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1< [NTRUDUCTION

In January, 1982 Mochudi village was identified by the Department
of Ualer Affairs as a major village in urgent need of an extension to
its waler supply. At that time consultants were being invited to
submit proposals for the South East Botswana Regional water study, a
study vhich was expecled to review Lhe water supply and demand situn-
Liun and idenlify sources of water for the major villages and popula-
tion centres throughoul the eastern part of the country. 1In vieu of
the shorlage of waler in Mochudi and contamination of some of the bore-
holes cupplying the village it was decided to carry out groundwaler
exploralion for the village in advance of the findings of Lhe regional
study. lhe Geological Survey was asked to carry oul the exploralion

hy the Department of Water Affairs in February, 1982.

Il was decided to carry out an exploralion project which aimerd not
unly to locate the much needed groundwater but also to lake the oppor-
tunity to gain a better understanding of the basement rur* anquifers
vhich could be of value to future studies in other parts ol the counlry,

Work commenced on the project in March, 1982.
2 THE AREA

Hoehudl s Lhe eapital of the Bakgatla tribe and administralive
vcendre ol Kgatleng District (7600, km®). 1t 1s localed close to the
Tolwane Biver whore il follows Lhe prominent escarpment of Uaterberq
rocks some 40 km nocth of Gaborone (Figure 1).  The 1981 census shows

g de Ihcto populalion ol 18613 people and an additional 1475 people ate
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residenl in Lhe n:_i_jm enl areas of Pilane, Riasesa, Malolwang and Dikwididi

vhich form Hochudi sub-district.

The village itself has developed on the high ground nocth of e

river on Lhe escarpment. The historical centroe of the village 1g at

3

Phuthadikobo Hill. The village has developed eastwards NEshinoge ) west -

vards (Raserura) and south across the river (Boseja). The area south of
the river s a vast [ lal plain of ancient granile-gnerss rock ol an
cleval ton ol aboul 92%0 w ol clearly o very old tand=surlaee.
Uccasional hills rise from the plain (Modipe hill, Oodi hill) but 1 here
15 gyenerally very little topographic change and no rock outerops, 0
valley crosses Lhe plain from NE-SW near Moologe and (here ape o (e
staltered pans (Minobe, Mat thage) in slight depressions ul Lhe
landsurface.  North of Lhe village there is rock ouloiop whors
Waterberg rocks vverlie granit gneiss to form Lhe prominent escarpmerl
rising to JUOU .  The escarpment can be traced wesluards to HNolepalole,
Lastvards Lhe escarpment becomes leas promnent and greadual Iy mepoge
vith the surrourding plain,
i
The Nolwane River is ephemeral. It contains water only aller rain
events in the welt seasun; Lhere is no permanent basellow. T drains to

¥

Lhe noclh-caal where some 75 km downsleeam, it joins Uhe Limpopio.
M | Y tmaal oo

Botswana Lies wilhin o sub-lropical semi-arid season with summer
raantall.  The climale is seasonal wilh a warm rainy season from November
bl Aprel sl g oconl dry winler from May Lo Uclober.  Some shovers eon

orear e Seplewber el Detober, but it is nol unusual for Lhe rains 1o be




delayed until December. The 50 year mean annual rainfall al Hochudi

is 1] mm, similar to Gaborane and is very variable, standard devio-

R -

tion 1s 126 mm.  The most likely rainfall (50% probabalily ) as 480 mm.,
The Lenperature ranges from mean maximum daily lemperatures ol over
30°C (Uctober-March) to mean minimum dailly temperalures ol <70

(June, July, Aungusb). The daily range in Lemperalure is greatest

in winker.

Ihe rate of evaporation in Botswana is very high gl with rain-
fall falling in Uhe summer mornlhs evapotranspiral ton is highest
durimg Lhe wel seagon,  PMean anoual class A poan evaporeal tone ol ot
stalions 1n Botswana exceeds 2900 mm and potent ial evapol ranspoaral ron
Laborone ) is about 2000 mm or 4 Limes Lhe mean seomial raantall., s
the rainfall intensily is an imporlont TFactor in deciding recharge
lor only vver shorl=periods does rainfall excecds cvaporal 1on.,
Figure 2 summarises monthly mean rainfall, temperature awd evaporal ror
and Finure 3 summarises the long term rainfall recorded al the village.
Details of climatic factors as they affect groundwater recharyge are

discussed lurther in section 9.

Ll Vegelat ion

The vogelal jon of eastern Bolswana has been classified by de

Beer (1962) and Bawden and Stobbs (1263). Valuable information is

,
‘
u

also given by Niller (19%2), and Vermaak (1960).

Soulh of Lhe village the vegelalion is Lypical of acid cry-

stalline rock and Moloto (Acacia dulcis) Mopipi (Boscia rhemannia
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Figure 3 Percentage rainfall variation, Mochudi 1940 - 1982
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Motlopi (Boscia Albilrunca) Mogwani (grevia cana) and NMorellwa (grevia

flava) are commonly found on the pinkish to bull sandy soil. Dolerite
inbtrusions are common and give rise Lo a characleristic red/orange soil
usually having a sparse vegetation of short grass, presumably on account

ot vvergrazing by goals,

Northe o Lhee vl lage The vegelalion cover ps i pedval by e dlisriea
on Lhe \lalerbery rocks.  The soil is more sanely, grey Lo bull oan eolooe
und supporls o dense scrub of schrubs and small trees.  Dogonono Cler-

minalia seciceal 1g the dominanl bush and 1s excellent for pegoging cut

lines. NMarula (sclerocarya cafl ier) Mosetlha (pellopborum o[ T rcanun

Modubu {combretum sp.) and Mogotlho (acacia giraffac) are also present,

Both larqge Marula trees and Mogonono bushes occur on parts of
cover uh Lhe granite-gneiss south of the villuge and there is evideoce
Lthat some of the large marula trees were planted there by villagers.

This muy explain Lhe anonalous area mapped as Waterberg rocks in this
‘area on Lhe geological map (2426A). Drilling conficmed grantte-gneiss
ch

under Lhe area having a colluvial cover of veathered granile-gnelss whi

ineluded Waterbery fragments,

3 EXISTING WATLR SUPPLY

3.1 Introduction

NMochudi village was originally established in 1871 when Halqobla
moved from Lhe Transvaal because of oppression by Lhe boers. There is
evidence however Lhul the village sile was occupied in Stone Age and

lron Aye Limes probably becwuse of ils stralegic posilion and availas-

bility of water. (Grant, 1983). It is almost certain thal the village




valer supply in early Limes would have been supplied by shallow hand dug
wvells in Lhe valley now occupied by the Mission llospital wvhere valer
Lo b i close Lot suclace and talural secpage oecurs. The Solbuai

tiver would also be used as a supply durang the wel season.

lhe earlicst record of borehole drilling i the vl bage tor uatbel
supply dabtes trom 1734 (borehole 3% Ralebolsa allhough this toes ool
discoun! earlier drillinng, records wvere only kept from 1929 onvareds.
There are now records of more than 60 boreholes drilled o the vil lags

for waler supply, mostly low yielding. Six borcholes are presently used

for the village waler supply.

