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Preface

This document seeks to guide project planners and managers of
rural water-supply projects on available cost-effective well-
siting techniques suitable for numeroue tropical environ-
wente. The "Well Siting Guide' gives an overview of the
hydrogeclogical aspects of groundwater esploration, an
insight intoe the various levels, methods and procedures of
investigation and case studies of groundwater exploration in
different types of water-supply schemes in Rfrica.

The Guide is based on data which cover a wide range of
epecitic project environuents so as {o creste & more general
overview pf well-siting applications for different geological
environmente, Statistical averages, however, should not ke
construed as geological rules or laws. It is guite possible
that in individual projects the findings will differ
substantially from some af the statements made here.

Thie Guide is oriented towards the application of site
investigations for low-cost water supplies, i.e. in general
handpumped wells., In practical terms it means that the depth
of the invectigatione can be limited to approximately 100
metres. Investigation reguirements may be more extensive and
cacstly when water ig needed in regionc uwhere the water table
1 below the reach of handpumps. Thie may occur in  many of
the dry pastoral areac which face the need for more
subetantial water volumes for livestock.

f wide range of wodern technologies have made possible the
exploration and pxploitation of groundwater EQUTrCES
previgusly unknown or judged inaccessible and unusable. In
the last quarter-century, systematic groundwater exploration
has been the preserve of a limited number of specialized
consultancy firms, whose ranke are gradually increasing.
This document will assist imn bringing about a greater
application and diffucion of specialized well-siting
techniques towarde local government agencies and local
grganizations in the private sector,

It is hoped that this report facilitates the decision-making
concerning cust-effective implementation of groundwater
exploration techniques in Community #Water Supply (CUWS)
projects. Technical and theoretical detaile have been kept
te a wminimum since these are dealt with extensively in a
yrest nunber of professional publicatiens, the wmost relevant
of which are lieted in the Selected Literature,
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1 Introduction

It is estimated that &bout 1800 million people in the rural areas of
the world do not have access to potable water of adeguate quality and
guantity®*., The proviecion of csafe and reliable water for these people
ie the goal =zet for the current United Nations Water and Sanitation
Decade. Given the massive finmancial resourcec which are needed for
this scale of undertaking, significant prooress in meeting the stated
goal can only be achieved by low-cost, sustainable and replicable water
gevelopment strztegies.

Groundwater ic one of the best sourcesz of drinking water, It is
generally free from bacteriological pollution, it has an almost
constant guality and temperature and it is &vailable in large
guantitiecs?2, Biven the limited +financial and human resources a
gecentralized and low-cost approach to provide drinking water with
handpump-equipped wells ig the most suitable for wide-spread
epplication in rural areas. In recent years pumping technolopgies have
undergone extensive scrutiny to facilitate low-cost local manufacture,
operation, and maintenance (Arloscroff et al., 19B7)., Similarly,
low-cost hand drilling and digging methods have been explored, with an
emphasis  @n sustainable and replicable operating procedures
(Blankwaardt 1984, DHV 1978),

Dne aspect of low-cost commpunity water supplies (CWS) which has so far
received little attention, but is equally important to making CWS
successful &and keeping their costs down, is that obpf groundwater
exploration or ‘well siting’. The proper location .or siting of a well
can significantly increase the success and reduce the rcost of a CHWS
programme. AR systematic hydrogeological investigation of a proposed
project ares should help to avoid unsuccessful welle and minimize the
depth of required drilling or digoing, Particularly where the only
pption is to use expensive machine drilling, such investigations can
lead to substantial savings in the drilling cost, which more than cover
the voet of the 11nvestigation procedure and thus reduces the overall
cost per well.

This report proposes a systematic epproach to groundwater invest-
igations, so as to place well «¢iting firmly within the reach of low-
ctost CWS appliceations. Thie study has, &s a base, an inventory of
approrimately 40 CWS projecte, mainly in Africa, and focuces on the use
pf well~siting technigues for low-cost rural water development. The
inventory, which was carried out under the auspices of the Rural Water
Supply Handpumps Project of the World Bank, tonsisted of sending out
detailed questionnairee to numeroue organizatione and consultants

* Literature references found in brackets in the text are listed in Apperdix 4:  Selected
Literature. References referred to by nusbers are listed under *Notes* on page 57,
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invelved in rural water-zupply projecte. Their experience in the field
demonestrated which particular methode to use and which to avoid. These
Jescons were further compared and contrasted with the establicshed
literature and are reported in Yolume 1 of +this study: Inventory of
Well Siting Methods. The general quidelines precsented here are
primarily based on this inventery. Four case studiec have been
selected and zre described in Chapter 4.

Only recently has well «c=iting become more important to rural water-
supply projecte.  In the past the Jjocation of well sites did not need
hydrogeclegical investiationeg of groundwater oceurrence. Rural
communities usually settled near a known c=supply of surface or shallow
groundwater, Many cultures alsp wucsed traditicnal knowledge for the
citing of oroundwater supplies and for well digging. However, with
increased population pregssures, increased settlement in marginal
repions, pollution of exicting surface water supplies and the expansion
of economic activity, avaeilable water vresources in many areac have
become insdequate and new, a2nd often much deeper, potable water
supplies have te be tapped.

Tens of thousands of handpumped wells have been constructed in recent
yeare and hundrede of thoussnds more are planned to meet the large and .
prowing demand for safe water. The implementation of such water-supply
cchemes needs to accomodate exigting economic and technical constrainte
znd opportunities which apply to groundwater development activities.
Thie also appliec te the exploration phase. Deciding on  the need for '
and methodi{s) of =site investigation reguires careful coneideration.
Depending on the lecal circumstances, detailed groundwater exploration
sethods may be superfluous and costly, while in other cituvations the I
use of expencive and sophisticated equipment may lead to considerable

savings for the overall project or programme in terms of time, effort,
and cost per well.

ideally, 211 ogroundwater development should be preceded by proper
hydrogeological exploration to locate the optimum amount of ground-
water. 1n many areas the conetruction of wells has proceeded without
detailed incight into the hydrogeclogical conditions which determine
the presence and location of groundwater and has mainly been based on
ucer convenience (distance to <eite, ownership of plot, etc.). Under
favourable conditione water has often been struck despite the lack of
proper investigation. However, expanding water demand, ecspecially in
marpinal arees, negessitates increasingly the application and proper
uce of groundwater investigation techniques.

Broundwater exploration is a cumplative process of gathering data on
the presence of groundwater. It can be described ac various levele of
investigation:

tevel 1: Inventory of existing dats

Level 2: FRemote senging interpretation
Level 3
Level 4
Level §

t Hydrogeological fieldwork
Beophysical =urvey
: Exploratory drilling

Each level builds on the information obtained at the previcus level and
prevides additional detail on the lotal hvdrogeological cituation, The
level of investigation reguired in a proposed project area depende on
the date which ic obtained at the initial levele. Often the inventory

Sroundwater Survey (¥) Ltd 5 Well Siting Buide



of existing information can ogive a gopod imprecssion of the ampunt of
additional detail needed for successful well siting. Evidently, more
detailed informatioen and investigstion 1is regquired in an area where
previoue borehple success rates have been low than where plentiful
groundwater at challow depth appears to be precsent.

At the came time, to determine to which level the invecstigation should
be cerried put, a cost-benefit comparison of explorstion coet and the
reduction in drilling coste ig¢ required. Each subsequent level of
investigation naturally adds to the cost of the exploration phacse and
thus to the total cests of the well to be constructed. At a certain
pocint the increase in exploratien costs cannot be justified by a
marginal increasge in drilling csuccess. The need for spending on
groundwater exploration depends, however, not only on a project-wide
technical and economical appraisal, but should alsoc be considered in a
wider regional or even national context. Socio-economic planning and
political factors mav also need to be taken into account.

Broundwater Survey {K) Ltd b Well Sitirg Buide



2 The Dccurrence of Groundwater

2.1 The Hydrological Cycle

The movement of water through the various stages of the hydrological
cvcle ie, as rainfall, evapctrancpiration, runoff and groundwater flow,
determines the precence and availability of groundwater. knowledge of
the movement of water above ground can often facilitate the understand-
ing of oroundwater availability and movement in invectigation areas.
Ciimate is 2 major factor, but other factors also play an important
role in the formation of groundwater reservoirs, e.o. topooraphy, soil
conditions, vegetation and human activities. Looking at these elements
in @& project area provides a first impression of the }likelihood of
finding sufficient amounts of ogroundwater. Usually only a small
fraction of rainwater ends up &s oroundwater. The complexity of the
interaction of the many elements involved in this relationship is
illustrated by a simplified flow disgram in Figure 1, which wes used to
calculate the average annual recharge from rainwater to groundwater
storage for the project described by Case Study 1 (see Chapter 4).
This givee not only an imprecssion of the possible groundwater
availability, but can alsoc be used to estimate maximum allowzble
abstraction. '

The diagram chows thet rainwater first has to pass through the
unesaturated soil-moisture zone, which in many of the less humid
tropital envircnments is in a ronstant state of deficit, because it is
continually being depleted by evaporation from the soil surface and
abstraction of water through the plant roots for gromth and
tranepiration purppses. When the rainfall in an area is lece than the
cpil moisture deficit, recharge occurs only through the larger speces
and cracks in the =s&cil, where the molecular forces of the soil
particles are too weak to hold the water.

Funoéé ic naturally related to rainfall., fnalysie of the relatioenship
between the two ie a uceful tool to estimate the potential groundwster
availability. By measuring the amount and intensity of rainfall, both
temporally and =spatially, the total amount of water entering a
catchment can be calculated. When the measured (or estimated) losses
through runoff and evapotranspiration are subtracted, en estimate of
the ampunt of groundwater vecharge can be made. Messurement of runoff
et ceveral points before the catchment outlet allewe direct cseepage
from the stream channel to groundwater to be ecstimated, which can
contribute substantially to groundwater recharge.
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Figure 8.1 Flow diagram for recharge - run off simulation model

RUN Nz 11

Figure 1 Flow diagram for a calibrated recharge~-runoff simulation in

Iimbabwe (after Hydrotechnica, 198%5)
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flthough potential asguitere zre 4{ound in many parts of the arid and
semi-arid world, recharge may not he csufficient to keep pace with
growing demesnd., For exzmple, in =ome parte of the Sahare and Sahel
large groundwater recopurces are available which were formed during
wetter climatic conditions. Significant rercharge to these aguifers no
longer takes plece in present times. Should these rescurces be
expluited on & large ecale, water abetraction would recemble & miring
operaticn where the resource is not renewable., Eox | illustratec how,
in theory, with limited recharge (1% ot rzinfall) & relative epall ares
can provide an adeguate zamount of water for handpump abetraction.

Hox |
Recharge Example
fczuming & hvpotheticel eres with averaoe arnual rzinfall
{F) ot S0dne {0.50) of which only 1 percent recharges (1)

groundweter. & well with 2 hendoomp from which (B 1083
per day ig abstracted every dsy of the vear, reguires an
sres with 2 diaseter (R} of approvimetelv 500 seters te
ensure adeguate annual recharoe:

B - annuel recharoe per o2 Pl = 0.0y 0.01
= 0,005 &
B - annual abstraction @ x 343 = 350 &3
C - srea required for recharge K/ A = 3650 / 0.005
= 730 (00 w2
I - expressed as radius of circle R = S8R (C/PI)
= {730000/3.14)-0-8
= 482 &

In reality, however, other veriables zffectinp the $low of groundwater
ere more important in determining whether or not adeguate groundwater
ceuppliies zre available +4or handpump abetraction, These variables
mainly concern the structure of scils and subsurface rocks.

