recent water is around 85% modern carbon, while
values greater than 85 pmc indicate a probable post-1952
component, Results of thirteen ul'ﬂ In..'|:||:l I analyses are '
given in Table 46, These include eight measurements from
the Orapa arean and five from the line of recorder boreholes
drilled between Serowe and Letlhakane (see Figs. 59, 71i).

Orapa Wellfield (1)
14

The two C analyses carried out by independent laboratories
Elve sxocellent agreement at 5 10 pmc.

E a Wellfie 2)

14

Thres C analyses on boreholes 2182, 21B4 and 2198 give

values of 15,0; 22,6 and 12,9 pmc respectively. of these

the two eastermmost borsholes give the oldest values.

Twzlve Mile Wellfield (13)
14

C values of 9,1 and 20,2 pmc were obtained for boreholes

2199 and 2206 respectively, It is interesting to note
that borehole 2206, which produced the highest yield in
the Orapa area, has considerably more 1hﬂ than borehole
2199. All tritium levels for these boreholes are low and

vary between 0,0 and 1,8 TU.

llllll,’l’mlﬂ
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Shallew Orapa Landing Ground Kalahari Beds well and

Steinberg's well

Both these shallow hand dug wells, consisting of nodular
calerete (Kalahari Beds) overlying basalt, show considerable
amuunté of tritium to be present in the ground water. They
also both show marked fluctuations in tritium levels with

time. (See Fig. B5 ).

These fluctuations are interpreted as indicating considarable
amounts of modern recharge in relation to total storage
capacity of the perched Kalahari BHeds aquifer. FBoth beoreholes
show peak values occurring in May 1970, while a lesser peak
occurs at the Landing ground well in March 1971. There

is thus a delay of about four months from the peak of the
rainy season fto the peak valuss and hence this provides
evidence on either the rate of direct infiltration or the
rate of lateral movements from the nearby pan in the case

of the landing ground well, where recharge probably takes
place follewing the collection of water in the pan after

heavy thunderstorms.

Steinberg's Well

This well has water containing B6,2 pmc and thus iudicates

the recent origin of this water. When the tritium content
of this water (up to 4,5 TU) is considered it may be

deduced that the water in this well is less than 20 vears old.
The fact that the bicarbonate ions in this water contain
near atmospheric concentrations of 1hﬂ indicates that the
bicarbonate in the water must be derived from bilogenic

sources 1in the seoil horizon and cannot have come from the

breakdown of carbhonate rocks,
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Recorder Boreholes Mahata-Bosupawe

The three boreholes Mahata, Makoba and Tshepe with the

deepest Knlahari Beds cover in the northeastern Kalahari
have, rather surprisingly relatively large amounts of
carbon =14, di.e. 69,13 78,0 and 78,4 pmc respectively

and tritium concentratiens of 3,6 £ 0,5 Tu, 0,0 2 0,4 TU
and 1,9 ¥ 0,4 TU. This indicates a post-bomb component
in at least two of the boreholes and relatively young
waters in the carbon =« 14 time scale for all three, 4d.e.
the waters are probably a mixture of recent recharge

water with older watera.

Summary logs of these two boreholes are given in Table 47 -

TAHLE LT
DETAILS BOREHOLES, MAKOBA AND TSHEPE
Bh 146 Malk Bh 14k Tsheps
-0 - 55,8 m Kalahari Beds ] - 27, m EKalahari Beds
55,8 = 114.,9 m Basalt 274 = 143,66 m Basalt
114,9 - 132,6 m Cave 13,6 - 15T m Cave
Sandstone Sandstone

Water 35,4 and 54,6 W
stuck d e l:::: s EE-T ¥
Rest 22,6 m Rast
1“51 1] 1".1 1213 ]
Yield 228 1/min. Yield T6 1/min.

These boreholes all encounter water in Kalahnri Deds under
semi-confined conditions and hence, although water obviously
camnnot be replenished by direct infiltratisn in this aren,
it is considered likely that replenishment of this aguilfar

is likely to occur within a relatively short distance of

thaze boreheles.,
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Interpretation of Combined Tritium and Carbon - 14 Data

Consideration of both the tritium and carbon - 14 values

in water from the Cave sandstone aquifer was used by Mazor

ot al tin press), to determine the time origin of this water.
If the small amounts of water, 0,4% to 1,8 TU, present in the