Prior Lo 1977 Lhc District Council was responsible for the operation
and mainlenance of Lhe supply and in recent Limes the Council operated
al least 13 borehales (official numbers, 35, 38, 709, 792, HO0, 10ht. Tl6s,
1668, 2108, 2784, 2786, 3136 and 3137). Two small dams exist, one clos

Lo the Misgion Hospital, the other high an Lhe Makakat Lela val ley though

perlher are used for public supply.  Before 197% dmhividial orehales

vere generally equipped with diesel driven pumps and féd standpipes 1n

Lhe immediate vicinily.

Ihere wios Little reticulalion. Following recommendat ions made by

Gibbs (1979 o reliculation syslem was inslalled in Lhe village, Bore-

holes 38, 8BS0, 789, 1162, 1668, 2784, 2786, 3136 and 3137 vere linked

Yo

lo # rollected maing, and a high level storage tank (474 m vns ronstructe
on Phuthadikobo Hill., Stand pipes were placed so Lhat all people had
access Lo a stand pipe within 400 metres. A central pumping and treatment

works wos recommended soulh of Lhe viver close o borehele BHY0 hul wus

A report by Sir Alexander Gibb and PMartners.
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pevrr const rucled.  Instead water wos, and still s, pumped darect ly

into the st eibal ron gsystom From individual boreholes.

Borehole chlarine dosing equipment was recommended by Gibbis 1975
andd units were installed at borehole B850, 2784, 2706, 3136 and 3137 hu
{herealter their operation proved inconvenienl and they were discontinued.
Usibeer tds oo presently supplied by 6 boreholes, BS0, 2108, 2784, 3136.
C18C sand 89 el wiiter enlers the distreibotion pain Fron | IR wileerg

direrl Iy and anlreatled,  the level of demand at the present Lime s such

that Lhe bigh level storage only filla when demand 1 Tow,
rient abslraclion

anee e Department of Water Affairs took over the walervarks
poespons b iLies o 1977 daily records of water pumped, pumpiog hours and
st ey conouned have heen kept and reqgular chemical and bacleriological

| aper privr bl V tummary aof the -I'iul:fll ies of waler pumpuad Trom

Lhe shopeholees 1o gqiven in Table 1 where abstraction is seen tn o

e toased Trom 175%16 m' in 1978 lo 246405 m' in 1982, t_'}i\.'lrll: a o ly
werane abstraction of 6759 m>. (The low total in the first parl of 1978
1o heesuse harehole 2786 and 3990 were nol in used. Consumpt ion Tigures
Crom Tho Deparbment of Waler Affairs arce set slongside Lhe abstract pom

lotals in table | and demonstrate Lhat losses or melering errors in the

Hochudi system are very high with a yearly mean loss of 28-37%.

.

A analysis aof the monthly totals shous Lhal abstract ion is signi-
ficant 1y gieater in Seplember, October, November and December and is much

lower in January, February, Narch, April and May. 1his 1s surprising in




view of the high mean temperatures during these monlhs.

The mean monthly

abstraction over the perind 1979-82(which avoids the lower bDiased totals

of V?HOJS shown 1n Figure 4 and a factor responsible for this reduced

CotGump L aon
I'I"!'_“FII.III!I ol part of

and the possibilily of

vater,

After

oflten

g

at this lime recelve visitors from other villages so that

it the hot

munths

is a reduct

o an demarnd doe 1o

el

the population to Lhe lands and Lhe cuttle post,

er vater ete).

an allberml 1w

THIRE

vonnpp sy ol ey ot

harvesting people return bto their dwelling in the vi

I.I Favlii=—

| lage and

Fhe yrban

wvaler demand 1s normally reduced during the growing season and pnerease:
el 1) Sepl ey o sl Detober. I'F the rains are poor Ll
the water demand may nol reduce as anbicipated and greater abistraction
vill be neecessary. Table 2 below indicates the increase in demand during
the period Seplember to December. It 1s about 34" higher than Thee bawnry
tu Sepltenmber demand, and about 20% higher than the vearly mean.

= s : S

Year Hean Daily Abstral ton (w0
_——

1978
l|‘J "(j

178U

1912

lable

llean daily

Year Sept-Dec. Jan-Sept .
480 690 380
660 790 600
60100 i Boo G
630 755 600
675 700 660

§

nbsteoet ton, Mochioedi

[ 27H=-1182
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8.2.5% Borchole Lop elevalion survey

lhe eleval ton ol Lhe top ol all projeclt borcholes gnd several
mmportant exist tng bureholes was determined by LS surveyor. A Lisl
of UB well Lop elevalions 1s given in the Appendix. Where boreholes
have: more Lhan one casing inserted Lhe elevalion given 1s the Lop of

the swollest diomeler casing. For existing boreholes Lhat are
] ]

coulppred or have no aceess Lo easing lop bhe o feval 1on yiven d Py
floor level. The elevation of the ground surfaee ab tun duguells vas

also included,

B.5 Leophysical borchole loyging

It was planned Lo oblain geophysical borehole Togs of Bl moct
wparlant! borelwles drilled to record reistivilye nabural e el
alaper anformad o e cowpare wilh olther resgl b, ol ooy Pognvalba iy
aperab vy il el ies of The erquipment weand Thal The prosics i
slharteed bl ool commpy e Ui, It is hopesd Lo comprlebe Thys o i)

reporl con b whien new L‘t|ul.pr||l_’r|t. arrives.

H.d !'l|'1-|\ilnl ln".1-.._

Al breholes where a promising waler | low was ablasne!]
(% em o+ over o 20% V-noteh weir) pumping Lesls wvere condue bed
for establish the borehole yield and give information on arqui fer
|||n|n~[1 1S . HBolhy eonstont rale and step=drawdown teats wet
@ . )
comducted.  The rouline testing procedure ol Waler AlToirs uns to
rute o 44 or 72-bour constant rale Lest usig an elecle

cubmicersible pump placed o few metres above the bottom of the hole.

Waler leveld measuremenls were wade wilh an eleclric indicalor




[heough ane access pape.s The access pipe was necessary becouse of
large drawvdown and Lo avoid problems wilh ecascading waler. I higs
discharge rale wos measurod using o comnercial flowweler or by

Cillyoig a drum Lo capacity.,

the Test procedure of Uator Affalcs was not entirely
it tafactory for the analvses ol aguifer propert jes, lts main
Frmibalvan berng thal dn Lhaee low-=y iclding aquifers it was not

adluways a constant rate test.