2.2 Aquifers

In a onod apuifer the water-bearinp rock or soil matrix has open spaces
gr pores large encugh to transmit water toward the welles at the
required rate of abstraction, thowsh not all geplopical formations
which are caturated with water are aguifers. A layer of clay with a
porosity ot 60 percent has & large water-holdino capscity, but due to
the cstrone bonding between the clay and water molecules, water cannot
move freely through the tiny open cpaces. The water yielding capacity
of an asguifer i¢ identified by three characteristice of +the rock
matrix: poroeity, permeability, and specific yield.
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Porosity The porweity of & water-~besring formation is defined as
the ratic between the volume of open space and the total
voelume wf the rock. It serves &g an index of how much
aroundwater theoretically can be stored in the formation
under caturated conditions. For example i4 | m® of sand
tontaineg 0.3 &3 of open space, ite porosity iz 30%.
Tabkle 1 gives an indication of the porocitiecs of some
common rock types.

Table 1 Porosities of common rocks (Driscoll, 198é6)

Unconsolidated Sediments 7 (%) Consolidated Rocks 7 (%
Clay 45-55 | Sandstone 5-30
Silt 35-50 | Limestone/dolomite (original &
Sand 25-40 | secondary porosity 1-20
Gravel 25-40 | Shale 0-10
Sand & gravel mixes 10-35 Fractured crystalline rock 0-10
Glacial till 10-25 Vesicular basalt 10-50
Dense, solid rock <1

Permeability The permeability of 3 e€pil or rock type is determined by
the interconnectivity of the pore space. It is &
measure for the eace at which the water can flow through
the rocks. Some so0il and rock types may have high
porosities, but when the pores are not intercoennected,
they are impermeable <f{e.g. pumice). Similarly, clay,
oeepite its high porosity, 1is guite impermeable. The
tranemissivity of an agquifer is an almest synonymous
term which denotes the permeability (K} multiplied by
the thickness (d)} of the aquifer (T = K # d).

Specific Yield The ease with which water is released from the pores in
an agquifer depende on the transmissivity and alse on the
sohesion between the water molecules and the host rock.
This ics different for various types of rock materialj
tor example, saturated s&nd and gravel will release more
water than a eimilar volume of =aturated «c¢lav. which
zlthough having & nmuch higher porosity, binds the water

more ctrongly. The ratio of the volume of water
relessed per unit volume of rock is talled the specific
yield.

The relationship between porocsity, permeability, ands specific yield is
illuetrated for variouez cediment particle sizes in Figure 2. The
obiect vt orounduwater ipvestigetions it to lotate those formations
which have the most advantageous hydraulic properties, i.e. larger
porosity, pood permesbility &nd a high specific vyield. The best
charactericstice are often encountered in recent cedimentes where little
compaction has occurred and much of the original loose structure of
deposition 1&g still opresent. However, agiven the relatively small
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sbstraction reguirements of handpumped wells d{generally less than 2
m3/h} certain consclidated sediments, volcanics, ag well as weathered
snd fractured hedrock Zones can  usually also provide suitabie
ebetraction potential., The aquifer potential of the maijor rock types
ic odeecribed in more oetail in fppendix 1.

60 100 ,
2
I E
. -
2
o 40 3
5 102 §
= E
g ¥ 8
a 1074
2 20
E“J 101 1076
& 03 . | . __j108
0.001 0.01 ' 0.1 1 10
Clay 1 Siit {=—--Sand —ter Gravel

Grainsize in mm

Figure 2 Porosity, permeability and specific yield as a
function of grain size {Blankwaardt, 1984)

Handpumped welle usually derive their water from relatively shallow and
unconfined aguiferc. In some csituations the hydrostatic pressure,
taused by the presence of confining layers above the principal water-
bearing zone, may sufficiently raice the water level above the initial
struck level to & rest or static water level within the reach of a
handpump. This ie usually not evident from curface indicatione and ig
difdicult to determine with hydrogeologital and geophysical
investigatione,

2.3 Mater Buality

A proper hydrogeolopical knowledge of the project region is impeortant
to undercstand local water quality properties and variatione. The
geclopy. type &and lJocation o©f an  zoulfer can strongly affect the
groundwater gquality., Groundwater may be chemically and biologically
polluted by & number of oeoclogical and human factore which render it
unsuitable for direct human consumptian.

~ Excecsive pingralization ic poesible in volrenic and basement rock
environments, where the rock material 15 phvsically and chemically
uneteble and diseolves pacsily in the available groundwater.
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- Connate water 1is water trapped in sedimentz at the time of their
deposition. Usually this it seawater which filled the pores of
marine cedimente during their deposition. Such water can pver
time become even more saline than =eawater.

- In arid &nd sesi-arid environments ehsllow aquiters may become
saline due to evaporation, whereby the remaining water will
contain increaseing concentrations of dissclved salts.

- In areacs of dense population or industrial activity, human and
animal wacte mey contaminate shallow aguifers.

The World Health Orgenization hac published a list of guidelines with
maximup permiscikle concentratione of potential pollutants to which
drinking weter should conform for hkuman consumption (WHO, (984).

2.4 MWell Hydraulics

Broundwater moves, in princtiple, Jjust like <curface water from a high
energy level to a lower energy level. Where water 1is unconfined
i.e., under oatmospheric pressure coonditions, the gravity difference
will be the cause pf such water amovement. Where permeability i:s poor
the flow velocity will be smaller than when the permeability is good.

Consider radial flow of groundwater to a pumped well: the level of the
groundwater table arcund the well drops until it reaches a point where
the gradient in the water table becomes sufficiently large, sp as to
increace the velocity end amount of the groundwater flow to the well,
such that it reachee equilibrium with the amount abstracted by the
pump. 1§ the aguifer is limited, thie eguilibrium may not bhe achieved
and the well will be pumped dry. The extent of thic drop in the water
level &t the well (or drawdown) ie signiticant for the cthoice of pump
which will be installed in the well. :

Suwccese in well siting can only be determined by tect pumping. This
assesses whether the well will provide adequate guantities of water.
By periodicelly measuring the drawdown while pumping at a constant rate
until equilibrium ic reached, the transmiscivity of the aquifer can be
estimated. ¢, in addition, nmeasuremente are taken in one or more
nearby ohservation wells situated within the cone of depression, the
talculated trencmicsivity becomes mpre reliable and the groundwater
storage capacity of the aquifer can be calculated. Drawdown curves can
alsc chow' 1f the aquifer ie hemogeneows (flow conditions constant
throughout the aquifer) or 1f inhomogeneities, such ae water-bearing
joints and fractures or impermeabtle layere are encountered (Kruseman
and de Ridder, 1970).°

f simplified version ot such testing 16 oéften csufficient for handpump
abstraction and can be undertaken by #fitting a <cuitable pump on the
well and measuring the yield and the drawdown over a perind of several
houre of intense pumping 1o see the well meets the required discharge
criteria (Blankwaardt, 1983},
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# cecond criterion for &2 successful well ie the gquality of the water.
Thie can be meacured with an electrical conductivity (EC) wmeter by
preference at the end o©f the test pumping., When exploring an unknown
aquifer, samplez should as a rule be taken and sent for a full chemical
and bacteriological analysie to ensure tompliance with the national
standards and the WHD quidelines as described in the previous section.

LML T . yyTrrryryryery mrryrrrrryTrYrreoy TYT T T T rrr T i & F vy =

Radius of influence

Static level

-_<}__.._ —_——

Pumping level
74

Figure 3  The groundwater table around a pumped well
{Blankwaardt, 1984)

Under normal conditions the diameter of the wellbore is of much lgcs
importance to the yield of the well than the length over which the well
penetrates the aquifer. However, in aquifers pf poor permeability, an
increase in the well diameter increasec the well storage capacity. This
can serve as a buffer supply which will refill when the pump 1is not
pperating.

The very basic description on the ovccurrente of groundwater
given in this chapter 1ic meant only to provide the layman-
reader csome background necessary for the discussion in the
next chapters. GSome further description of aquifer types and
hydraulic properties it given in Appendix 1, albeit still at
& very elementary level.

For any further detailed description of all groundwater
related phenomena the reader 1is referred to the excellent
handbooks which have been listed in the Selected Literature
{(Appendix 4), and many publications listed in the References
of Volume 1,

Groundwater Survey (K} Ltd 13 Well Siting Guide



W iti ow—Cost i

3.1 Successful Siting

The objective ot 2 cite investigation is to gain & proper understanding
l of the occurrence of groundwater in the project area, [t ic important
that well =sites are cheosen principally on hydrogeslogical grounds to
have the greatest chance of obtaining an adequate vyield., @ successful
borehole ic one whose vield and walter guality satisfy the needs of &
l particular project. Compared to engine-driven pumps, handpumps have a
low yield, The reguired 1ift, i.e. the height to which the water has
to be pumped to the surface also affects the maximum possible yield.
I The achievable rate of discharge will be less when the regquired lift is
greater, as illyctrated in the graph below. Given the limited
diecharge possible with hendpumps, groundwater invectigatione should
' focue not only on locating adequate gquantities of water, but also on
tinding sites with wminimum 1ift requirements and with sufficient
permeability to minimize water table drawdown. In general, and as
illustrated in Figure 4, & range of 2.0 cubic meters per hour (m3/h)
' from ehallow aquifers to 0.5 mS/h for high lifte are reasonable yields
for handpump abstraction, &lthough in arid environments users may
l concider lese than 0.5 m®/h even acceptable.
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Figure 4 Relation between pumping 1ift and discharge rates
(Ariosoroff et al., 1987)
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Proper well zites should be:
- free from pollution of animal and human waste;
- protected from the rick of flooding;
- protected from erosion caused by animalsy

- within easy accese to the local community fand for the drilling
rigl.

Since the well will usually be under the care of the local community,
the ucers’ full agreement chould be sought for the site locatien. This
requires proper communication with the local community on the well-
investiation process to avoid potential conflictse regarding cwnerchip,
operation and mainptenance of the new wellis).®

3.2 Hell-Siting Technigues

Groundwmater exploration has several levels of investipaticn., Eech
level ic further divided into several activities which complementwand
copetimes overlap each other. Esch succeesive level of investipation
adde more detailed information on the subsurface situation, but this
gain in knowledge increases the complexity and cost of the
investigation.