Cave sandstone waters be assumed to be due to a small element

*e

of post-bomb recharge, them the corresponding overall i
valums in the water could be expected to be 2 - 10 pme.
Should recent recharge have occurred in pre-bomb times,
the tritium would now have decaved to values of less than

2 TU from an original value of at least double this amount,
but the carbon =14, because of its much greater half-life,
would not have decayed to appreciably less, and hence the

corresponding lhc values would be higher by a factor of two

lhﬂ values range frem 9,73 to 22,6

pme, it appears likely that all the 1hc in the water can

i.¢. 4-20 pmec. As

be explained by the addition of small quantities of recent
water, either recharged from the Kalahari Beds/basalt

aquifer as postulated by Mazor et al (in press) or by
recharge into the Cave sandstone unconfined aquifer and
subsequent flow beneath the confining layer accompanied by
mixing with older waters with zero radicactivity levels.

The latter view is preferred as the confined naturs of the
Cave sandstone aquifer cannot permit rechargo as postulated
by Magzor et al (in press) and furthermore the scanty svidence
from samples taken while drilling provides evidence that the
basalt waters are of similar age to the Cave sandstone wvaters.
Drilling evidence from the Orapa area furthermore indicates

no water as being contributed to the borehole in the shallow

Kalahari Buads horizons.
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Stable laotopes

Detailed comments on stable isotops measuremont have been
made in the chapter on environmental isotopes, The marked
differénce between the stable isotope data plotted on Fig. 86
shows clearly that the isotopically light ground waters in
all wells and boreholes in the Orapa area cannot be derived
by recharge from isotopically enriched surface waters of

the Thamalakane=Kunyere=Lake Ngami-Boteti River-Lake Xau-
Mopipl Pan system. Furthermore, stable isotope data also

shows that recharge probably takes place under conditions

of heavy rainfall and low evaporation.
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GEOPHYSICS

guh—aurfnqg Gegphysical Methods

Formation Resistivity Logs

All boreholes at the B mile wellfield were logged using a
formation resistivity logger manufactured in Johannasburg
by F.G. Slack and Company. This logger has a surface
electrode and three downhole electrodes whose spacing can be
varied in three stages from two to four or eight feet to
give a normal resistivity log. All boreholes logged followed
A similar pattern which consists of high resistivity valuea
in the basalt with mach lower values in the Cave sandstone.
The contact zonme is characterised by wvery low resistivity
values separated from a smaller resistivity low (6m lower
down in the hole) by a zmone of higher than average resist-
ivity for the sandstone. A number of zones of relatively
lower resistivity are present in the basalt but the lowesnt
of these are all of much higher resistivity than the Cava
sandstone.

The very low resistivity values just at the base of the basalt
or immediately on the sandstone contact probably indicate thea

main zone in which ground-water flow into the boreliole takes

place.

A typical resistivity log is given in Fig.87.

Self-potential Log

A single self-potential log using a "home-made"” unit cone-
sisting of a potentiometer and silver-silver chloride olec-
trodes was made in borehole 2153 at the Orapa wellfield.

This log is shown imn Fig. B8. The main features of this log

are twe very low self-potential zonos, one 6 m above the
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basalt/sandstone content and the other 12 m below the contact.
An additional zone with low self-potential wvalues is present
from 5% to 67 m in the basalt. High SP zones are present

at 85 m, 100 m, 113 m and below 146 m. These zones are
interpreted as porous and permeable sections in which
ground-water flow is able to take place. According to Todd
{1959) positive values ccour with flow from the formation
intes the well while negative values oceccur in zones of

reverse flow. Davis and de Wiest (1966) have cautioned

that beds with permeabllities far teoo low to be of interest
as agquifers may give rise to large potentials. An alter=
native interpretation of the low SP zones in the basalt

iz that these may represent highly mineralised zones differing
considerably in quality from that in the borehole. {Haltun,
1870).

Fluid Conductivity, Resistivity and Temperature Logs

In addition to the formation logs carried out at the Eight
Mile Wellfield (No. 2) at Orapa, fluid conductivity, resist-
ivity and temperature logs were condiucted using a Tamron
instrument in order to provide additional information in the
Orapas aquifers, The instrument used was made in Tarael and
doas not have a continuous recording device as with the
fomation logger. Readings were generally taken at 1 meter
intervals but can be taken at 1 cm intervals if desired.

Typical logs obtained are shown in Figs. 89 ang 90,

These logs show that there is a general temperature increase

with depth in all boreholes. This inecrease is attributea

to the normal geothermal gradient.