Ihe Geologireal HSurvey conducted step=dravdown tesls al % sites,
partly  bto help snalyse the aquiler properl ies and to investigate the
yae ldedrawdown relalionships. Up Lo 6 sleps of 100 wirwt e duratl gon

wirre chonen,
Ihe constant rate dalta wvere annlysod gsiog the e pg met hod aned

itlts rlh“[l(.‘I—\lhf‘hh f-|Tr|ir1t1f-1!ln‘ modi Fieationa, and by the Dol bton

me thod, lhe step dravdown data were analvaed by met hods given by

Brereton (1979) Tden and Hazel (1973} amd Dierschenk and Wilson (19261).

Observation wells were used at only one sile (4345) vhere a 5 day

constant rote btesl was run by Geological Survey.

#.4.1 Lonstant rale tests

lventy-one constant rate tests vere perfoermed and a summary
of test results is given in Table 12. Details of individual
Legba aneluding Lhe stepsdrawvdown tesbing are yiven in o separate
reporl (65/DKB/5/83) wvhere an unusual aquifer response from some

losts 1g describied,

=
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a) Uorehole 3990

Borehole 3990 was tested by Water Affairs on 9/9/62 for
48 hours of drawdown and 3 hours of recovery. The pumping rate
was 15.6 m'/h.  The drawdown measurements are unusual because
My show waler level never changed after 10 minutes, and Lhe
recovery water level was 8 metres higher than the pre-pumping
level.  The recovery measutenonl= dun'l mateh the drawdoen so the
neasurements are obviously suspect,  lhere was no opportunity for

1t re-test becanse the well was equipped shoilly aflerwards.

) Boreleele 8178, 420z, 4205

oo bieimles ore Llested b, Wal o § FYE) ve o ember 1982,
cnd @ semt log plot ol Lhe drawdown oz vl Coan
Fagure 26. The effec! of lesting willi | g g 1w apparenl

from the measurements and no slope con be ooed o give o 1 value,
In all borcholes the valer level was deawel on Lo a few melres above
- pump sucticn near the boltom of Lhe hole during testing. Transmissivity

vilues wer: obtained however from step-drawdown testing.
¢) Borehole 4234

Al boiehnle 4234 the yirld was higher .nd sufficient that
waler level was nol drawn Jdown to pump suclion. It was tested by

Water Affairs for 48 hours sltarting on 27,0) /1985,

Discha ge rate viried from an initial 27 m’/d to 272 m'/d
moar the end of 1he Lesl, Recovery was measured for 3 hours only.
Ihe early slope of lhe semi -log drawdown mea urements gives a 1 of
11 m"/day. When drawdown was 14 m corresponling to a PWL>46 m the
drawdown ire reascd.  1he meosurements are pocr and a final slope

transmissivily cwnol be ob ained precisely. The levelling of water
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T

level from 400-900 minutes has no natural explanation.

The early more favourable slope could be affecled by

wellbore storage (WBS).

Wellbore storage is satisfied when....

Ttr 9
— D ]
Tw
vhere Lr = Lime after which WAS is not applicable

rv = well radius

I = kransmissivity

llsing a final T of say 2 m?/d all ol the early slope up to 180
minules rould be accounted for by wellbore storage. A
transmis-ivity obtained from s!ep-drawvdiwn testing (18 m?/d) however
sugagestc That WBS should he salisfied wilhin 20 minutes. A more
likely esplanation for the increase in drawdown at 20 minutes is a
partial «ewatering of the upper water zone undfthin was later

confirmed by flov-meter 1gging.

d) BDorclhole 4266

Borchole 4266 was teited by Water Affairs for 48 hours on
4/8/83.  The drawdown mea urements were avain unusual and are shoun
in Figure 26 and 27. <The linal yield is ¢ ven as 1.°% m*/h yet the
rorehole had a promising yield during dril ing amd the early part

nf pump testing.

Two xplanations for he drawdown are possible. One is that
lesting dewatered the main zone. Inspection of the test data

teveals Llat 2.6 m*/h was sustained for 9 hours unlil water level

3
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teuchod Lhe presumed main inflow.  Theveol tee walor fevel fod

rapidly Lo pump suction and the discharge rule fell to a sustained

1.3 m>/h. 1T this is correct then the maximum inflow ig 1e3 m*/h

and the early high discharye is waler being removed [rom slarage.

An allurnative explanation is thal Lhe Iower part of Uhwe aquifler

15 cased of fo Blank and slolled casing were used in conslpuel e

and reference to the details in the Appendix indicates Lhat 1hepe

some uncertainly by the driller where Lthe casiog waa placed.

15
1L is possible Lbhal bthe increased dravidow ot 56 00 coine e

a section ol blank casing, A CCIV inspech ion Lo hes bk he

conslruction of Lhis hole is Lherefore recomoenderd o conf i

this bhetore the pump Lest dala can be properiy snal veed,

vl Borehole 425U, 4345 ‘

Borehole 4298 and 4345 ave 3 wm apart 10 area weslt of Lhe vagn

road about 10 km vorbhy of Nochwdyr near NMalotwona,  Aller dr !

borehole 4258 was found to be blocked and it was impossible to

lover the pump to the required depth. However the pump was

installed at shallow depth and the borehole tested. Borehole 4345

was later drilled alongside at a larger diameter to replace it.

Pumping tests were carried out at both boreholes. The aquifer is

Waterberg sandslone intruded by dolerite. Production is obtained

from a contact situation at 45-48 w and fracltures at 78 and

90-95 m and the yater level is at 28 m below surface.

Borehole 42568 was tested for 48 hours hy Geologxcal Survey at

22 m’/h on 1B/3/83. DBorehole 4345 was tested for 48 hours by Water

Affairs on 1/8/83 at 23.2 m’/h. Not surprisingly’the test

measurements are similar (Figure 28). A lipe drawn through the late

drawdown data gives a T of 66 m?/d (4258) and 108 m?/d (4345) ’

——thaush the measurements do not form a single straight line.
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The measurements il o Boullon logloy curve Caivly well §ron
vhich an early T of 50.6 m*/d and a late data T of 46.9 m*/d are

obtained wvhich are probably closer to the real value than the

seml loy interprelation. Matching the data to the curve showved

that further measurements were needed to provide a better fit.
5 - day constant rate test was later conducted at 4345 (27/8/B3)
and at a punping rate of 57.4 m®/h. During this test measurements

were made in observation borehole 4258 and 4346 ol r = 3 m and

30 m, from which test parameters obtained are shown belou:

Borehole Transmissivity  Storage Method of Analvsis

Coefficient

4345 25.6 - Cooper-Jacob
(pump well)
30.4 = Boulton
4258 45.0 0.49 Cooper-Jacob
({obs. well)
48.6 0.33 Boulton
4346 45.0 - Copper-Jacob
(obs. well)
(inclined) 52.1 - [ Boulton

A transmissivity of 45-50 m?/d is indicated. The storage

coefficient is unrealistically high. Although the early drawdown

measurements appear to fit a Boulton type curve there jis doubt

arising from the late test data that the aquifer response follovs

a normal radial flov (Theis pattern). The early loglog drawdown
(Figﬁre 23;‘18 not Tﬁeis.inﬁr is it a 1:1 wellbére storage, or a
1:2 linear drainage slope. The loglog plot gives a straight line
up Lo 1000 minutes and the semilog data form a curve. Such a

response suygests linear and not radial flow., A plot of Jl versus
g (Figure 29) gives a straight line which further suyyests

linear flow.
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The Lest data for borehole 4258 were also analysed by VIAK
usiny a method more aﬁplicabln to fractured ayuifers, Their
analysis based on an improved radial flow model whicﬁ accounts
for wellbore storage and skin effect obtained a transmiasivitby
of 260 m?/d for very early data und a wore realistie storage

= (tx w"ay.