Pepending on the findings of each previous level, the hydrogeolcogist
has to evsluate whether he has enough informatien on which to decide on
a well cite or if he needs more infprmation. 7To keep the investigation
rost as low as possible, the hydrogeclogist should avoid urnecessary
detzil in the investigation, At the sampe time, guite opften,
expenditure on proper groundwater investigations can reduce the total
tost per well due to a higher succese vrate and ‘2 reduction in the
required depth of drilling. Thics aspect will be discussed in more
detail in =ection 3.3. . '

A looical and low-cost gpproach to well siting involves the fpllowing
consecutive levels of investigation:

tevel I: Inventory cof Exicting Data
- Geclogical Data
- Hydrolonical and Climatic Data Analysis
- Arnalysic of Existing HWell Data

Level 2: FKRemote Sencing Interpretation
- Satellite Imagery
- fierial Phptography

tevel Z: Hydrogeological Fieldwork
- Geomorpholopicel Analysis
- Water Points Inventery and Monitoring
- Hydro-Climatic Monitoring
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Level 4: Geophysical Surveying
- Electrical Resistivity
- Seismic Refraction
- Electromagnetic Profiling (EM)
- VLF profiling

Level %: Exploratory Drilling
- Hand Drilling
- Mechine Drilling
- Geological Logging
- Beophysical Logging
- Test Pumping
- Water Sampling

A syctematic =step-by-step approach to well siting furnicshes the most
relevant information at the lowest cost and minimizes drilling
EXpENSES. When the investigation phase i3z ckipped altogether and
sp~talled 'wildcat’ {i.e. random) drilling is carried out feither due
to unfamiliarity with the investigation process or because investig-
atiorne are considered teo expencsivel, the chances of drilling a
successful well are usually smaller than with proper hydrogeological
invectigations in the project area.

Alternatively, becausep of unfamiliarity of project wmanagercs with basic
hydrogeoclogical principles, 8ll +{oo often & high-tech approach is
cthosen in which much of the first three levels of investigation is
shipped or inadeguately utilized and only geophysical technigques are
employed. This meane that very useful and inexpencsive information is
neglected, unnececcarily increscsing the cost of well siting.

A general overview of the purpose of each level of investigation and
their applicability to particular geplogical environments is discucsed
below. The decision concerning the entent to which the invecstigation
needs to be carried ocut i,e., to how many levels and what methods are
most suitable, depende on specific project parameters and finance,
Further technicel inforeation on the most common geophysical methods
can be found in Appendix 2 and in the literature,

Inventory of existing data

#& subetantial amocunt of highly useful datae ctoncerning the proposed
CWS proiect area may be available from previocus cstudies carried
put in the area by variocus government departeents or private
companies. Therefore, it is cften worth the effort to track down
pact ogeological otudies, bhydrological and climatic monitoring
data, and borehpole record files, The acgquisition of such
infornation may involve csome bureaucratic hurdles. In most
countries water-supply projects require government permissiong
ence this hae been chtained permicssion to use existing government
data is usually readily given and at low cost. Verification of
existing data in the field is cheaper and requires less time than
having to ctart from the beginning. One simple example ic the
rneed for proper topographical information,
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in mediuvm to large projects, target populations, infrastructure
and access routes, as well as existing water supplies and propesed
rnew wel]l scites should be properly identified., This is eesential
for the sugcess of a water-supply schenme. For this purpose
available topeooraphic maps at an appropriste ccale can often be
cbtained from the relevant government department.

Bata from exicsting boreholes in the proposed project area are of
special interest as they may supply much useful information on the
genlogy znd orounduwater characteristics, {for example where the
aguifers are located, what the yield and the water guality is, how
much the drewdown ie durinog pumping and how the groundwater levels
fluctuate over the year. 1f the data indicate relatively uniform
znd promicing hydrooeplogicel characteristics in the project area,
further detailed investigaticpns may not even be necessary,

Climetic &nd hvdrelogical deta nive an imprescsion of the amount cof
rectiarge which can be expected in the project area. Even if no
irnformation is  availlable trom boreholes in the area, the chances
of striking water in high rainfall areas {1000 mm per vyearl are
puch belter than in dry areas, so that often investigation levels
1 - 3 are sufficient for borehole location in these areas.

The available data can ususlly be rollected by an incietent and
persuacsive sember of the project team. The evaluation of the data
recuires insight into the hydrogeplogical csignificanmce of such
data. HReference can be made to the collected data throughout the
investigetiony for example, peological maps may be of help during
the aerial photegraph and satellite imagery interpretation, and
existing borehole dats help calibrate geophysical measzurements.

Remote Sensing Interpretation

Fesote Seneing in well siting is a method of collecting indirect
information concerning the cccurrence of groundwater from aircraft
or satellites. It <concerns recording surface features of the
earth in the wvisible and near visible electromagnetic wave
ranges. The precsence of groundwater can be inferred 4from the
interpretation of topographical, vegetational and gecomorphological
features. The esdveantepe of remote sensing lies in the relatively
cheap and quick overview which can be obtained of 2 large area, by
which main featurec of interect to the occurrence of groundwater
can be identified.

Satellite imascery is ideal for obtasinino & oeneral overview of the
topographic and geomorphological  charactericstics of a (large)
project area at the beoinning of the investigation procese, the
principal objective of which 1is to define smaller areac as
priority tergets {for more localized follow-up studies, The
catellite images, which cover large areas, are especially useful
in hiohlighting regionel structures =such &s major {faults, which
are often more difficult to recognize on aserial photographe.

Satellite im=zges can be obtained &5 prints, film (positive or
negative), or computer tompatible tapes (CCT). The latter is the
most expensive format and only uvsed by highly specialized apencies
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with sophisticsted professional computer and printing equipment.
However, prints, negatives, or slides are guite adequate in most
groundwater investipation vprojecte. Imagery can be ordered from
tatalogues from several distribution centrecs*, Interpretation of
the catellite imagec ic carried out with transparency overlave on
the images, on which the signiticant features are hand drawn and
later trancferred to project ares maps. Datas interpretation wil!l
need to be carried out by 4n experienced hvdrogenlonist.

However, catellite image interpretation <hould never be the scle
basis for well siting in oroundwater exploration, since resclution
is too poor for the indication of specific cites. Further detail
tan be provided by =&erizl photography. Such desk studies shouvld
alwavs be verified by hydrogenlogical fieldwork,

Compared to =atellite imaoery, aerial photooraphy ig carried ocut
at relatively low altitudes, providing larger-scale images
{usually grezster than 1:60 000 end preferably in the order of
1:25 900 to 1:12 GO0}, Yertical aerial photographe are taken in
overlapping series along a flight line, allowing adjatent imaoEes
to be viewed sterepscopically {(i.e. three dimensionally), which
greatly improves the ease of interpretaticn. As with satellite
imagery, the features of interest are drewn on a trancparent
overlay by the hydrogeologist. This crestes an interpretive map of
the project area which highlightse regions favourable to
groundwater occurrence.

ferial photography in the context of groundwater exploration can
serve two purposes. Primarily it is used for the identification
of festures of significance in occurrence of groundwater. Through
an analyeie of the elements of photo interpretation (topography,
lipeation, drezinazge pattern, texture, erocion, tonal variation,
vegetation and land use), different terrain conditions and their
boundaries can be identified. Each element <=hould be considered
individually and in combination to identify likely <cigns of
groundwater occurrence. Faulte and zesociated fracture zones, for
example, form narrow elongated areas of weakness with the more
sclid parent rock and are common areas of preferential groundwater
accumulation. Erosion and wedthering penetrate more deeply inte
these :xoneg, forming lonog, straight wvalleys. From aerial
photographs, fault systeme can be identified by their accompanying
valleys as dark lineatione, due to increacsed soil wmoisture and
vegetation density or through charp discontinuities in the surface
geclogy.

Secondly, aserial photography may provide much needeoc topooraphic
and demcgraphic information concerning the project area and the
distribution of the target population pf the pleanned water-supply
cystem, especially it no appropriate topographic maps are
availazble. This will help to locate the well in & =suitable place
for the local community. In the latter cacse, it ie important that
relstively recent pictures be obtained, since demographic patterns
may be cubiect to rapid change. For geomorphological information
the age of the photogrephs it generally onot cignificant. For
larger projects it may be beneficial and cocst-effective to engage
the services pf & locsl] company to actouire a new cseries of aerial
photooraphe covering the project area,
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periel photooresphs 2re widelv avzilable, comperatively cheap and
can be uweed for hydrogeclegical interpretatione withput the need
{or expensive and sophisticated eouipment. HKowgh, but gererally
sdequate mapping can be done by hand. Detailed ortho-topographic
mapping requires professicnal expertise.

Hydrogeological Fieldwork

The objective ot hydropeolopical +field work is to asespss the
potential presence of groundwater in  the underlying rock by an
gvaluation of oground surface charscteristics. A number of useful
tharacterictice may already have become evident from the two
gerlier levels of invectigation described above. The
hydrogecleootical fieldwork provides the opportunity, where
pessible, to check the fingdings of the inventory of ewisting data
and of the remcte sensing interpretation in the field. ©BRaczed upon
the fieid investigstion and the previcus levels of investigation,
the project area can be divided into water availability zones
thigh, medius and low nDnotentiasl) according to the expected
availability of grounduwater.

When no inventory of existing deta can be made and no remote
sencing meterial is available, the hydrogeclogical field check
eticuld be undertaken on its own. In such a cace, {ieldwork needs
tc be nore extensive cince a gereral overview cbtained from the
previpus levels nt investigation is absent.

Geomorphology Identification and confirmation (i.e. with regard
to remote sencsing interpretation) of rock and soil
tvypes, geometry of layers, depth and extent of
weathering and faulting and fracturing, to identify
potential agquifers and zones of preferential
groundwater flow. Where possible hand drilling and
test pumrping are carried out to acses:c challow
groundwater occurrence. The topcgraphy should be
taken into account, as  groundwater flow oeneralty
tollows surface topography - siognificant storage is
more likely in valleys than on cteep elopes or hill
tops - Yegetation cover often provides important
rluee concernino geclogy and (shallow) grounduater.
Erosion material will accumulate in lower areas,
weathering will be more significant and surface
runoff will flow toward deprecscions where more
infiltration can be expected than on steep slopes.

Water Availability This should be ceen as a romplement to the
inventory of existing water csources carried out
under investipation level 1. Field verification of
water levels, vyield and gquality of wells, cprings,
ceepages and curface water =ources are stronoly
recommended for more precise and up-to-date
information, In additien, locel dreirgge and
veagetation characteriztics can provide more detail
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on potentisl c=hgllow oroundwater cocourvence. 1In
the case of a large proiect or on-ooing programme
with many plenned wells it 1= reconsmended thet a
monitoring network of exicting wells be set up.
Fegular «checking vt water ievel and oguality
fluctuations will improve the undercstanding of the
presence and movement of groundwater.