Ocecasional deviations from the smooth curve could be dus

to water of a differant temperature entering the borehols.
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Marked changes in fluid resistivity were encountered and could
be pin-pointed to within one centimeter. These points are
interpreted as entry points of water into the borehole
column. Most logs show this marked change in fluid
resistivity to occur at the sandatone contact but it is
interesting to note that the change in boreholes 2185,
2185/150 and 2185/1000 occurred at 97,25 mibnluv the contact
at 82,6 m,indicating that the main water supply was encoun-
tered at this depth and not on the contact. Unfortunately
the data concerning points at which water was encountered
while drilling is unreliable as the hele was drilled by a
private contractor who maintained little control over his

drillers.

Surface Methodsa

Because of the known simple "laver-cake" type geology in the
Orapa area, most boreholes were sited on geological grounds
alone without the use of geophysical aids. Howover, it was
considered that data from airborne geophysical surveys could
be used to detect conductive fault zones,and the data Trom

a Barringer INFUT survey was scrutinised;and a linear con-
ductor of considerable strike length detected by the survey
wan selected for trial drilling. The conductive xzone was
pinpointed on the ground by Afmag and a reconnaissance elec-
tromagnetic instrument {Hﬂ?hlr REM) and self-potential methods
and two borsholes, 2199 and 2206, were drilled, Those
boreholes gave ylelds of 5 000 (380 1/min) and T 000 g.p.h.
(532 1/min) respectively. These yields are approximately
200 to 400 per cent higher than the average yleld for the area
and hence future siting of boreholes should utilise integrated

geovphysical techniques to delineate zones of higher than

average parmesability.
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HYDROC STRY

Introduction

Systematic sampling of water from more than twonty=two
boreholes and wells in the Orapa area was commenced on a

two monthly basis in 1970. All boreholes were also sampled
during and at the completion of drilling and during the
detailed pump tests at the end of 1968, In mddition to
pumped samples, a depth sampler as described in the chapter
on isotopes was used to Sample unused boreholes at various

selected depths.

The Orapa Area

Compositional s (See Table 50)

Four distinet types of water are present in the Orapa area
each of which can be directly related to the host rock type,
i.8+ Stormberg basalt, Cave sandstone, Ecca sandstono and
Kalahari Beds. ¥ater encountered in shallow Kalahari Bed
wells, bears a fairly close compositional relationship to
the water encountered in the Cave sandatons, but the latter
contains less bicarbonate and more chloride ions than that

of the Kalahari Beds type of water.

Kalahari Beds Type

A disgrammatic representation (Stiff diagram) of a typical
Kalahari Bed water type ia given for borehole 2199, Orapa,
in Fig.91 for the sample taken at 11,6 m. This water type
is characterised by dominant Na + and HCO3 ™~ ions with law

+ -
Ca +| H‘-.l'.. Eu'k-- and Cl dons. The source of the sodium

it-q{’il



RS S e 1

11 | TIIE r +...
giial | i e 5 +-ial, e P
ey, o= { T i | _..-u. ”.-. =
— 3 .....u._nunnl .I. .u- b HE
kst 230 i ¥

=
[




B2

is probably from breakdown of feldspars while the majority
of bicarbonate is obtained from tha bioclogically active
20il zone where biogenic carbon dioxide i1s converted to

bicarbonate. (See section on carbon -14),

Stormberg Basalt type water

In the Orapa area, ground waters encountered in the basaltic
lavas are generally characterised by a moderately high total
dissolved solids content and are represented diagrammati-
cally in Fig. 91 , where it can be clearly seen from the
sample taken at T4,4 m that sodium and chlorine ions are
dominant with much less magnesium, c¢alcium and bilecarbonate
ions present. is8a Na+ A i Mg++ Ea++ and C1~

HCO,”  S0y-. In addition to the high Na®, €17 type water
comparatively fresher water is occasionally encountered in
the basalt, particularly near the top of the basalt, e.g.
sample from 11,6 m (Fig.91 ). This water is characteriscd

by high Na' ana high HGD;-inns*

Cave sandstone type water

Cave sandstone type waters are characterised by their ra-
latively fresher quality with an average tds of approximately
1 500 ppm total dissolved solids. The dominant catien is
Ha+ with lesser Mg++ and even less Ca'™t while the dominant
anion is €1~ (% éo% epm) and slightly less Hﬂﬂjn (£ 30¢ epm )
and about 10% epm S50 == The Cave sandstone type water
appears to be a mixture of Kalahari Beds and basalt type
waters and hence replenishment of the Cave sandstone aguiflfer
could come by recharge from Kalahari Beds and from basalt

wators. 1t should also be borne in mind that water recharged

s s ddiTectlyw
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directly into the Cave sandatone through a shallow scil cover
would have a similar chemlcnl composition to that of the

KEalahari Beads.