However it is doubtful whelher there wproved gnalysis s
applicable to the hydraulie response which 1s character 1sed by

a continuing drawvdoun at late times. The same response is evident

at borchole 4448 in the same formation, and ulso in tests analye
by VIAK at Molepolole (3530, 3543, 4287). A pumping rate cannol

therrfore be predicted for borehole 4258 by narmal Theis thediy,

A plot of drawdown versus Ji for borehole 4258 (not shoun

vhich gives a straight line, indicates a l-year drawdown of

21.4 m and a 5-year drawdown of 42.7 m at 27 m'/h.  The sane plol

For UUFE“U]F 4345 f[anrr 29) llﬂllilt‘ Ehal 57 m'/h iw

PSR | U

and the borehole could only sustain this rﬂlo for 6 monthq
(s = 78m)., It is suggested therefore that a pumping rate of
w30 m’/h he used and wvater levels should be monitored to provide

data to assist modelling of this aguifer response.

A E A ESEEESESEEEESEEEEEESR



o

In both ruck types local enhancemenl of permeabilily 14 noled
close to dolerite intrusions where either pre-existing structures
occur or where baking, brittle fracture and the developnent of
parasilic fractures has occurred. There is evidence that such
features occur al a fairly uniform elevation within the region,

they are not extensive, bukt they are locally important.

A discrete ground water flow in channels regulated by fractures
has some implicablions for borebole spucing.  In Lhese aguifers it is
not unusual for more drawdown to be recorded at distant observation
vells than in wells closer to the pumping well. This is due to the
beltter location in the channel of the more distant borehole., There
is therefore a diroctional factor involued 1f spacing 1s properly
considered and wvhere the spacing is not deliberately chosen for some
other reason such as to prevent overyrazing. An alternative view in
low-yielding aquifers is to ignore the general guidelines for spacing
because the borehole is such an inefficient structure anyway and
more than one is preferred to abstract water efficiently. Locating
boreholes at least 300 m part (a standard practice) in many cases will

miss the wvater-bearing feature altogether.

H.5.4 MWater level fluctuations

Automatic water level recorders were set up on borehole 4234
(granite-gneiss) und 4258 (Waterbery) to provide a continuous record
of water level echunges. Part of the record is shown in Figure 31
vhere it is seeen that therp is a semi-diurnal (twice-daily) rise
and fall in water level of up to 6 ecm. This is due to barometric
pressure changes us Lhe curve for baromelric pressure shows. The
irregular rise and fall in water level is due to longer term changes
in the barometric pressure. This fluctustion is a well effect and is

nol occurring in Lhe aquifer. It is apparent that there is very
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little net change in level over the period of record and it is
intended to maintain records over a full season or more to record

the replenishment (if any) and depletion.

The barometric pressure trace (inverted and expressed as cm.
of water) in Figure 31 shows a maximum change of about 10 cm. Vater
level fluctuations much in excess of 10 em are therefore unlikely
to be barometric effects and are more likely to be due to earth

tides or to pumping.

Instantanecous changes in water level on 15 and 26 May and
17 June are thought to be due to distant earthquakes. The 4 cm
change recorded on 26 May interesting occurred at the time of the

large earthquake at Akita in Japan.
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8.5.5 Lroundwater flow

Ihe static water levels measured after drilling show that the
wvater-lable is very flat and so it is difficult to appreciate the
direction of groundwater flow. These low gradients and the
transmissivity of the aquifer imply very little throughflow which
in turn suggests that the aquifer must behave largely as a storage
Lank. b Decause the measured water levels reflect the topographic
elevation (unconfined aquifer) 1t 1s evident that on a large enough
scale they will indicate a flov direction which wvill be the same as
ther surface draivage, 1.0. Lo the NF. In cdetail it is clear that this
the cane because the (low directions are governed by the fracture com-
provbwenil s oo o low 15 expected Lo cross a fracture (excepl possibly

thirough the overlying weathered zone),

ligure 26 indicales that the local ground water flowv is instead
in a NW-5t direction with a ground water divide under the high land of
the escarpment separating flow to the NW from one towards the
village. AL Lhe fool of the escarpment in the village there is a
ground water discharge area which accounts for the high water levels
and the numter of duguells in Lhat area. (11 is obviously one of the

reasons for The early settlement of the villaoge).

Figqure 25 demonstrates no obvious flow direction because the
water levelr are very flat and small differences in level could be
exceeded by surveying errors, but like Figure 24 the area is part of
a SW Lo NE irecled surface drainage and on « large scale that would

be Lhe experted flow direction.

§ The stenly-state lhroughflow between borehole 4198 and 4234 is
5.8 m*/d (20 x 1 x 1000) assuming an aquifler width of 1 km. This

is equivalent BSUE mm recharge/year. If you consider the aguifer
is <1000 m wide, say 500 w then the throughflow is negligible).

is not
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B.5.6 Waler qualily

Water samples were collected from the most promising boreholes
drilled and from many existing borelwles in the region iur chemical
analysis. Table 15 summarises the water chemistry of the boreholes
drilled and Table 16 summarises chemistry of some existing boreholes
including the Notwane river water in the village. Most of the
existing borehole waters in the village are modified to a greater
or lesser extent by the effects of pollution so that the freshly
drilled borehole wvalers in Table |5 are more representalive of the
unpeacted aquiler water,

It is clear from the Table that the waters have moderate to low
1S content and Lhere is no real difference in chemistry of the
waters from the lhree aquifer types, gneiss, dolerite or sandstone.
The waters are generally dominated by the [y and Ca eations and by

brearbonale,

Ihe low 1DS content and similar chemittries of all the vaters is

" a reflection af Lhe generally chemically itert aquifer material and

the lack of movenent within the aquifer. lhe aquﬁfpr material for
all walers is basically a crystalline rock f silicate minerals. The
chemical evolublion of the ground water is 1irgely dominated by the
weathering process and mature groundwater will have a composition
tending lowards equilibrium with the various clay minerals. Thus the
cal ions present in the groundwater are larg:ly Lhose released duriﬁq
veathering of the primary minerals present and their relative
reactivities. Uiotite is a source of dissolved Mg2+ fe and K,

2+

pyraxene of Caz+ and qu* and plagioclase of Ca and Na+.