Human Hesources The local population is likely to know details of
local surface and sprino-water occurrence  and
regime. cettlement patterns, water requirements,
present &and alternative sources, available inputs
and preferred well sitec, I¥f thie 1ig the first
visit by the siting team to the project area, it is
vital that special attention be paid to making
contacts within the target population, involving
them in the well =iting procedure and decision-
meking process,

Hydrogeologicel fieldwork chould be carried put bty or under the
auepices of a trained hydrogeoleogist., If enough evidence ie found
of high vpotential groundwzter areas & well site mey be sejected
without the need for additiecnal investigations. If primarily
ypcensolidated material is encountered {svch as river or hill-cside
deposite) hand drilling ic recommnended to locate the optimal well
cite {DHY, 1978; Blankwaardt, 1984). In situations where
additional investigatione are reguired, hydrogeclogical fieldwork
EEFVEE 2% the bacis for selection of sites for detziled
geophyeical surveys. It is ogenerally too time consuming and
expencive to ctover the whole proiect esrea cystematically with
gqeophysical measurements,

Geophysical Fieldwork

With geophysical methode, physical properties of subsurface rocks
are measured. The oprincipal aim of geophysical fieldwork is to
investigate cubsurface geclogical conditicns by means of pbhser-
vations of phyeical variables at the earth’z surface. Indirectly
thie provides informaticn on oeology and structure of the
underground.

f laroe number of gifferent technigues are available for
geophysicel investigations, each of which has specific advantages
and gisadvantages. Commonly-weed methode 4or oroundwater
investigatione are the Electrical Recsistivity, Seicsmic Refraction,
Electromagnetic (EM) and the VYery Low Freguency (VLF) EM methods.
For investigation:s covering large regions Gravimetric and ARirborne
Geophysical methods can be applied.  Regionel geophysical coverage
car provide a good background understanding againet which areas
for more deteiled invectigetions are cselected. However, an
airberne survey ic generally too expensive f{for CWS projects to
undertake, &and on 1its own lacks the resolution reguired for
determining individual well =ites. HMore information on individual
technigues is given in Appendix 2,
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feophysical wmethode provide at best only indirect information
concerning the presence of groundwater. The gathered data needs
to be evaluated cerefully and where poecsible cprrelated with other
available hvdrogeclogical information to ensure the correct
interpretation of measurements. The need for calibration of the
geophysical data can be a major vreasen for proceeding to the
exploratory drilling level of the investigetion, as deccribed in
the next section.

Twp basic geophyeical techniques can be distinguished:

- the =ocunding technigue which provides guantitative depth
inforpation below the etation of measurement, such as
the thicknesses and depths below ground level of the
individual layers;

- the profiling technigue which provides oualitative
infogrmztion on lateral changes in the subsurface rock
tvpes and structures, without much detsil on depthe and
thicknesses.

The electrical and electromagnetic methods are beeed o©n
measuremente of natural or induced electric fields. Usually
variatiens in glectrical conductivity either wvertically or
horizontally can be correlated to variations in layering or
structure of the underoround. 1t provides indications for the type
ef rock and the presence of groundwater.

Reeistivity Soundings and the Seiswmic Refraction method are
commonly used for guantitative data acquisition in groundwater
investigetions. BEoth methods «can, with certain adaptations in
technique and field 1layout, provide both depth and lateral
infprmation, The resietivity method has the added advantage that
the resictivity values observed provide information on lithology
and groundwater guality. However, the interpretation obf
resistivity field data can be subject to different eguivalent
golutions 14 no additional data are available to correlate layer
depthe and thicknesses.

# recent innovation of the resistivity sounding method involves
the use of two multi-core cables and a microprocessor controlied
cwitchbox (the Offcet-Wenner technigque®), which has increased the
accuracy and speed of fieldwork, More advanced technigues
enitable for oquantitative information are Shallow Seismic
Refiection and Transient or Time-Domain Electremagnetice
{TEM/TDEM). A= these methods 2re still in  the experimental phacge
az far as their application for hydrogeclogical investioations is
cencerned, their use for reialively shallow oroundwater
prospecting for handpumped wells itc not expected in the near
future.

The strenoth of EX and VLF profilino methods is their capacity to
map quaslitative contraste i.e., cenductive vercucs resictive zones,
which can be pin-pointed with good lateral accuracy. This combines
with the advantage that they are very fast in their applicatien in
the field. Conductive zones, such as <faults and 4fractured zones,
buried river channels and contact zones between different rock
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types are pften the becst placez to find water. The depth of
penetration of the EM egquipment which carries its own trancmitter
te gererally much better than that of a VLF instrument, because it
operates at wmuch lower frequencies and can therefore penetrate
gdeeper. The VLF receiver is, moreover, dependent on the
availability of a strong external long-~wave radio trancmitter.

Te carry out 2 gquitk reconnaissance of an area of interecst, a
combination of & profiling technique with depth ccunding method 1c
most likely to provide sufficient information for locating & well.
From the Inventory Study on Well Siting Technigues it appears that
in practice the thoice and application of different ceophysical
techniques 1is often made irrespective of the geclogical
environment encountered. However, certain techniques may yield
better results than others depending on the geological =ituation.

f generzl overview of comparative advantages ic given in Table 2.

Table 2 Suitability of comson geophysical aethods in different hydrogeological environsents

Hydrogeological | Resistivity ! Seismit ! Electro- |} VLF

Environeent ! Sounding } Profiling ! Refraction | wmagnetics
Unconsolidated ++ + + ) +

Sediments

Conzolidated + + + [ ]

Sedisente

Sediaents ++ + o S o
{rech/calt water

Volcanics + o o + 0

Basement + + +H B +
depth to bedrock

Basesent + ++ +H ++ +
faults/fractures

+t very suitable + suitable v not very suitable

Given the relatively cimple operation of modern geophysical
equipment, field practice does not necescsarily require the daily
supervision of a geophysicict. Geophysical fieldwork should,
however, be preceded by & hydrpoeplogical reconnaissance of the
area to determine where the geophysical measurements are to be
carried out. Further preparations involve the proper selection of
the geophysical methed to be used to prepare a proper layout for
the oeophysica]l fieldwork and, where necessary, the training of a
field team in the use of the equipment. For projecte where a
large number of wells are planned it may prove efficient to decide
on a ctandardized geophysical layout and field practice. An
example is described in Caee Study 2 in the npext chapter. This
does, however, increase the need for proper hvdrogeological site
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celection in advante to wmake scsure that the geophysical survey
takes into account the individual characteristics of each site.

Interpretation of the field deta ic also a specislized job, which
rneeds an ewperienced geophysiciset or hydrogeologist. Interpret-
ation of FResistivity and Seismic Refraction ie¢ nowadays usually
carried out with the help of a2 computer, With the current
generation of small portable computers, it can be completed in the
field, thus speeding up geophysical investigations considerably.
Depending on the accessibility nf the =site 4for the geophysical
work and the complerity of the geology, one team can often tarry
out one or more sitings per day.

Dowsing or Water Divining may also be concidered an exploration
method, although its role in groundwater exploration remains
controversial to many hydrogeclogists and geophysicists. flecent
scientific appraisal of dowsing suggests that it might be based on
a human recsponse to changes in the earth’'s magnetic field, similar
to the wprinciples of navigation applied by whales and homing
pigeons®, The method itzelf is certainly low-cost, requiring only
a2 forked <ctick or hand angles &and a human operator sensitive tp
magnetic anomalies. In many places dowsing has been used as the
sole investigsting wmethod without any of the preceding levels of
investigation. This may explain its frequently inadeguate
performance. 1f applied =along the 1lines scuggested by a few
hydrogeologists as 2 biophysical profiling method, it somewhat
recempbles the magnetometric method in field practice. Perhaps on
thies basis dowsing could play a scientifically-acceptable role in
the well siting process as a profiling technigue. If this is the
case, just as with any geophysical method, interpretation of the
‘meacsurements’ should be carried owt within the context of the
larger hydrogeological investigation, '

Exploratoery Drilling

The purpose of exploratory drilling is to gather data from a test
borehole to evaluate the potential for production wells in the
srea, Two basic levels of drilling can be considered, hand
drilling ¢as an adjunct to hydrogecological fieldwork) and machine
grilling. Although millions of boreholes have been drilled by
hand in South East Asia, in Africa hand drilling has been limited
in its application to relatively challow groundwater in
unconsolidated or relatively =oft rock such as decomppsed
regolith.

Yarious procedures are commonly uced to gather information from a
test hole:

Geologqical logging During the drilling aoperation the drilling
cupervisor or hydrogeologist reqgularly
collects rock samples which are brought to the
surface, to determine the rock types, sequence
and thitkness of the various layers. The
depth{s) at which water is encountered is also
noted ('logged’).
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Geophysical logging Directly after the hole is drilled, and before
any casing and screen are installed, the hole
tan be logged geophyeically (e.g. resistivity,
SP, gamma ray and temperature measurement:z are
made, either continuously and written on a
recorder, or stepwice whereby readings are
taken at regular intervals). This is used to
accurately determine geological boundaries,
thickneczces of layers, lithology, porosity and
wster quality, It is often vital for proper
well concstruction.

Test pumping Pumping tests are conducted to determine the
performance characteristics of the well and
the hydraulic parameters of the aquifer. For
the former the yield and drawdown are recorded
pver a certein time period to measure the
productive capacity of the well. The latter
requires cveareful monitoring of the drawdown at
set rates of discharge in the pumped well and
nearby cheervation vwells and provides
information on the transmisesivity and storage
capacity of the aguifer. Aquifer teste,
whereby observations are done alsp in nearby
piezometers, are particularly important where
large scale abstraction from the aquifer is
envisaged.

Water sampling Borehole water should be sanpled and tected
for chemical and bieclogical constituents.
Excessive mineralization and contamination may
require treatment or, where thie is not
possible, may prohibit abstraction from the
aquifer. Biological contamination from human
and animal waste is a particular risk when
shallow aquifers are used. The use of such
aguifers should be avoided in densely
populated areas.

i1t is recommended that also production wells be geologically and
geophysically logged and pumping and water gquality tests be
turried out. Thics optimizes well construction and provides data
for any additional wells to be drilled in the area (see Appendix
3.

In cace the information can be acquired by expleratory hand
drilling in relatively soft rock, geophysical investigations are
esually not necessary. Several hand drilled holes cran be eagily
and cheaply made to determine the best site for a production well,
which will be dug or drilled by hand as well. W#Whether or npt hand
drilling is possible depends on local geclogical conditions and
will be made in the hydrogeclogical investigation phase, when
information i¢ obtained on the lncal geology and confirmation is
sought on shallow wzter levele and water quality. Particle size
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anelyeie pf drill sazmplese i:= relaztively simple and prevides an
indication of the clay content. fased on the pumping test, the
calrulation of aguifer opermeability and storage capacity will
determine whether & hand-dug er hand~-drilled well will be more
tenitable {hand-dug for grester well storace in low-permeability
aguifers)., A well siting flow chart with test hand drilling used
in a CWS project in Tapzania ie chown in Figure 5. A well siting

flow chart for a CWS project in Zimbabwe <(Case Study !} where

geophysics was used iz shown in Figure 6.
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Figure & Well siting flaw chart with geophysics
(Hydrotechnica, 1985)
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3.3 Feasibility of Well Siting

In most cases financial considerations determine whether or not
groundwater investigationcs should be carried out before constructing a
well?,  The financial and economical aspects of the siting procegure
have to be conszidered carefully and & decision reathed on whether the
investigation is «cost-effective or not. Well siting is not just
carried out to make each well vield mere water, but in particular to
reduce the overall cost of well construction by increasing the success
rate for all the wells constructed.