An unusual Cave sandstone water

Water of exceptionally poor quality, the poorest in the
Orapa area, was encountered in borehole 2083 on the edge
of the large pan adjacent to the Orapa airstrip. An an-—
alysia of this water is shown in Table L4E . This water
has a tds of 41916 ppm and consists predominantly of the
cation Na¥ with predominant C1” cation and moderately high
Eﬂh-h coantent. This unusual quality water was encountered
at a depth of 61 m in the borehole and is one of the few
boreholes known where vater was not encountered on the
basalt contact at 23,78m. As the basalt cover wedges out
over the pan the poor gquality water is probably related to

the solution of evaporite deposits in the pan by rainwater

which has infiltrated through the pan floor.

Ecra aandstone aquifer

This water type was encountered at a depth of 325 m in only
one borehole, viz bh 2153 at Orapa (Fig. BU )., ‘This was
encountered in coarse-grained, feldspathic sandstoene which
is probably continuous with the brine-bearing sandstene
aquifer underlying the eastern Sua section of the Makgadi-
kgadi Depression, This water contains over 17 TOB ppm total
dissolved solids and is a predominantly Nh*, C1” type water.
This water type is depicted graphically in a Stiff diagram
in Fig. 84 . This saline water was cut off by backfilling
the borehele to prevent contamination of the higher Cave
sandstone agquifer. This quality water is not typical of

the Ecca aquifer elsevhers in Dotswana, but is obviously
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TABLE 48

CHEMICAL COMPOSITION OF BOREHOLE 2083 (ATRSTRIP) - ORAPA

ph T+ U45
CUJ 313
Hﬂﬂj T7E9
on N 25060
50,7 4580
2
Total

anions BDThh
xt 107
Na't 16400
catt 302
Mgt 365
Total

cations 17174

Sum total L7918
tds 41916
Theor.tds L7530

K 2 20000
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related to the nearby internal drainage centre (Makgadikgadi

Depression). (See Table 50)

Variationa in chemiecal guality with time

Most boreholes in the Orapa area showed very little time
variation during pump tests lasting up to 6 days (Tableld)
or even over much longer periods (Fige.65,70). Apart from
boreholes 2199 and 2206 which show some variation in
chemical composition with time, the only other sampling point
showing variations with time is the Landing Ground well.

This well shows marked water level, tritium and chemioal
fluctuations. (Fig. 85 ). The fluctuations occur mainly

in €1°, 80, =~ and Na® dlons.

TABLE L9

WATER FLUCTUATIONS DUR PUMP TEST ON HH. 2182,

VELLFIELD, ORAPA,

ph Hﬂﬂ] cl Eﬂh F K BHNa Ca Mg tds

30/11/68 7,2 405 481 136
1;12!5; 7.8 hos 4Bs 12%
3/12/68 7,9 hos  kB1  1kp 330 93 52 1472
5/12/68 17,5 hos 483 196 9 330 93 52 1472

Pumping rate for 6 day test = 5 000 g.p.h. (22,72 md/hr)

Total pumped = < 600 000 gallons.

225 93 52 1480
325 95 49 1h6o

H B E
0 WO WD

The Mopipi Water Schems

The Orapa Diamond Mine is currently Botswana's second largest
revenue producer and contributes sver RY millien per annum
by way of taxation to the Botswana Government. The mine is

at present drawving all its water from the Mopipi Storage Dam

vhich creates off-river Storage for Orapa and reqjulres
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IABLE 50

CHERN pos R E NG NE 53 ORAPA_IN PP,
BH, 2153;
DATE DEPTH |GEOLOGY OR pH [0y HCOy | CI 850y |F 3 Ma Ca | Mg | tde tds THEOR K TEM
AEMARKS sum tds