Ihe dominant anion in the unreacted, freshly drilled waters is
urnj. Atmospheric tuz content is 0.03% and this is increased up to
100 x in the soil due to root respiration and decay of soil organic

matter, The alteration of silicate minerals to clay minerals in the

—= =wmm EER FENR.
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wveathering zone also releases HEUj_ and Si[l2 so that these are high in
vaters infiltrating from the surface. Bicarbonate is thus very high
to high and in analyses ranges from 181-717 mg/1. Si[l2 is also high
and ranges from 56-114 mg/1, with slightly higher values noted in

vaters from Waterberq rocks.

lhe (Ca s Hq);HCﬂj ratios in Table 15 and 16 demonstrate that
carbonate equilibrium is achieved in most waters. The analysis
showing (Ca + Hq}/HCU} ratios >>1 demonsirate a natural evolution and/or
pollution towards increasing Na®, NUS- and C1~ (borehole 4234, 4222,
4232 and 3990). 0On a tri-linear diagram (f igure 32) the walers plot
in different fields as indicaled. [he diagram also separates oul
4234 as high Na® and H[.‘[I{_. and is the only water with a (Ca + tig)/Na
ratio <1 (0.72). The preferential wveathering of plagioclase to

release Na' or ion-exchange is a likely rcontrol of this chemistry.

Borehole 4232 is somewhal unusual i ¢ having a high nilrale
content (76 my/li yet the borehole is ceale | rom habital ion heng
located in o Meld. Background nitrate levels from adjacent drillings
are < U mo/l.  Such a high value ecould be indigenous' through
concentration in soil moisture and remobil isation. Application of
fertilizer is ruled out. High indigenous nitrate levels of up to
100 my/1 wnrelated to pollution have hovever recently been reported
in Kalahar sands (Heaton, Talma and Vocel, 19830 so that a
concenlralion factor could be responsible. Samples from diffepent
depths in borehole 4232 demonstrale the highest nitrate and chloride
levels are at the watertable decreasing with deplh suggesting an
topul from Lhe unsaturaled zone with sone denitrification in the
saturated zone. The nilrate levels may also be influenced by land use.
During testing the water quality improved slighlly as water was being

taken from deeper levels in the aquifer. (1DS 16901376 mg/1).
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Borehole P-499 is moderately saline (TDS=3587 mg/l) with
clevated Na© and C1™ content. Only one analysis of this water is
available (Table 16) but it is thought that minerslisation has alwvays
been present principelly due to the equifer (siltstone) and possible
later modified by contamination at the cattle post. The (Ca + Mg)/Na
ratio is <l (0.62) which is similar to 4234 (0.72). Borehole 4205
close to the csttle post wes not full enalysed but had unacceptably
high chloride (995 mg/1) and TDS (1580 mg/l) for public supply although

an acceptable nitrate content (28 mg/l).

All olher waters in lable 15 with exception of 3990 (No}>IUD
mg/l) are suitable for domestic purposes. No element is present in
dangerous quantities, Some further detailn of weter quality are

given in section 10 in discussion of pollution,

B.6 Critical review of borehole siting |echpiques

The techniques used for borehole siting - review of existing
known aquifers, the identification of lineaments on satellite
imagery and then on air photos followed by confirmation on the
nround by electrieal resistivity and magnetometer traversing is a
standard approach but the results of drilling have been generally
poor. If it is accepted lhat the main lincament di;ectlonﬂ are
the main yroundwaler flow channels then thn low yields typical of
many boreholes suggest that they penetralc only the minor
fractures and have missed the main channelns. UBoreholes located in
the channels at 4234 and at channel inter:~ctions 4258, 4345,

4346 and 7 4448 demonstrate a strong qgrou dwater circulation. Other
boreholes drilled on presumed intersectiors of structures have been
less successful. This may be due to missing the feature or a very

poor groundwater circulation within some ! cactures.




lhere 1s increasing evidence, these drilling results included
that the prominent lineations and crush-zones are not always the main
routes for groundwater and groundwster prefers a less-obvioua path
of minor lractures related to the mein structure (see Kohut,
fFoveraker et.al. 1983). If this is so it would sppear that the
strategy of drilling on prominent lineations is not relieble, and an
analyses of the teclonic  pattern in the area followed by selection of
specific lineaments is necessary. Other fractures were naturslly taken
into account when selecting sites including loceting sites close to
drainage lines, considering vegetation (large trees etc,) snimal
indicators (termite mounds) and water-divining. Water-divining was used
quite frequently to locate actual drill sites within a previously
identified anomalous area, and gave a significant indication at borehole
4258, 1 have no doubts that water divining can be useful, and an
explanat ion fF why the methad works can be found in several publications

(e.qg. New Scientist Vol. 81 1979, p371, 20-27 December 1979).

In the Waterberg which is a layered furmation certain layers can be
identified a; better prospects from their physical properties and
-llthnlouy. lhus although the main objective has been to locate
fracturing, lithology is still important because nﬁiits control over
the type and nature ol the fracturing which vceurs close to intrusions
or faulling.

Conclusions that can be drawn from this study are that the main
lineament direclions are no! always the main directions of groundwater
circulalion and clher features may be more important. Consider tion
should therclfore be qiuen'tr determine which lincaments in a given
area are moie likely to be productive.

It has also been found useful to prospect for sites close to

diainage lives. Drairage lines may have diveloped over major (permeable!

fracture zotes, bhul some droinage lines do develop on impermeable solid
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rock plallforms, so sites have to be investigated carefully. It is
also useful to prospect for sites near to rock outcrop. In some areas
it is probable that the easiest access for water ro reach a groundwater
body is through fractured rock outcrop and areas of very thin soil. A
groundwater circulation is therefore more likely to exist close to
fractured rock outcrop. The intersection of lineaments has been
demonstrated as sn important target where greater fracturing exists and
wvhere groundwater circulation from different areas comes together.
Local fracturing close to the margins of intrusions has also been

demonstrated as a useful loeal target.

Explorntion technigques which examine lateral differcnces in rock
properties, including macnetometer measurements, resistivity measurements
and conductivity (VLF) ard inclined borehole drilling are seen as most

appropriate in these nariow vertical aquifers.




9. WAILR RESOURCES

The outcome of this study is that the resources of the fractured
aquifers al Mochudi are difficult to quantify with precision. This
should not be surprising. The exact dimensions of the aquifer are not
known and recharge, which is suspected, requires long term monitoring
to measure it. To obtain information for precise calculation would
require a large input of drilling and geophysics out of proportion to
the scale of the supply. Furthermore the most important aquifer tests
do not demonstrate a normal Theis response Lo pumping so that the

interpreted aquifer properties and forecast drawdown is not as certain

as it could be,

In fracturid aquifers there is no way of predicting in advance the

response to pumping and whelher the main fractures will be dewatered during

development or whether recommended yields ar» over-pumping or under-

pumping the resource. This is why it is important to keep accurate long

tetm records of pumping and water levels to monilor the situation. The
methods used here to calculate the resources thus rely heavily on

assumplions and should be viewed acceordingly.