Bax 2
Feasidility Example {

I in area A the chance of encountering adequate water
supplies by drilling to a depth {D) of 50 seters {Rq) is 90
percent and in area B this {Ra) is 50 percent, the average
cost of drilling 2 successful well in area B (Ca) will be
nearly twice as high as in A {Cal, assusing basic drilling
costs (L4l are the sase i.e, $100/a:

{Cq & DV/Ra = 5000/0.90 = § 5555

£a

{Cy # D}/Re = 3900/0.50 = $10000

Lo

success rate of drilling to lower the average cost of a
well, If a full bhydrogeclogical and geophysical
investigation is able to raise the success rate in area B
by 25% to 751 (Re') at a cost (C,) of $1000 per site, the
averall reduction in well costs becomes apparent:

Lo = (g £D ¢ L)/Ra" = 13000 ¢ 1000}/0.75 = § 3000

The uce of well siting represents a saving of 20 percent,
including the cost of siting. It is evident that in area &
a similar siting espense to raise the success rate to 190
percent iRa’) would not be justified as the overall cost
per well would actuslly increase due to the cost of siting:

Co = (Cq #D ¢ Ca)ifa' = (5000 + 1000)/1.00 = § 5000

Case Study 2 in Chapter 4 suggests that savings through
siting eay alse he effected because hydrogeological and
geophysical investigations often lecate water at challower
depths, thus reducing the required drilling depth and
costs,  1f the reouired drilling depth is reduced by 30
percent (D'}, well siting alse becomes cost-effective in
area A:

Ca = (Lo ¢ D' + Cad/Ra" = {3500 + 1000)/0.90 = § 5000
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In zreae of limited rainfzll the chance of striking water without
proper hydrogeclogical investigations ie usually lisited. This mav be
gxpreceed as the success rate of well construction in that recion under
those particular circumstances. The simple example presented in Box 2
illuctrates the effpct thie has on the cost of well construction.

The example above ghows that the financial rationale for the wuse of
well =ite investigations is directly related to the cost of well
construction in an ares. 1f the well construction programme 15 a local
community initiative withput external funding, the funde are likelv to
be very limited and the hand drilling or digging option will often be
the only =iternative. Loneecuently, as constructicon costs decrease,
expenditure on well siting will need to be justified by higher
incregces in the rate of cuccess, as illustrated in Bow 3,

Bor 3
Feasibility Exasple 2

In areg ¥ the 4funde for well conctruction are Jigited and
hand digning ic concidered the onlv feasible option.  The
toet of digping (Cs) is estipated 2t $20 per meter, the
eupecied rate of zurcese (Rye) at finding water at 25 peters
below ground level (B} without well c=iting is 50 percent
and the cost of & sisple site investigation (C,) $400. To
warrant the use of well siting, the cost of corstruction
intiuding the cost of siting should be lese than the
construction cost without sitinp. The minisus isprovement
in rate of curcees reguired can then be ralculated as
foilows:

{(Ca D" + Cad/Ry’ € {Cy & DY/Ry

If the depth (D'} remains the same, then the success
rate with siting {Ry') needs to be:

Lo # p" ¢ E,) {20 % 20 + 400)

RBy' > {Cq € DMy = {20 ¢ 25}/06.50 = 0.%0C
The increase in the success rate (Ry' - Rx) hes to be
preater than 40 percent. It ic obvious that when the

terstruction cost and recuired depth are low, the siting
toct should be low as well.

Thece examplez =chow that the financial feacibility of well =iting is
cloeely tied to a number of variablee i.e, the cost of constructing the
well, the coet of well siting and the higher success rate achieveable
through well =siting. Proper accounting requires that the coet of a
suctescful well ehould include the cost of any unsuccessful digping or
grilling attempte, 14 the cost of siting a well 1is taken &5 & fived
percentage of the total cote of well construction (=ay 10%), it follows
that where the construction tosts asre low the margin for investment in
well siting i:= narrower than where the construction coste are high.
Bimilerly, where sitling can improve the cuccess rate significantly
fexprecced ae & reduction in the reguired depth of drilling or digging
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per well®) the margin for investment ip well =siting is widened. The
cost of well siting is naturally alsoc an important variable. When the
giting costs are high the comparative advantage of =ziting is reduced,
if they are }low, the advantage 15 greater.

The evaluation of actual costs and benefits to determine the extent of
investigation necessary, depends very much on lopcal circumstances,
Information on the existing success rate of drilling without any siting
and the possible increase in success rate wusing variocus levels of
investigation will need to be acquired from available data from earlier
praojects in the same area or from areas with comparable conditions,

The case studies presented in thig report illustrate some of the basic

variables involved 1in this evaluation. It zhould be noted that the
rainfall regime of the project area can significantly influence the
success rate, In high rainfall areas f{e.g. »1000 mm) the wildcat

success rate {i.e. without siting) is usually much higher than in low
rainfall areas, and the expected 1increase in the success rate will
subsequently be much smaller, allowing for less expenditure an the
siting process.

In general it can be said that the cost of investigation increases with
the level of investigation, The first three levels of investigation
{data inventory, remote sensing, and hydrogeclogical fieldwork) involve
relatively little expense in terms of equipment and probably less than
one day of expert hydrogeological advice per site. The inventory of
well siting in CWS in Africa {see Yolume ! of this study) would cost in
the order of $100 to $200 per level, depending on the degree of detail
{somewhat higher in West Africa and lower in Southern Africa)l.

The cost of the fourth level of investigation is generally
significantly higher due to the high «capital cost of the geophysical
gguipment and the need for a professional supervisor (basic, duty free
cost of Resistivity and EM equipment US $10000 - $206000; VLF $5009;
Seismics upward of $15000). The cost of a geophysical survey per site
is difficult to assess and depends on the type of geoghysics, the
intensity of the survey, logistics, etc. The inventory of well siting
practices {(Yolume 1} reveals average investigation costs of $450 per
site (for large projects), with a maximum reported cost of $3000 for a
combination of HResistivity, Seismics, EM, VLF, Gravitv and Magnometry,
and minimum reported cost of $50 per site for Resistivity onlv. It is
clear however, that for the siting of 3 few wells i1t is needlezsly
expensive to purchase geophysical equipment. Fental nf eguipaent, or
hiring the services of a local geophysical consultant is usuaily a
theaper option for small projects. The use of professional geophvsical
equipment without the services of a geophysicist gr hydrogeonlogist
familiar with geophysics may lead to an ineffective use of the
equioment and unreliable data interpretation.

Assuming geophysical services are available, an investigation including
geophvsics {a number of resistivity soundings and a few hundred meters
pf resistivity, EM or VLF profile; or 3 or 4 seismic spreads) is likely
to be in the arder of #1000 per site for seall projects invelving only
a few sites and may drop below that for larger projects.

Level 3 of the investigation, (machine) test drigling, 1is very
expensive due to the high operating costs of 2 modern drilling rig {(see
Appendix 3). Depending on the type of drilling, {(hand drilling not
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included) the basic drilling cost may be estimated at $50 - $200 per
metre (low in Southern Africa, high in West Africa), excluding casing,
screens, developing, testing, end handpump. Only the largest projects
where the cost of drilling exploratory holes can be written off against
a larpe number of production holes will it be financially attractive to
engage in such test drilling. When more than one well is needed in &
certain azrea, the firet few can be considered teet holec, tp be sited
and used to provide information about the aguifer and to calibrate
geophysical soundings, before & decicsion is mgde concerning the
lacation of the remaining holes. When water is struck in adequate
guantities such test holes can subeseguently be turned inte production
welle,

The decieion concerning the feasibility of well sitine may also depend
en gconomic variables such as government sponsoring of, for example,
the acguisition of hydrogeological information, on the local
availability of eguipment and skilled personnel and/or the availability
of foreign exchaznge to purchase the required services and equipment on
the international market.
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4 Case Studies

4.1 Accelerated Drought Relief Programae, Ziababwe~”

A community water supply programme in Victoria Province, ZIimbabwe was
carried out during 1983 and 1984 to help alleviate the effects of a
three year-long drought in the area. Hydrotechnica, a UK groundwater
consultant, surveyed a total of 331 sites over an eight month periad.
The geology nf the project area consists primarily of granite and
gneiss Basement, with the presence of significant dykes and faults, By
the end of the project 282 successful bereholes had been completed with
an overall success rate of 76 % . A rapid survey approach was
developed and carried out by an experienced geophysicist/hydrogeologist
assisted by two unskilled labourers. The survey routine included
aerial photographic interpretation, reconnaissance field investigations
and geophysics when necessary (in areas with more than 700mm annual
rainfall, qgeophysics was considered unnecessaryl. Three sites were
investigated per day. If a suitable site could be located on a hydro-
genlogical or air photo basis only, no additional time was spent on
further investigation with geophysical methods.

Two geophysical techniques were used, electromagnetic profiling with a
Geonics EM 34 and electrical resistivity soundings with an ABEM SAS 300
terrameter and a BBS 256 multicore cable wusing the Offset Wenner
technigue. Interpretation of the resistivity data was speeded up by
using a microcomputer in the field with software especially developed
for this project!'®. The average siting cost warked out at US %380 per
site with two resistivity soundings and 0.5 km of EM profiling and
amounted to about 1O % of the total borehole cest. #An analysis of the
siting methods shows increasing success rates with each additional
investigation level {(Table 3):

Table 3 Success rates for siting techniques
Technigue Percentage of Successful Boreholes
Social/logistical 30
Air Photo Interpretation 61
Hydrogeology b&
EN 82
Resistivity as
EM and Resistivity g0

Geophysical investigations include the previous levels
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The average <cuccess rate of 76 % for the whole projert could in fact
have been improved by applying the twe geophysical methods at all sites
thus increase the siting surcess rate to 0%, Az Figure 7 chows, this
would have resulted in an additional saving of Z% {1350 (=US $800) per
borehivle, which would have mage it cost-effective to employ an
additional siting team at Us ¥580 per site to complete the
invectigation within the same time period.
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Figure 7 Effective cost of a successful borehole using different
siting technigues

A discucsion of three pf the site investigations, as an example of
typical siting situations and taken from the Programme’'s main report is
presented below eand refers respectively to a detailed account of siting
bacsed on aerial photograph interpretation, a siting with resistivity,
end a combined siting with EM and resicstivity.

Mapuvire Schopl

The initial ascecsement of thie area was carried out using aerial photo-
graphs. The photcographs were used in determining the most likely areas
for a borehole site and for an assesement of the potential resources.
The relevant details identitied from the aerial photographe are showun
in Figure 8 and their interpretation in Figure 9.

Geomorphology

The variety of landforms in the area is diverse and this resultcs in a
large number of possible borehole sites. Figure 9 chows a selection of
gites thet «could be considered for further investipations in the
field. They include <cites in fault zones, at the base of Bacement
outerpps, associated with dykes and 2 variety of locations within the
valley systenms. The original air photo reconnaissance of the area was
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conducted to site a borehole for Hapuvire school.

The air photograph can be divided into two distinct areas with a
northeast - socuthwest boundary line running from corper to torner of
the photograph. In the southeast part of the air photo, the area is
dominated by highland terrain and straight narrow valley systems. To
the northwest there is a dramatic change in the landscape where a wide
plain is dissected by meandering rivers. There is alsoc a complete
contrast in the aerial distribution of exposed bedrock. In the
southeast approximately 80% of the area is outcrop. In the northwest
however the photograph indicates that outcrop may be present in less
than 50% of the area, The contrast is typical of a change in basement
geology with granite in the southeast and gneiss in the northwest. The
boundary between the two is located along the base of granite hills.

Rasic intrusives in the fora of dykes can be identified within the
gneiss as dark bands orientated east-west in the extreme north of the
phatagraph. Ta the south af the wmain dyke, a second dyke is not so
clearly defined and would need verifying 1in the field, using the EM
profiling technigue.

The first impression fros a consideration of the geomorphology suggest
that the gneiss is more favourable 1in this area for groundwater
development because the regolith cover is more extensive, and therefore
probably thicker.