17.6.68 ? |Basalt 7,70 |- 55 |1673 | 290 |2 B | 1000 | 177 | 15 | 3510 | 3492 3483 | soo0
17.6.68 19,5 " 7,20 |14 | 28 |1673 | 290 |2 g | 1oso | 177 | 13 |3325 | 3564 3311 | s200 g
2.7.68 116,16 |Cave Sand- 7,25 |20 | 443 | 605 | 110 )2 15 spo | 51 | 31 |1777 | 1764 1558 | 2500 8
2.7.68 3 2,70 |20 |ass | 60a | 208 |2 |15 | soo [ s1 | 32 2769 | 1764 | 1585 | 2600
3.10.68 ? . 7,90 |14 |406 | 587 | 165 |2 | 13 510 | 43 | 34 |17 | 1716 1575 | 2700
4.12.68 |121,95 " 8,20 |48 |3a5| 625 | 0|2 | 23| 513 | 48 | 26 |1730 | 1720 1888 | 2600 T
27.1.69 325,0 Ecca Mud-
os.1.69 l170,75 [stone shale |7010 172|172 10586 | 222 |1 | GO | S625 | 624 | 228 17708 119720 17621 720000

) &fiﬂﬂﬂitﬂ::jp a;05 |27 38| 757 [ 2sa |1 | 9| m3 | 29 | & f1ea3 | 2972 1721 | 3160 | e

after back=

BH. 2199: Ay
18.11.68 | 11,58 |water struck |8,25 |41 Ro37 | 136 | 147 |2 4 | 550 9 9 {1935 | 1858 l4p8 | 21p0
?5.11.68 | 18,29 7,40 | 62 | 662 | 3750 | sso |5 | 1o | 2480 | 47 | 179 | 7845 | 7828 7519 |11000
26.11.68 | 28,56 7,30 |28 | 577 | 3715 | 750 |4 | 12 | 2350 | 234 | 199 | 7866 | 7696 7582 |11000
27.11.68 | 46,95 2,50 | 26 | 590 | 3930 | 950 |5 | 11 | 2600 | 243 | 215 | BE72 | B3EB 8333 |12o000
27.11.68 | 56,1 7,60 | 28 | 606 | 4245 | 825 |5 | 11 | 2650 | 230 | 217 | B717 | G684 8419 |11000
28.11.68 65,2m 7,60 | 28 goé | 3750 780 |5 10 | 2400 | 238 | 191 | 7978 | 7796 7680 |11000
29.11.68 | 65,2m 7,90 | 21 | 408 | 401 188 |2 7 75 | 39 | sa | 1498 | 1348 1297 | 2000 -
29.11.68 | 74:39 7.40 |28 | 563 |4680 | 775 |4 | 15 | 2750 | 305 | 280 | 400 | 9136 5123 |13soo -
29.11.68 83,53 | Basalt 282! 7,30 | 21 | 479 | 44567 523 |2 19 | 2375 | 386 | 272 | BS44 | 9972 B301 |12500
29.11.68. | 86,58 |ceve ndfst. |7.75 |21 | 384 | 1179 | 207 2 9 715 | 84 | 79| 27150 | 2776 2550 | 42s0
29.11.68 2,68 |1800 g.p.h. |E.D0 | 42 | 373) S00° 7312 7 388 52 a4 | 1481 | la4m 1281 | 225D
29.11.68" | 95,73 | 2250 g.p.ha | 7499 | 48 | 366 | 600 73 |2 7| 388 | S0 | 481482 | 1460 1296 | 225D
29.11.68 pa, 74 | 2500 8,00 | 21 | 394 | 493 T3 |2 7 375 43 50 | 1458 | 1436 1258 | 2220
29.11.68 |101:82 (3500 7,90 | 4z | 366 | 481 a1 |2 7| 363 | 52 | 43]1a17 | 1360 1231 | 2150
29.11.68 |107,92 |[+3500 4,00 | 35 | 380 | 461 a1 |2 7| 383 | 43 | 48| 1420 | 1356 1227 | 2100 -
16.12.68 |126 22 7,70 | - | 491 | 352 87 |2 7| 35| 51 | 401345 | 1172 1096 | 1700
17.12.68 |131,70 3,05 |20 | 3s9| 410 | 1302 71 35| 34 | 4z )1337 | 1212 1200 | 1500
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pumping at the rate of 8,5 cumecs for a period of 2 months

a year to replenish storage in the pan. The pan is 1 900
ha in extent and has a capacity of approximately 100 x 1ﬂ5n3
whioch is capable of supplying Orapa's needs for 2 to 3 years
Hithnué any replenishment. The source of supply is the
Boteti River which has, in the past, been known to run dry
for long periods. A synthetic record devised by Sir Alexander
Gibb and Partners (Anon. 1969) showed that for the period
1929 - 1960, there was no flow at Tsienyane (Rakops) during
the peried 1929 to 1937, from 1941 to 1943 and again from
1945 - 1947, a total of 15 years out of 30 years. Conse-
gquently there is likely to be insufficient flow once every
two years to fill the Mopipi Dam. At the time of writing
(Decomber 1973) and following two seasons of poor flow in
the Boteti River a full scale crisis is impending with
sufficient water left in the Dam for only a few weeks pro=-
duction. As a result a erash drilling programme is now in
progresa to supply the necessary ground water to keep tha
mine and township supplied with water (estimated at 1,2
million gallons per day (5 455 ‘3] and once again ground
water will have to be used to prevent a disastrous bleow to

the national escomomy .