;

[f the grounduater resources are regarded as fossil resources,

i.e. withou! current replenishment then Lhe quanlity available can

twe calculaled from the dimerciions of Tle aguifer and ita appropriate

storage properties. 10 for cvample e eviat ing wellfield aquifer

is

10 km loty by 0.5 km wide (a reasonilile a-sumption) with a

specific yivld of 1% then the yearly abstract ion would produce a fall

innwater level of 5 m. This would have occuired each year since

production slarled and if 11

be 60-70 m below surface and the boreholes would be dry.

were the case then the yater levels would now

ERER
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lowever it is believed that there is a certain amount of current
recharge.  Nitrate pollution and a reducing chleride content after rain
(see Figure 34 and 35) is some evidence for this, and the ability of
the boreholes to sustain production is snother indication. An
evaluation of recharge thus requires consideration of the hydrological

processes involved.

9.1 Hydrological processes

The hydroloyiral proceases involved can be summarised quite
simply. Kain falling on the surface in the normal web months ol
Novenber, December, January and February is partitioned inlto run-ol
aned infilteation by the soil and weathered zone. Where there is
little snil cover, on rock outcrop for example, water may reach
the watertable relatively quickly through fracture connections,
otherwise wvaler enlers soil moisture storage. When rainfall is
insufficient Lo salurate soil moisture and unsaturated weathered
zone storange Lo field capacity little or no run-off occurs and there
1% no excess infillralion to become recharge. After soil moisture
ancd unsalurat ed zone storage is raised Lo field capacity both run-
of I and growdwater recharge ecan occur and groundwater ‘levels will

]

bogin to rite.

Ihrotnhoul this process ecvapalranspiration 1s occurring and
vater is losl from the svil to crop growlh, and the aquifer loses
water Lo natural [low processes. [hese losses continue through the
dry season and aquifer water levels are expected to reach Lheir

lowesl tmmediately prior to the onset of Lhe rains.

Under the prevailing climatic conditions in Dolswana an excess
uf waler over soil moisture and evapotranspiration requirement is’
ralher rarce-so Lhal recharqge through the soil can be expected lo

oceur unly vecasionally, perbaps only vnce o bwice in several years.
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In areas where the soil is thin or fractured rock is exposed it is
expeclod that recharge occurs more easily and may be the dominant
process. This could partly explain why water levels generally

rise sbo r water strikes during drilling.
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7.2 A unter balance
A witer balance calculation is useful in summarising the

hydrological processes and in obtaining estimates of different

compunents ol the hydrological cycle. Because of the difficulties

of measurewment and the particular uncertainties in the evapotrans-

piration estimate and soil moisture storage a precise water balance

cannot be altempled fFor the area studied, Such a study would

require a controlled experiment in a nalural catobment o Despile

Lhese uncer Painl ies and the likelihood 'hal «rrors in Lhe estimaltes

wauld excevd the villue of recharge abtained the method is useful in

giving a guide to Lhe probable quantitics imalved. A simplified

balance wri!len for groundwater recharge i1s #a follows:-

Lr = I - EA - ASwm - RO

(V| RTSR AR

Gr = qrounduater recharge

P - rainfall

A = losaes by cvapotranspiorat 1on

A = ohatigr i soid o moistune Lural od e storage

HeY = pawveer ool f

The Largest unerrtainty is in the evapelranspiration factor.
Actual evapulranspiration it pot normally 1hown so that it is vsually
vepdaced by oo caleulaled ameunt (potential ecapotranspiration).
Petentinl evapotranspiration (FL) is a theorctical calculation of
Hie smount of water that car be removed by transpiration of vegelation
when sulficient waler in avi ilable in the sool to meel the demand.

Ire bumid conmlries this comvept in relativel. close to real
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cundilions, but in arid and semi-nrid countries the supply of soil
moislure is limited, crops always wilt and the potential figurce

greatly exeeeds the actual evapotranspiration.

Potential evapotranspiration eslimates lor Mochudi are shown
in Table 17. Potenlial evapotranspiration is highest from
October - February (160 mm/month) reducing to minimum values
(40 mm/month) in June and July. Table 17 reveals that potential
evapotranspiration always exceeds mean monthly rainfall and the
probability of mean monthly rainfall exceeding PL is very low
(0.1%). Un 2 monthly mean basis the wvater balance thus never allous
any recrhargye. 1t is more useful therefore to cunsider actual
rainfall over shorter periods and this has been done in Figure 33
vhere actual rainfall is compared with PE over lU-day periods
between July I?FZ and June 1983. The excess rainfall over

evaporation for this period is 94 mm. (See also Table 18).

9.3 CGroundwater Recharqge
[

It is likely that two recharge mechanisms exist. A slowv diffuse
L

‘infiltration through the soil and a more rapid infiltration through

fractured rock outcrop. Before diffuse recharge can occur it is
expected that the soil moisture deficit must be satisfied. This has
not been measured but has been estimated from measurements of soil
moisture at Sebele supplied by J. Sinclair (personal communicationl.
These measurements show a seasonal depletion in the top 0.9 m of soil
of ~ 100 mm. A certain amount of storage will exist in the
unsaturated zone between the soil and the watertable. At C.4-0.5%
porosity this would require 100-125 mm so that an unsaturated and soil
moisture deficit of 200 mm must be satisfied before diffuse

recharge can occur.




Jarn Feb  llar Apr lay June  July  Augy Sept et \uv Dec _: ]
ilean max. temperature (°C) 32,6 31.2 31.1 27.2 24.6 22.2 22.3 25.5 29.1 3U.7 2.2 52
Mean min. tenperature (°C) 19.7 19.0 18.0 13.1 7.6 4.0 3.6 6.5 11..9 15,5 7.5 18,4
Average air temperature (°C) 26.1 251 24,5 20+ 16.1 13.1 12.9 16.0 20.5 2 24 293
Average downpoint (°C) 15.5 15.8 14,2 11.3 6.3 r 1.4 2.2 4.4 3.6 12,0 [0
Radiation {(M/m?) 200 206 182 136 138 124 131 153 180 154 214
1Poter:tiral evapotranspiration (mm) 163 133 118 75 53 32 36 74 119 16l 155 162
*Potential evapotranspiration (mm) 156 14l 157 123 122 114 118 140 led 165 153 173 1724
?Actual evaporation (ml. 17 21 2 - - - - - - 10 g
Pan evaporation (mm) _ 293 226 214 157 138 106 124 164 259 309 284 293
’Mean precipitation (mm) ‘96 79 & 59 39 12 5 4 4 13 39 &2 3 5.1
P. rain = 'PE 0.11 0.10 0.13 0.14 0.05 0.1 0.02 0.001 0.001 0,02 0.0% ¢
1ll] day mean totals (SB)
*Morton (1978) =
*Mean monthly 1931-82 Mochudi J

Table 17: Evaporation estimates, Caborone data
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I Lhe unsaturated zone storage requirement is 200 mm then only
3 rain cvents during the 13 year period, 1970-83, (1975, 1977 and
1978) were sufficient to generate recharge and runoff and only 37 mm
wvas availlable. If it is assumed that the unsaturated requirement is
only 100 wm then a much larger amount is available for recharge,
totalling 475 mm or a mean annual smount of 36 mm. Obviously
actual soil moisture and unsaturated storage amounts are needed to

analyse events in this way.