One of the major distinguishing features identifying the <change in
genlogy in this photograph is geoclogical structure. The granjte
highland is deeply dissected by joint and fault systems. There are two
sets of joints present, the main set oriented at 320° and the second
oriented at close to the regional mean. The joints end abruptly at the
granite/gneiss houndary. The only wvalley present in this section of
the granite is characteristically narrow and straight and coincides
with a wmajor joint, or perhaps a fault. This valley provides the only
area where any significant thickness of regolith is present. The
remaining joints identified from the photo show little development in
terms of weathering. 1In the gneiss, evidence of a2 joint system is much
less developed. One fault can be identified, oriented at 20¢, from the
displacement of the most northerly dyke. The eastern extremity of the
southern dyke also appears to end at the fault,

Hydrolagy

The two rock tvpes show distinctive drainage patterns. The geelogical
structure dominating the granite landscape has also a profound effect
on the hydrology and hydrogeclogy. The joints form the biggest line of
weakness in an otherwise massive, resistant intrusion. Conseguently
the rivers and drainage channels occur aloeng the joints and it is the
erusion along the joints that makes the geclogical structure such a
dominant landscape feature. The drainage system therefore exhibits a
parallel or trellis pattern. The drainage density is also uneven, with
a very low density otcurring towards the centre of the intrusion and a
very high density near the granite/gneiss boundary. The high density
relates to the greater rate of runcff experienced on the steeper slopes
along the boundary of the granite intrusien. This has also resulted in
the development of a braided channel system at the base of the granite
hills where sediment deposition is high, compelling the channels to
become wider and shallower.

Groundwater Survey (X) Lid 34 Well Siting Buide




In the gneiss the drainage deneity ie high and fairly even across the
area. The lack of structural control and the relatively flat
topography hss produced a dendritic drainage pattern, with the main
river follewing a meandering course towarde the southwest. Tributaries
joining from the sputh are stil) influenced by the granite highland and
are eub-parailel. The =zouthern intrugsive dyke may have diverted the
river from the favlt,

Conclusions

The extensive cover of regelith over the gneiss is apparent from the
vegetation, Large portions of the area shows evidence of arable land
with a well developed field system. Village vegetable gardens can also
be esacily located and are acssociated with the most fertile areas where
water supplies troem sepringe  or challow wells are available.
Uncultivated areas are present mocestly along the valley centres, which
gre probably prone to flooding from the rivers and where steep
gradiente leading to high rates of erosion pccur meking them unsuitable
f{or boreholes,

The tinzl =ite chesen fer the Mapuvire School borehole ie ideal in many
respects., From a8 leogicstical point of view it could not have been
nearer to the .requested site being only 30-40m from the school
buildings. Secondly the site ie readily accessible for large drilling
rige withput difficulty., Oeomorphologically the borehole is sited at
the head of 2 tributary valley. The heads of valleys are often
indicative o©f potentially thick regolith development, The weathered
material trancported from the granite wmountains towards the gneics
plain =2lso increases the development of thick regolith and prebably
enhances permeability,

If the site near the schonl had been inadequate there were several
alternatives available, The first options available were those where
groundwater flow was known to be utilized throughout the year. These
can be identified by the dark patches on the air photograph (vleis) and
by the presence of small village gardens eath eurrounded by {fences. of
thorn bush. Hand-dug wells are often present in these areas. Setondly,
the centre and sides of a tributary valley or even the interfluves
between two valleye could be investigated near the school. Further
options could be investigated in relation to the dykes. The fauvlited
dyke at the northern edge of the air photo shows particular promice in
pffering 8 c=vitable borehole cite. In certain areas of Victoria
Frovince a dyke offered the only suitable place for locating a
proundwater supply. Had thie been the case at Mapuvire School, the
cite may have been lecss then ideal for the school children because of
the longer walking distence incurred. It would stil)l have been widely
accessible to the community as a whole, however, and would have
provided a permanent and t¢lean water csupply in the absence of a
suitable alternative.

The lack of suitsble water supplies within the granite ie refiected by
the lack of cultivable spil and by the marked decrease in population.
The area ig generally inhpspitable with only the narrow valleye
pffering any chance of cultivation. It was generally fpund that such
valley so0ils were very rlayey and when investigated ucsing EM methods,
exhibited very high conductivity values. Yhie greatly hampered the
location of the acsociated fault zones because the electrical contrast
between the clay soils and the bedrock ic so great that little else
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can be distinguished. It was also thought that the joint zones in this
area are poorly develaoped, pffering little potential for a groundwater
supply. In many cases the bedrock is massive and the thickness of clay
regolith less than 7m. A more csuitable alternative to a borehole in
these areas may be a hand-dug well.
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The aerial photographs are thus used at two levels., The first level
provides an overall picture of the groundwater potential in the areas.
A second level of interpretation in greater detail is, however,
required araund *the proposed site. Finally, it is likely that
appropriate geophysical technigues are necessary to confirm the exact
location and viability of drilling a borehole. The decisicn concerning
what geophysical technigue to use can be illustrated by the following
table:

Table 4 Appropriate geophysical siting techniques for different
geomorphological Basement environments

Landfarm Method Landforam Method
V¥ shaped valley Watershed EM & R
(head, sides and centre) R Flat Plain EM & R
Basin shaped valley futcrop EM / R
{head) R Dyke EM
{side and centre) EM & R Fault or Joint EM

Salani Kraal

Rorehole EEC 176 shown in Figure {0 is sited in the centre of a broad
shallow valley, where it was anticipated that deep regolith would be
found. The first sounding at A showed massive bedrock at only 4m with
an overlying «clayey regolith, clearly unsatisfactory. The second
sounding at B indicated a sandy regolith with 30m depth to hedrack.
Drilling at this site actually proved 23m of gneiss regolith above
fissured gneiss resulting in a good specific capacity of 0.182 l/s/m.

Magudu Schaol

Magudu school (Figure t1) 15 an example of deep regolith asscciated
with the base of a Basement outcrop, The area surrounding the outcrop
is flat with sparse vegetation and littie hydreogeclogical evidence to
aid the beorehole siting. An EM profile was initially conducted from
the base of the outcrop northward towards the centre aof the valley,
The oprafile revealed three distinct anomaliss and two resistivity
soundings revealed that the second site had a considerable depth of
regolith which was confirmed by the borehole. A specific capacity of
0.0351 l/s/m was obtained.
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4.2 Rural Domestic Water Supply and Sanitation Programme, Kenya'®

The Lake PRasin Development Authority (LBDA) has initiated a CWS
programme in Nyanza Province in Hestern Kenya with the aim of improving
the generally poor water supply situation through the development of
handpumped water supplies. In 75% of the province very few permanent
surface water resources are found. Whenever the groundwater table can
be found at lese than 20 meters below ground level hand dug wells are
tonsidered. 1In the western part of the province the water table is
lower and machine drilled boreholes have to be constructed. The
provinee ie mainly underlain by volecanic rocks of Precambrian and
Tertiary age and about 15% Precambrian granites and dolerites and some
Fleistocene sedimentsz, The area has been cubiject to extensive tectenic
activity since late Tertiary times., Eaced on the ascsumption that the
fpet productive aguifers in hard rock usually occur in faults and
fracture zones, a survey method has been developed for the programme by
DKV Consulting Engineere o©f the HNetherlands to accurately locaste
prospective berehole cites in the +field. This compriczes of the
following two componenis:

- Mapping of fzults and fracture zones by means of remote csensingy

- Geophysical =surveye carried out along profiles across the most
promicsing of the interpreted faults and fracture zones,

Regional structures and wmsjor faults =show up clearly on satellite
inxges, DOn  aerial photographs +fault systems can be identified as dark
lineations due to increased scil moisture and vegetation density. So
tar in abkout half the area (6000kn2) over 3000 fault structures have
been identified. It has proven essential that such features be
accurately located in the field, as & location error of 10m can result
in a8 dry hole, The <ctandard field survey per site consists of 2
electromagnetic profiles of abput 400 to 600 meters length, 1
recsictivity profile (Wenner array) and 3 to 35 resistivity soundings
{8&chlumberger array) evenly spread and generally perpendicular to the
profiles (see Figure 12},

The equiprent consists of an AREM SAS 300B Terrameter and a Geonice EM
34-3. The latter proved especially sensitive to narrow anomalies
tavsed by favlt and fracture zones. The spool separation varies
according tc local conditione. The resistivity data are interpreted on
& micro-computer with a special curve-fitting software package and
evsluated together with the plotted profiling data in terms of:

- the presence and depth of different zones of weathering;

- the depth to the unweathered bedrock;

- the thickness of aguifers;

- the presence and accurate location of i{sub)lvertical dis-
continuities ae¢ faulte, intrusive dvkes and lithological
boundaries;

- the selinity of the groundwater,

Bazed on thic evaluaticon the moct suitable well location and well type
{hand dug or drilled) is selected. Figure 12 <chows the Resistivity/EM
survey layout for Omboge Secondary School =ite to illustrate the
impeortance and accuracy of thie standard survey approach.
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KENDU OIVISION

MAP SHEET 16 3
LOCATION SQUTH KARACHLONYO

SITE No: KB-18
SOUTH NYANZA DISTRICT

GR:D REFERENCE 680 §-99510Q
SLB-LOCATION NOATH KAMENYA
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Figura2 12 Schesatic layout of the
Secondary School
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The Oaboga Secandary Schaal is situated in a dry area and the nearest
perennial water sources are a well and a river at 4 and 6 kilometres
distance respectively. The study of aerial photographs revealed the
possible existence of a fault just south of the school and a detailed
geaphysical survey was carried out to locate this structure. The
resistivity soundings revealed the existence of a narrow dolerite dyke
in this wmainly granitic area. The EM profiles in particular indicated
the pccurrance of a pronouncead fractured zanse along tha
granite/dalerite contact (see Fiqure 13). The location and slope of
this sub-vertical zone was assessed and a borehole loration selected
near VES-3 (sae Figure 14). The borehole drilled at this lacatien to a
depth of 32 meters struck water at various levels with a static water
laval of 24 aeters below ground level. A subsequent puaping test
resulted in anly 2.5 meters drawdown at a discharge of 12 a3/h (or .33
1/s/m).
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Figure 13 Resistivity and EM profiles at Omboga Schaol
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Figure 14 Resistivity soundings interpretation and borehole location
at Omboga School
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A fault structure was also interpreted for the follawing two sites
located at 2 kilometers distance from each other in Tertiary Basalts.
At the God Bim school a successful borehole was drilled exactly on a
fault with a maximum yield of 24 mS/h, At the Otati school the 835m
deep borehole was erroneously drilled 30 wmetres away from the
interpreted +fault structure and was dry, while a later borehole
relocated on the fault proved sutcessful {(see Figure 15).
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Figure 15 Hydrogeological cross sections interpreted froma the
geophysical data for God Biam School and Otati Primary School
in Tertiary volcanics
These examples illustrate how the standard survey approach of the Rural
Domestic Water Supply and Sanitation Programme has led to a significant
increase in the drilling success rate (26%) and a similarly significant ’
reduction in the depth of drilling (44%), both factaors strongly
reducing the «cost af drilling per well (by 43%) as Table 5 shows. It
should be noted that for 14 of the 18 dry holes listed in the table the
geophysical survey showed no pesitive evidence of a fault or fracture
zone, but in most of these cases the decision to go ahead with drilling
in spite of this was based on socio-ecenomic criteria,
broundwater Survey (K) Ltd 4 Well Siting Guide



Table § Comparison of resulls and drilling cost (US §) of existing and programse boreholes

Nusber of Surcess Mean Depth Mean Yield Dridling cost per

Rock tyoes bareholes Fate i1} {mbgl} i53/d) groductive well
Existing Boreholes:

Tertiary Yolcanics 8 44 128 {40 17760
Nvyanzian Yoleanics 13 83 114 33 ' 15400
Granites 7 43 70 48 10200

Sub Tatal 82 52 17 13 226700
Prograsse Boreholes:

Tertiary Yolcanics 60 8 b8 349 5400
Nyanzian Velcanics 1t " 4 94 3700
Branites ) 10 80 b4 149 6350

Sub Total 8t 78 83 270 3209

»

The Programme gives a somewhat optimistic breakdown of the siting costs
which is shouwn in Table &, Depreciation time is relatively long and
the expatriate invelvement in the programme, office costs and gvarheads
are not included. However, even when including these additional siting
costs {increasing drilling cost by about 18 %) total =siting and
drilling costs per well remain significantly 1less than for the
non-programme boreholes, The wuse of remote sensing and geophysics
appears therefore to be well justified and cost-effective.