Recommendations for the temporary solutiomn of the present

crisis were made by Jennings [19733 and are based on the

exploitation of the deep (saline) Middle Ecca sandstone

aquifer present in the Orapa area and high transmissibility
zones in the Cave sandstone aquifer as determined by pheto-
geological studles and airborne electromagnetic and magnetie

SUTVEYS.,

s ¢« JOCONCLUSIONS
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CONCLUSIONS

Hydrogeologlical studies in the Orapa area have enabled
coefficients of storage and transmissivity for the important
Cave sandstone aguifer to be calculated; estimates of the
storage capacity per square kilometre have been madej

water level observations have indicated that regular re=
charge of the aguifer takes place {luppnrt-d by lsotopic
ovidence); an estimate of the rates of flow in the aquifer
has beon made, while diamond core boreholes have given
valuable information on the exact nature of the Kalahari

Beds and the important aquifer at the top of the Cave sandstone.
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APPENDIX 3

SUMMARY LOG OF BASALT ZONE

Kalahari Beds sand
Decomposed basalt

Basalt with numerous zeolites
Base of flow

Grey basalt

Basalt with scattered amygdales
Base of flow?

Grey basalt

Highly amygdaloidal basalt
Base of flow?

Slightly amygdaloidzxl grey basalt with
amygdales of calcite and zeolite

Dolerite (post—basalt,'transgressive)

Reddish amygdaloidal basalt with thin irr-
egular tuff bands less than 25 mm thick.

Massive basalt (non—amygdaloidal) with thin
black dolerite dyke at 212! - 2133'.

Reddish basalt with irregular vesicles
cavities filled with green mineral (chlorite?)

Amygdaloidal basalt

Massive basalt
Base of flow

Slightly amygdaloidal basalt

Black, fine-grained basalt (dolerite?)

Grey lava with 4" amygdaloidal lava at base
Black dolerite

Massive basalt

Amygdaloidal Basalt

Dolerite?

Slightly amygdaloidal basalt becoming mofe
so for 2'3" at base

Fine-grained black dolerite?

Massive basalt

Amygdaloidal basalt
o0 w08
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Massive basalt
Amygdaloidal reddish haual£
Slightly amygdaloidal basalt
Massive basalt
Highly amygdaloidal basalt
Massive basalt

Highly amvgdaloldal basalt

Amygdaloidal basalt

Magsive basalt

Slightly amygdaloidal basall
Highly amyvgdaloidal basalt
Massive basal+t

Highly amygdaloidal basalt with two tuffl
bands 5'9" thick

Amygdaloidal basalt
Mazsive basalt
Amygdaloidal basalt
Massive basalt
Amyedaloidal basalt
Massiwva basalt

Amygdaleoidal basalt with tuff band
and green shale

Masgive basalt
Amygdalolidal basalt
Massive bhasalt Base of basalt

Hed indurated sandstone with thin calelte
veins and fissure 3" from contact.
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APPENDIX 4

TSHEPE DIAMOND CORE BOREHOLE (%) - HYDROGEOLOGICAL RESEARCH

Depth of nearby pumping borehole 206 ft (62,8 m). Water

struck 63 (19,2 m) and 186 ft (56,7 m).

(12,8 m).

Rest level 42 ft

Base of Kalahari Beds at 96 £t (29,2 m). Yield

1 000 g.p.bh. (76 1/min).

3 v 1851
1ton
015"
3ton

116"
5!6(:

oté"n

15! - 251
016n
016"

hron

- 37!

25!

37! - Ll

Briiy
1t5n

Lt
183"
.0t123n
othytn
oty
0r23"

hlie _ gl
3:61:

1!7%:1

2r1om
213%"
orln
otén

121 lost.
Siliceous sdst.,

Calc. rubbly sdst.,

ca. of-core, 31!
locally calcareous
Fragmentary core

Siliceous sdst.,
calc. cement

occasional horizontal parting of

Siliceous sdst., cement with

cavities present

irregular calc.