Although potential evapotranspiration estimates have been used
in the calculation actual evapotranspiration rates control water

losses. Estimates of recharge using potential rates are therefore

likely to be underestimates.

Morton (1978, 1983), presented a method for calculating actusl
evapotranspiration, and estimates using this method are included in
Table 17. Note that these are very much lower than potential
estimates and during the period April-November they suggest there is
no actual evapotranspiration (for reasons of soil dryness). This is close
to'what is observed at Sebele where evapotranspiration (and
drainage) losses from the soil between 28 May and 8 Uctober 1982 were very
amall (5.29 mm). Lack of reliable runoff dala prevents further
analysis of the water balance but application of this method to e

controlled catchment would be interesting.

However in a fractured aquifer consisting of vertical or sub-
vertical chaminels it is theoretically possible and indeed quite
likely that the quantity of vater received by a fracture could exceed
the rainfall hecausé the catchment area to the fracture is much larger
ihan its surface area, and under these circumstances a water balance
. approach will not work. A more appropriate eﬁ& c;rt;inly more

convenient mcthod of assessing recharge is therefore to record wvater

level fluctuations and to relate changes to an aquifer stseagec
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PENMAN POTENTIAL EVAPOTRANSPIRATION (MM) 10 DAY TOTALS, MOCHUDI FAD/BMS

Jan Feb Mar Apr May June | July| Aug Sept | Oct Nov Dec Total

1 55 47 42 31 22 12 10 20- 34 50 52 53

2 55 a4 41 24 17 10 11 24 40 56 51 53

3 52 42 35 20 14 10 15 30 45 55 52 54
Total 162 133 118 75 53 32 36 74 119 161 155 | - 160 1278

Year 1970 1971 | 1972 | 1973 | 1974 | 1975 | 1976 | 1977 1978 | 1979 | 1980| 1981 | 1982

Excess
rain-
fall 25 125 48 52 143 235 140 201 201 117 73 153 85
{mm)

Rain
Events 2 4 3 3 7 [ & 4 T 2 2 6 4
>PE -

, Table 18.10-day mean Penman potential evapotranspiration and excess rainfall events, Mochudi 1970-82
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Waler level recorders were installed for this purpose on
boreholes in May 1983 and water level rises were recorded in borehole
38 during November and December 1983 (5 events), which will be used

for calculation of an aquifer storage.

9.4 Aquifer storage

Another method of estimating recharge is to calculate the present
vellfield abstraction in terms of recharge over the area of aquifer and
to see if the amount is reasonable. When considered in conjunction with

aquifer storage the recharge estimate can be compared wvith water level

decline.

Only two estimates of aquifer storage (lxlD—z, 1x10™%) are availatle

for the granite-gneiss aquifer and one (lxlU"z) for the Waterperg rock:.

It wvas assumed earlier that the aquifer supplying the village was 10 km long
and 0.5 km wide and if this is reasonable the 1982 abstraction is

equivalent to 50 mn recharge over the full area. This is a large amount
(10% of the rainfall) and is an indication that current abstraction

is praobably in excess of balanced recharge.

If current recharge is say half of the abstractio? (25 mm) then
vater levels would have to drop by 2.5 m to account for the water
removed. Measurement of water level in borelwole 38 showed a water
level decline of 3.028 m between January and October 1983 during which
time abstraction was 240 000 m®’. An aquifer storage of 1.6% or a

reduction in storage equivalent to 30 mm is indicated.

The regional water level decline that occurs under developwent in
o fractured aquifer may not be as uniform and predicéabi; a; in
8 natural aquifer-and well yields could dramatically reduce if
vater levels are lowered regionally to the principal inflow levels.
If this occurs those boreholes having water strikes closest to

ity

the watertable would be affected first.
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As a provisional estimate to be modified wherl data becomes
available, recharge to the aquifers at Mochudi could be within the
range 0-20 mn/ycar (0-4% of rainfall). In any cvent it is not
likely that a limit to abstraction could be placed on the existing
supplies from the current knowledge of recharge. Development of
the aquifers to the north and south of the village should be

monitored in order to obtain data for such an analysis.

9.5 Recommended pumping rates

Abstraction is recommended from borehole 4198, 4202, 4232 and
4234 (4266) south of the village, and from 4258/4345/4346 and
4448, north of the village. The three boreholes 4258 etec. are all
close together and in practice only, cne, the most efficient, should

be used.

Pumping rates have been calculated south of the village
assuming a Theis drawdown and pumping rates have been selected so
that pumping water level does not reach breakaway position within
500 days. The recommended rates are given in Table 14 from which the
quantity of water available from the boreholes south of village is
360 m*’/d. Selecting a pumping rate for the Waterberg aquifer boreholes
4258 etc., and 4448 is more difficult because the aquifer response does
not fit the Theis model. 0On the basis of testing at high pumping
rates and extrapolation of the drawdown, a pumping rate of 30 n/h
(720 m>/d) is provisionally recommend from both sites provided vater
level monitoring is carried oﬁt. The quantily of water availatle

from both areas is thus 1800 m’/d.




10. POLLUTION

Mochudi has a certain notoriety as regards pollution because a
survey once identified Lhe village as one of the worsl alfected of all
major villages in the country. Several pollution studies have therefore
rightly or wrongly focussed on Mochudi. For this reason a fairly full

account of the pollution situation is given in this section.
10.1 Introduction

Pollution in Mochudi concerns high nitrate and bacteria in the
vater supply.. High levels of nitrate in excess of the WHO limit
(45 mg/l) were not suspected in groundwater in Botswana until
investigations by the G510 Project discovered Nuj- in some Serowe
village boreholes during sampling in September and December 1975.
Following this discovery a rapid reconnaissance of the major village
wvaters at Mochudi, Thamaga, Molepolole, Moshupa, Kanye and Ramotsva
(Hutton, Lewis, and Skinner, 1976) revealed that high nitrate was

present in most villages and very high nitrate (exceeding 500 mg/1)

was observed in some boreholes.