Table 6 Breakdown of cost for groundwater surveys (US §)

Total fepraciation  Annual Cost/site
Pescription foct Tige fost {250 s/year}

Equipaent !duty free):

1 ABEM SRS 300 Terraaeter 12500 60 sonths 2500 {0
{ Seonics EM 34 22000 &0 4404 19
! computer + printer +

plotter ¢ software {7200 50 3440 4
{ 44 car 187540 & 373 13
b camping zets 3090 2 2500 19
{ stereascope + aerial

& satellite photos 1500 &0 329 i

Fersonne] {Kenvan):

1 geolegist 7500 30
t tield tesaleader 3750 15
§ syrveyors 7350 it
2 tasual labourers 1250 3

Running Cost:

petrel + aaintenance car 7590 30
naterials 2549 1t
Total: Y EL 44919 134
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4.3 Rural Water Supply Programme, Nigeria’®

An estimated 604 of the population of approximately 9 million in Kano
State in northern Nigeria 1live 1in . small rural villages dizpersad
throughout the State. Historically they were served by approwimately
7500 hand-dug wells, a@anv of which fell into disrepair or needed
deepening. A considerable number §all dry in the dry season. In 1982
a Rural MWater Supplies Programme was started by the Kano State
Agricultural and Rural Development Authority (ENARDAY teo oprovide
villages with less than 2000 inhabitants with handpumped groundwater
supplies., Through the widespread drilling of 1000 <small dianmeter
boreholes and the installation of handpunmps in these and in
rehabilitated open wells it planned to bring clean, potable water to
between 0.8 and ! wmillion rural dwellers. 5ir M. MacDonald and
Partners of the UK were contracted for a period of four vyears to
prepare and manage the overall rural water provision and to carry out
the site investigations and the preparation and supervision of the
drilling and pump-installation contracts,

kano State «covers an area of 43 070 sguare kilcmeters and can be
givided into two distinct geological provinces, the Basement Complex
consisting primarily of granites underlying three-guarters of the State
and the sedimentary Chad Formation comprised of gravel, sands and clays
in the northeastern guarter. Mean annual rainfall in the south is
1000mm concentrated from May to Qctober and in the north 433mm fronm
June to September.

Applications for well sites were provided by KNARDA and forwarded te
the Consultant {Groundwater Development Consultants i{Int) Ltd, UK, for
Sir M. Machonald & P.) who then paid a preliminary visit to the sites
to identify, locate and assess the situation. The igitiai assessment
was influenced by the following non-hydrogeological factors:

- the views of the Village and/or HWard Head;

- the location of exicsting open wells;

~ pctential sources of pollution; a minimum distance of 20 meters
from any compound was adopted znd “salty’ water areas avoided;

- the availability of suitable land (particularly relevant in the
crop-growing seasan);

- topography - low lying areas may be subject to water-logging in
the wet season while high areas result in deep water levels;

- access for drilling equipment and pump maintenance teams.

In the Chad Formation and the transition zone where shallow =sediments
overlie the Basement Complex a field visit was considered adequste for
gsiting an aporopriate borehcle laocation, without the use cf
geaphvysics., Figure 15 shows the forms uszed to report the findings of
the field visit and tha drilling recommendation sent to KMARDA.

t
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KANO STATE AGRICULTURAL AND RURAL DEVELOPMENT AUTHORITY

RURAL WATER SUPPLIES PROJECT

ZONE:

REFERENCE NUMBER:
LOCAL GOVERNMENT AREA:
DISTRICT:

VILLAGE NAME:

MAP NUMBER:

GRID REFERENCE:

AlR PHOTO NUMBER:

EXISTING SITUATION:

POPULATION:

HYDROGEOLOGICAL ASSE3S!

ACCESS FOR DRILLING CON1

RECOMMENDATION:

DATE OF VISIT: -

gt

Ref. Nr: Full Name: Date:

Local Government Area:

Those Present: Who Meet With:
Access Road:

Settlement Pattern:

Geomorphology:

Background Questions:

Dead concrete?
Dead self dug?

Nr. of concrete wells:

Nr. of self dug wells:

Depth all same: Yes/Ne Hew many spans?

Taste all same: Yes/No Taste is?

Dry season yield all same: Yes/No Perennial/intermittent/dry?
Bottom material all same: Yes/No

Bottom material described as:

Are wells on oneside of the

settlement better than elsewhere? Yes/Ne Where?
Other Sources

Fetch from outside village Yes/No Where?
Previous investigation? Yes/No By whom?

Well Inspection
Chosen well is Public/Private/Concrete/Unlined/in use/almost dead/recently cleaned.

Chosen well has a dry season yield which is perennial/intermittent/dry?

SWL is m{from datum at )= m(G.L.)

Soil description:

REMARKS
OFFICE: Map Sheet Nr:

Air Photograph:
Approximate Grid Ref:
Population :

SKETCH OVER

Figure 16 Preliminary Site Investigation Report and Site Recomaendation

Form
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The more detailed site investigation oprocess in the Basement ares
involved tuwo stages. Firstly a2 study of available borehole records
from which a picture emerged showing that aquifers were often narrow,
discontinuous and more difficult to find than originally anticipated.
Secondly, interpretation of aerial photographs and remote sensing
imagery provided basic infarmation on the overall geomorphelogy at a
scrale of 13250 000, Features at the individual village level, houwever,
ctould not he distinguished. Full recent {1982) aerial photaography of
Kano State was available on a 1:250600 scale, and used as an aid to
village location, since access tracks, official buildings and even sone
individual compounds were visible and an evaluation toncerning the
distribution and acceptable size of the 1local population could be

made. However, stereoscopic interpretation showed little of the
structural features of the Basement Complex, since it was mostly
covered by regolith. In practice the interpreted fracture

intersections and lineaments rarely contained features that appeared
favourable when carefully examined by geophysics [in contrast to Case
Study 2]. The structural apalysis of the geology therefore played a
very limited role in the location of horehole sites.

The third step in the investigation process involved the combined use
of the electromagnetic traversing (EMT) method with vertical electrical
soundings (VES) with a Geonics EM 34 and an ABEM SAS 300 Terrameter
respectively. In areas with a thick weathered layer covering the
Basement the resistivity soundings provided enough information to
fefine a borehole site. This 1invelved up to ten soundings evenly
spaced oaver the area or specially located tao examine features
identified by the aerial photo interpretation. An acceptable site
should have a minimum saturated thickness of 10 metres, indicated by
resistivities of between 15 and 350¢ Ohm.m (depending on the elecfrical
conductivity of groundwater). A typical example is shown in Figure 17

for Tanagar, predicting 3 suitable water-bearing layer from & to 34

meters below ground level. The 3&m borehole drilied at the site and

screened from 22 to 32 mbgl had 2 specific capacity of 0.53 l/s/=.
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Figure 17 Example of a Resistivity sounding
Groundwater Survey (K) Ltd 1) Well Siting Guide



In areas with thin weathered layers and many roch .wops  a combined
resistivity and electromagnetic approach was cb which exploitad
the different ogperating tharacteristics of the ¢t =ruments. With
the EM 34 it 15 poscsible to either measure with - .is horizontally
and coplanar on the ground (vertical dipole} or :tanding on the
rim and coplanar (horizontal dipole!. The vert:: :3le measurement
has greater penetration depth than the horizontal .nd a comparison
of the two can determine which anomalies are .:d by deep-seated
conductors. Thus when the conductance reading cf vertical dipole
exceeds the horizontal reading, then the ma“ itribution to the
apparent conductivity derives from conductors dee; an about 40% of

the coil spacing.

The field procedure was 2s follows:

- The location and direction of the €M trav: iine was selected
based wupon community opreference, local ngy, groundwater
quality and other information from shallow w: «n the area,

-~ Loil spacing was selected, based on known - . to groundwater,
Where the depth to static water level is ' “han 153 m, 3 20 m
coil spacing was used, but where greater t3 m, the coil
spacing was 44 m.

- The distance between stations was usually . z:2n to be 20 a,
being sufficient to detect water-bearing zaon. i rarrowWw as 3 m,

- The traverses were carried out with the - -er ahead of the
transmitter, in order that the distance mets . Ine receiver can
be used to set out the correct spacings for ¢ raverse,

- At =very station two readings were taken. af the vertical
dipole thorizontal coils) and one of the hor! 1 dipole.

- The objective of the traverse was to ron for adequate
conductance at depth; this is normally indic. = :+ walues of the
vertical dipole being greater than those of :rizontal digole.
- When a feature was located, 1its centr ;31nt midway on a2
straight line betwezn the two coils was cars: / locvated to the
nearest 3 o or even 2.5 @ if the feature 2ry narrpow. This
centre point was marked and a2 short orthogeor iraverse was made
to locate the two dimensional centre point,

- Having located the two-dimenszional cen: :atnt, a VES was
carried out, either parallel to the main tra~ - - 1ine, or in case
of marked anisotropy parallel to the structur Frike.

- The VYES was extended until there were sut- oo odata to define
the rising limb on the apparent resis: curve., The
resistivity sounding was carried out to ches 22 suitahility of
the feature and te predict the thickness sy water-Bearing
layer and the depth to bedrock. The latter | important factor
in cost cantrol since drilled depths could b ~dicted to within

& metres.