Siliceous sdst., locally "pipes" infilled with
red sand or cavernous

"Breccia" of siliceous sdst with calc cement

5t ‘core 51

Siliceous sdst.,

lost
locally calcareous
as above with local ferruginous discolouration

White siliceous sdst., locally calc.

104" core 11'13" lost

Calc. sdst., with ferruginous discolouration

6'9" core 3" lost

Mottled siliceous sdst., local ferruginous staining
with calc. cement

White siliceous sdst., occasional rootholes infilled
by poorly cemented (calc) sdst

Ferruginous mottled sdst., slightly calc.
White sdst., slightly calc.,

Ferruginous stained sdst., slightly calc.

White calc. sdst

Mottled (ferruginous stained) sdst., locally calc.
White sdst

9t10" core 2" lost

Mottled (ferruginous, calc) white sdst

White calc. sdst., vertical root holes infilled
with poorly cemented sdst., irregular vertical joint

Mottled calc, sdst

White(calc) sdst, slight mottling
Calc sdst.

Brown mottled (calc) sdsi

ey »
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Sht - 6A4' 10* Core

10t ¥hite calc. sdst. with 1rr-;ulnr-furruglnnus
mottling

G4t — B4' 20" Core

TI1B" as abowve

T "Conglomeratic" cale. sdst., round to elongate
calc. sdst,("pebbles” " to 1" diam.), light
brown colour, in matrix of coarser grained cale.
sdst., derker in colour

sthn cale. sdst., round to sub-angular "pebbles” ({*®
to 13" diam), dark brown to pink colour.
Larger pebbles cut by cale. wveins

841 - 93¢ 9! Core

g Calc. sdst. "conglomerate® sub-vertical slicken-
sided joints with some silicification along joints;
amall angular sdst. pebbles and dark brown basaltic
pebbles in sandy calec. matrix

oG Light bLrown sdst., with siliceous and minor calc
veining

oviiv "Cgl" of dark brown basaltic pebbles in sandy matrix,
fine siliceous veining of pebbles

3rton "Breccia”™ of basaltic pebbles with calc, veining
4" thick horiz. and fine vert

o'an ¥hite to pale brown cale. graphitic sdst.

othdn as above but locally silicified

ca.90' Base of Kalahari Beds

2v11n Breccia of basalt, calcite wveining, locally
cale. sdet. infilling, basalt slightly amyg.
[Hnln of flau]

24 Calc. sdst. with small basaltic pebbles

93' ~ 101" 6'4" Core 1'8" lost

o 5¢" Fine gralned amyg. basalt, horiz. calc. veining

5' 34" Amyg. basalt., horie. ealc. veins, locally fine
vert. veins

Qe Basanlt with cale. velning

101' = 111'5'34" core 4'8}" lost

an as above

— LT L
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132'-137"
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31 1w
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137 =1blyr
Othn

41 3n

o' 24y
0'74"
gryw

F1Rw

LUl 115l
B v lyw
oriyn
11&'-1&!'
o*Llo"
QY5

prhgmn

o aw

116"
2193"

013"

243

Freash basalt,; occasional calc. vains

Altered basalt

Rubble of amyg. basalt (Top of flow)

Calc. sdst. breccia, angular basalt fragments
Amyg. basalt

1'23" Core T7'94" lost

Amyg. basalt

Calc.
Fine—grained amyg. basalt [Bnnn of fluv}
1t10" Core h'2" lost

Rubble of abowve

Basalt rubble

Cale. clayey weathered amyg. basalt
Fine grained amyg. basalt

Sandy calc. rubble

304" Core 2'113" lost

Fine grained amyg. basalt rubble

Amyg. basalt, calcite veining

5'2" Core

Amyg. basalt

Cale. adst.

Aty g .
Hasalt, locally amyg. fine calec. veins predominant
Cale. sdat.

Basalt, veins

6'4" Core O'BY lost

Caleareous sdst.

S8lightly amyg. basalt, calc veins

Calcareocus sdst.

Slightly amyg. basalt
Caleareous sdsat.

velin

basalt, calec, veining, fine vertiecal veins

fine cale.