High amounts of nitrates are known to cause methaemiglobinaemia
in infanls. Those less than 6 months old are at greatest risk, and
the nitrate cannot be removed by boiling. An international standard

upy °r limit of 45 mg/1 NO, is accepted by most countries but some

3
belicve a higher limil Lo be safe. For example West Germany and

Switzerland allow 90 mg/1 NU} . In arid countries dependent on well

waler higher safe levels nllow'more vater to be regarded as potable so
thi t a higher upper limit is reasonable. Botswana currently adopts

an upper lim't of 100 mg/l, and if no alternative supply is available

wa'ers conta-ning >100 mg/l1 could be considered.
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Ihe source of high nilrate in groundwaler is currenlly under
invesbliygalion in many countries wvhere il is oflen related Lo
intensive farming and application of nitrogen fertilizer. In
Bolswana Lhis source is ruled out and the most likely source is from
human and animal excreta. The high nitrate content observed at some
cattle-post boreholes supports this idea. A recent study (Heaton,
Talma and Vogel, 1983) suggested that some nitrates (up to 100 mg/1)
do exist naturally in some Kalahari aquifers which are unaffected by
pollution. There is however little doubt that the high nitrate and
feeal bacteria in waters at Mochudi, and the other villages, is due

to contamination from pit latrines as several studies have shoun.

10.2 Previous pollution studies

10.2.1 Hutton, Lewis and Skinner, January 1976

During the original survey by Hutton, Lewis andSkinner in 1975,

9 boreholes with high nitrate were identified in Mochudi. All of these,

s gnificantly were north of the river. Two boreholes south of the river

(150, 2108) were unaffected as the table below shows:

F- Nitrate (mg/l) Nitrate (mg/l)
| lorehole| Jan. 1976 | May 1976 Borehole Jan. 1976 | llay 1976
35 199 208§ 1018 514 603
38 346 414 1162 100 75
789 284 363 2108 18 15
792 170 2038 haospital dam 503 584
850 8 s | tap vater 21 :
sec, sch.

§ ' Coliform bacteria present.
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The intermiltent presence of fecal bacteria in the standpipe and
tank samples in seclions of pipework remote from a possible connection
vilh a conlaminated borchole cvidenl in Iigure 34 doces :sl.itJtJL"Jt
contaminalion from the soil through the pipewvork. It is a fact that
Lhe pipe joints of the Mochudi reticulation are of poor quality and
fairly reqular pipe failures leading depressurisation do occur. It
is more likely thereforethat bthe standpipe contamination is from this

source.,

10.4 Summary and recommendatiuns

Ihe source ol high nitrate and chloride in part of the Mochudi
waler supply is from pit latrines. These contaminants  enter the
soil and the aquifer from latrines in an area of high housing
density north of the river. The potential for contamination from
latrines 1s always present but is particularly high in areas of
thin seil and rock outerop. The intermittent presence of fecal
bacleria in borehole B850 indicates a contamination of the aguifer
tlose to the borehole or direct contamination via the borehole itself.
Ither inst.mees of contamination are though! to arige by contact with

s0il walter through leaky pipe joints following depressurisation. “ole:

(1) The source of pollution cannot be removed. Each house or
household requires a pit latrine and there is little that
can be done to restrict the numbers nor Lo modify the
design to minimise the risk excepl to avoid fracturing the

rock during construction. Some improvement in the location

of future latrines could be made but there is limited scope
in this direction.

(2) Replacement of the polluted sources by new supplies is a
solution. Sufficient good qualily water is available from

the area to Lhe north of the village thal borehole 2784 and
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3990 could be Laken out of service. llovever il is recommended

that construction of a central storage tank with chlorine
treatment should be incorporated into the system using the ney
vater.

(3) 1f a central storage, distribution and treatment plant wag
constructed it would allov waters from the various sources to
be mixed so that existing high nitrate water could be used as
and when required. At present this is not possible because
the water goes straight to supply. Central chlorination would
also be simpler to administer than the individual chloring
dosing al each borehole.

(4) A phased devclopment based on individual borehole connections to
a central storage tank is also most logical for future development.
New supplies could be connected when discovered and poorer
quality existing supplies could be used in emergencies. A site
north of the river on the high land is recommended because neou
sources are likely to come from that Jirection and the higher

land provides convenient elevation for distribution.
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SUMMARY AND CONCLUSIUNS

Borehole 4345 and 4448 in an area of Waterberg rocks 10 km north
of Lhe village near Malotoana can together supply ~ 1500 m®/d of

yood quality wvater.

Borehole 4234, 4198 and 4202 in an area of granite-gneiss B8 km south
east of the village could be developed to supply 360 m*/d. The
water from both areas is free of high nitrate and is suitable for
all domestic purposes. Together supplies from both areas are
sufficient to meet the anlicipated demand of the village to 1991

(v 1800 m’/d),

All of the aquifers present in the region are fractured aquifers so
that estimalion of the groundwvater resources is made difficult.
Rechargye to lhe aguifers is tentatively estimated to be 0-20 mm/year.
The long term response to pumping in fractured aquifers cannot be
easily predicted and it is therefore recommended that during any
abstraction the amount pumped and the aquifer waler levels should
be monitored. This is especially true of abstraction from the
Waterbery rucks where the aquifer response appears not to follovw
the normal pattern.

Groundwater occurrence around Mochudi is restricted to a network
of narrov vertical to sub-vertical fracture zones in the rocks.
These are not well-developed and they separate large blocks of

dry counlry. The most successful borehole sites are those which
locale lhe main channels or their intersections.

Many of the borchules drilled on lineaments and fractures in the
present study were low-yielding or dry. This may be due to
drilling on the margins of the features or may reflect a poor
groundw iter circulation through the most prominent lineaments.
There i3 some evidence that groundwater circulation may actually

prefer less obvious lineament and fracture zones.
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Borechole siling melhods which diseriminale lincalions and
yeophysical techniques which investigate lateral variations
in rock properties are best suited to identify these aquifers.
Inelined  exploralion borehole dei Lling was very soevessiul ol

the one site where it was tested.

The Waterberg area north of the villaye offers better prospects

for development than the granite-gneiss area. The laryest borehole
yields were obtained from faulting in the Masama Sandstone of the
Upper Waterberg. Dolerite intrusion is frequently related to
sbructural dislurbance bthroughout the area and locally may improve
the permeability.

Structures in the siltstone units of the Waterbery rocks appear

less productive although this conclusion may be influenced by
marginal siting, but the brittle-fracture response of the

sandstone units teo faulting and intrusion offers greater groundwater
potential.

The water levels in the present village wellfield appear to be
declining and an associated reduction in borehole yield is

evident. This is believed due to exces: current abstraction,
estimated at approximately 50 mm/year, compared to current

recharye, estimated apprnxima{ély at 0-20 mm/year. Ihe situation
should be monitored.

The pollution problem in Mochudi was invesfigated and should be
viewed as a local leature ari;inq from a combination of circumstances.
It is confined to onl§ a4 small area. The pollution problem can

be avoided altogether by locating water supply boreholes away from
housing or areas of stock grazing.

It is recommervled that future groundwat:r exploration should
concentrale initially on the Masama Formation of the Waterberg rocks
north and northwest of the village, and also to the east if they are

identified in that area. Subsequent to the development of these




supplivcs lTurther

yroundwaler would have

in the Karoo rocks further north.
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