Basalt, vert. veins of calecite along joints

513" Core, L'9" loat

as above

Fragmentary core of basalg

6'9" Core 4'3" lost

Calcareous sdst. "Conglomerate® of Kalahari type
As above with basalt fragments

Cale. sdst. “Conglomerate”(Kalahari type)

Calc veined decomposed basalt

calc. sdat. "Conglomerate” same basaltic material
Cale. voined *Conglomerate™, predominantly basaltic
Calo. adat.
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6'1" Core 3'11" lost

Calc. sandy "Conglomerate", some basaltic material
Caloc.
cale. veined clay (? decomposed basalt)
214" Core 4'B" lost

Clayey rubble

S5ilty limestone

5'5% Core 4'T" lost

limestona

basaltic "Conglomerate"™

Fragmentary core of decomposed calc.basalt
Decomposed basalt, clayey

619" Core 1'3" lost

as above (rubble)

Decomposed basalt

Fragmentary core of above

Drusy calcite

Dacomposed basalt

B'2" Core 8'10" lost

Basalt, sub=vert.veins (joints) of calcite
Altered basalt, sub=vert. joints

As above, but locally calc.infilled joints
9'8" Core O'4" lost

Altered basalt, some calc.veins
Alt.basalt.Vert.vein(l" diam.) of calcite with
7 epidote

15'2" Core 4'10" loat

Alt.basalt, some sub-vert.calc.veins
Friable alt.basalt,some calc.veins & unluifinnﬁinn
of basalt

Fragmentary core of limestone breccia,basaltie
material

Limostone

Clay (decomposed base of flow?)

Calcified alt.basalt, some calcite velns
Alt.basalt,calcite veins

5'1®" Core 1'11" loat

Alt. basalt

Frogmentary core of alt basalt

3'4" Core

Alt.basalt.vert.calc.veins (along joints)
Basalt

20" Core
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S5lightly alt. basalt cale.veins
Basalt

Alt. basalt

Basalt

Calecite druses

Basalt

10¢
as abowve

7'103" Core

as above

Fine grained basalt (Base of flow?)

1'2" Core 6'10" lost

Basalt

18'7* Core 0'5" lost

as above

T'10" Core 1'2" lost

as above

Jointed basalt (fractured core)

Bik" Core 0'6B" lost

Basalt

10' Core

as above

19110" Ceore I

Basalt, cale.veins at 23",64".2'4" and between
hr-grgw

Amyg. basalt.Calec.veins

Alt.amyg.basalt, caleified, calcite veined (Base
of flnw}

Rubbly core of friable calc.sdst.

Amyg. basalt (off shoot of flow)

Calo. adat.

Amyg, calcified basalt,calc.veins{Top of flow)
AmyE . velns

Alt. caleclfied basalt, calc.veins

Amyg. basalt

Basalt

9'8" Core

as above

Amyg. basalt
10' Core

aa abowve

Core

basalt.calo.

ir.kalt. Tew wveasiclas
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Fine grained amyg. basalt (?Base of flow)
Amve. basalt
1597 Core
as above
36'9" Core
as above 1" band of calcified basalt at 57
Basalt, calecified band at 14", occasional zeolite
and cale.vein
Fine grained amyg. [calcified} basalt, Base of flow,
contact obligque at jﬂu to core
Green epdst. with apophyse of basalt
Red fine grained cale. sdst.(Cave sdst.type)
Ferruginous red sdst.
Amyg. alt. basalt (Top of flow)
as above with sdst. xenolith
Amyg: basalt
Fine grained amyg. basalt with sdst. xenolith
Amygz,. basalt
2dst. Indurated
Basalt
5' Core
as above
Sdst. xenolith, indurated
Amyg. basalt :
Bt4v pcore
Basalt
grhw Core
Amyg. basalt
Indurated sdst. xenolith
Amyg. basalt
Hasalt, with slickensides Jointing and cale.veins
Basalt
Calc.vein, basalt locally amyg.
Basalt
T!'T¥"Core
Red basalt (alt.)

Amyg. fine grained basalt, calc,veins (Base of flow)

« s+ « /STORMBERG
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STORMBERG LAVA/CAVE SDST. junction at A71'3"

prir Alt. sdst. with cale. vein
3¢ 3k Vhite calc.sdst.

L7s5t-4B85' UL'9i" Core 5'21" lost
Lrgdw Cale. sdst.

LB5-hgs' G'1" Core 3'11" lost

Graw Sdat. locally calocareous
49s5t-505' B'8{4" Core 1'34" lost
BrB&n as above

jnj}-ﬁlﬁ‘ B'9" Core 1'3" losat

gegn as above

End of Hole
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