This combined method is illustrated in Figure {8 + 2 Masava site,

A preliminary survev at Masava had shown the main ‘ament to be in a
problem areas several dug wells had ended in hs ok at 19 metres
depth., Granite outcraps cccur arcund the villay | six preliminary
YES had confirmed the poor prognosis, Subseguent ‘2 tM profile of
9530 metres long was made from the northern side o : village towards
the floodplain of the Dogwalo River, one kilometr izy, with a coeil
separatian of 20 meters and a staticn interval ia. A feature of
approximately 30m long was found, centered or :tion 48453, The
counding carried out at that location predicted ¥ © to bedrock with

Broundwater Servey {(¥) Lid 49 Well Siting Guide



the main preba

drilling a high yielding

weathered and p

skatch of the area and a sdnmary of
accaompanying first

in the
in Figure 19.

sement layer having
zane was found between 18 and
ink granite

the geophysical

a resistivity of 33 Oam.m. Upon
26 meters in
with a specific capacity of 0.13 l/s/m. A
results are given
two pages of the borehole completion record

MR EEEEEEEE T EEEEEEREEFEEEEREEEEE]
STANION mumBEn -
y—
J
I I I R R S R A N I N
STATICN bR
| 144
—— N G b S, vl B ey A& 0 Sl ke alimm, vartigal ey .{:_\!um

Sanng JOM Gied MARArwR, Mpriftea il Tapy

W Wm asd s yinen araon M e

VES xev MooEL
Layer Resisivity lonm m) Thicxnezs (m)
x forM o« \m ) 140 en
-] MMM« S 2 28 ?
+ lor v 4 10 3 EH b1
— MOdaled Gy . 4 - -
* AT yaed VLN 1D SrowNTINE Baaement 1 253Tm
- LA T TITTTH P TTTTIR
'E-- Station 48+5m -
=L ' .
2
* - g
=g N _
2
ot -
n Late data
& % rises at 45
10Q =

iIIﬁﬂ?

APPARENT

l

¥

-
o

.

1 111

(IEE NN

1

Fiqure 18

Braundwater Survey (K) Ltd

AR AR TN
_ 10 AB/2 [m) 100

Example of EM/RS data for Masaya, Nigeria

30

Well Siting Guide



3 s S —— oman .| )
| l nﬂnrur\l_l:l S Atol)
BOREHOLE| 2z3/011
BOREHOLE COMPLETION REPORT SUMMARY NUMBER |
Sheet three of fiv
F. =
e BOREHOLE COMPLE TION REPORT SUMMARY | BREEHREE | za/ou
-4C1. Co
- ti
f C2. Tof IShezt two of wd _ |
='_1]Cl. Dri KANO STATE AGRICULTURAL AND RURAL DEVELOPMENT AUTHORITY
o2 Existing wells RURAL WATER SUPPLIES
- o1 Wellnr. | WL(m) BOR BOREHOLE
- EH MPLETION REPORT SUMMARY Z23/011
% — iy 15 OLE €O REPO DR oL 3/
E 12 ISheet one of fivcl
R Contractor : Mitsui & Co. Lid, Consultant : Sir M.MacDonaid & Partners
52 CS. Ca Tokyo Cambridge.
n ';";m A.GENERAL DETAILS
+0. 87
19 8.5 B. TOPOGRAl Al Local Government Area_ BIRNIN KUDU
22.2 B1 Topography and | A2, Site MASAYA
- Undulating topogra A3 Location 5 km South of Birnin Kudu on tar road to Gwaram and Maiduguri
H . . N o ' ' [« 2Y-1) +
E:d’:'"c 8 Lit River Dogweloint} A4 Map sheet number— %5 AS  Grid reference” 29 30" F 117257007 N
Froon A6 Air photo number B1434-113 A7 Line number L4k
! 3. 3 A8 Settiement patfern_Sompact A9 Approximate population._ 939 -
m: R ' A Other water sources
I 0.2 No wells with water; most supplies come from t he River Dogwalo, 1 km to North
All. location plan
D4 :
§ 13.5 to Birnin Kudu 4 km -}
D)
—T—._ B2 Geophysics River Dogwalo
POt 6 vES in 1983 arou
107 Pe less than 17 m. E
) {mﬁ%_; edge of [lood plain
o from the main set t} .
1 14.¢ interval. 20mH m
[:— 24 ar siatl
% VES 7 on the cent r
e —
caq. The late data rise
Iny—— depth 1o geoelect ri.
- PUI0 - D " “ .
__T* VES 7 chosen as xhv“ To Gwaram, Maiduguri_ . N . .
HTR .
2 1L 0 05 1km
e Legend:
® Hand dug well e Geophysical sounding / traverse
- Road @ village ﬂ Rock outcrop
-—-- Track 4 Borehole % Sand dune
~~nn~ River | stream )
Figure 19 Site decscription bzcsed on gecphysical survey in Borehole
Completion Report for Masaya, Nigeria
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The overall success rate of this Rural Water Supplies Programme can be
seen in Table 7 belawu.

Table 7 Orilling results for the Rural Water Supplies Prograsse, Kano State
Number of Abandoned  Static Water  Mean Depth Sperific Capacity Success Rate
Geology Boreheles  Boreholes  Leyel {abgl! {abgl) {1/s/a) {4

Baseaent Complexs

#/ gecphysics 429 83 5.1 4 0,17 54.8
w/o geophysics 185 50 19.1 t 0.18 75.9
subtotal 514 113 16,2 42.3 0.17 81.2

Sediaentary Forsation:
w/o geophysics 306 3 21.4 48.9 .97 39.0

& No distinction between the depth of gecphysically sited and other boreholes was given in the Report

Qut of 1120 borehotes 429 were geophysically investigated using the
EM/RS method, while an additional 97 sites were rejected on geophysical
grounds. Geophysical siting methods were only used in the Basement
Complex. Houwever, as pointed out in Bex 4, the averall cuccess rate 1n
Basement could probably have been improved by applying geophysics for
all Basement sites, The data shows that the decision not to use
geophysics in the sedimentary formations was justified since the
success rate is nearly 10074,

Sox §
Success Increase

The difference of nearly 12% in success rates between
siting with and without geaphysics in the Hagement
Coapler scogests that geophvsical siting would have been
justified for all Baseaent horeholes. At $240 per aeter
of drilling and 185 boreholes of an average 42.3 meters
depth the present drilling caosts were § 1 878 120,

With a success rate of 84.8% with the use of geophysics
only 140 boreholes would have had to be drilled to get
the same nusber of 135 successful wells. The cavings in
drilling cost would then have aegunted te 183 - 160 = 25
holes » 42,3 meters » $240 = $253 800. Subtracting
siting costs of $500 per site, the total savings would
aspunt to $233 BOO -{160 & $400) = $157 800, which is
$1170 per successful well or a reduction of {1.31 on the
original drilling cost per borehole.
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4.4 Rural Water Supplies Development Project, Kenya?'®

In Hestern Kenya, KEFINCO, a joint venture of two Finnish engineering
firms in cooperation Wwith the Kenyan Hinistry of Water Development, has
been engaged since 1980 in a2 CHWS project oprimarily funded by Finnish
development aid. The secand phase, from 1983 - 19388, aims at the
construction of approxismately 1450 water supply points comprising 840
pratected springs, 730 hand~dug wells and 729 boreholes {the latter twe
equiped with handpumps). -
The provision of adequate and safe water supplies in the first place
invalves suggestions from the local community for sites for wells and
spring protection according te the local needs f{approximately 200
people per water point). A basic inventory of existing water resources
at the proposed site is carried oput by the Commupity Development Teanm,
On the basis of these +findings and in consultation with the local
population a decision is made whether to construct a spring protection,
a hand dug well or a borehole. [f springs prove inadequate or not
present in the area, dug wells are considered as the next option. The
community members make recommendaticons concerning the feasibility of
digging in 1light of their knowledge of local groundwater levels and
participate in the financing and construction of the wells. If little
information is available concerning the subsurface conditions a single-
channel Bison 1339 seismograph and hammer can be used to investigate a
limited area {(average of 3S0m profile) opperated by the well-digging
department, but wusually the case is handed over to the special seisnmic
survey team to investigate the area for the location of a machine-
drilled borehole. Selection of an appropriate location for the seisaic
soundings is mainly based on the availability of a relatively flat
ptece of land near the target community. Aerial photographs are not
analysed and no hydrogeological fieldwork is carried out,

The seismic refraction method, using an fpbem Trio 12 <channel
seismograph, is wused for locating deeplv weathered zones and fractures
in the predominantly Hasement rocks as the most opromising sites for
boreholes in the project. FKoutinely each seizmic profile is 2¢0m long,
invaelving two spreads of 109m with a geophone spacing of 10 metzrs, and
two profiles are made at each investigation site. For one spread one

or two near shots, located between geophones 1 - 2 and 11 - 12, and tuo
far shots t00m from the near shots zlong the profile are used. The
shock waves are generated by explosives. The fielduwork routine is

carried out by =2 crew of about 4 to 8 unskilled {but experienced!
workers supervised by several proiect-trained technicians. E&ach has an
appointed task and one 200m profile can be completed within | - 2
hours., The photographic prints of the data {sse example in Figure 29)
are sent to the head office for interpretation, while the profiles are
marked in the field with wooden or bamboo stakes and on a field sketch,

The 104m seiemic spread gives information concerrning the overburden to
a maximum depth of 70 melters. Where the overburden is less than 40m
thick the above described shot and geophone configuration makes it
possible te «calculate the rock velocities and laver thicknesses at
pvery geophone location  {this is a distinct advantage over a
resistivity sounding which provides only information on one location,
i.e. the array center, for each sounding), A small computer, plotter
and uncompiicated software make the interpretation of the field records

g simple matter. The interpreftation ic based on a simplified thres-
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layer geological model comprising a low-velocity, dry weathered zone,
an intermediate-velocity, saturated weathered/fractured zone and a
high-velocity, fresh-rock base layer. The velocities of the seisaic
pulses vary according to the density of the layer and the presence or
absence of groundwater. A simple ‘graphical/mathematical analysis of
the arrival times of the sgeismic pulses at the various geophone
locations allows the layer velocities ta be calculated??, Data
acquisitien and processing 1s fully carried out by & project-trained
team, but data interpretation is done by a Finnish geophysicist in the
project office,
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Figure 20 Two sample seismograms

Figure 21 shows the results of a 100m spread at Sega locality. Hetween
geophones & ~ 7 and 10 = 11 reduced velocities were observed and
interpreted as & fractured zones in the bedrock. Drilling 1n between
geophones 6 and 7 resulted in a high capacity artesian well,

This case also illustrates very well the major advantage of the seismic
retraction wmethod over the resistivity method, 1in that a complete
profile of the subsurface is obtained, showing the layering under each
geaphone position, With a resistivity sounding at the same location
only the position of the layers near the center of the spread would be
knowri, and it would be impossible to pinpoint the fractured zone.

Interpreting the seismic profily depicted in Figure 22 the geophysiciat
reported that the racording did not gqive any evidence of a water~
bearing zone at the Kalalami Primary School. Since water wag urgently
neaded drilling proceedad at the location on the profile where the
overburden was the thickest, but resulted in a dry barehale.
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Table 8 gives an overview of the overall drilling results achieved by
the project from 1983 - 1985 and compares the seismically selected
sites with the non-seismic sites,

Table B Borehale characteristics sited with and without Seissic Refraction

Total no. Mo, dry Success  Mean depth  Mean depth Mean  Specific capacity (#)
at b/h dry b/h  rate {%) goad b/h dry brh 3.4.L. {l/s/=)
Seology 5 NS 5 M S NS § NS S WS § WS S N/5

Baserent 07 23 25 4 89.0 8.8 512 432 9.0 743 0.1 Q.7 106 (B9} 150 {9)
Volcanicsts 88 7 18 2 7.5 7.4 G948 58,6 761 67,5 20.6 25,5 125 (14) 219 (1)
Sediaments 79 14 4 1 94,9 93.7 31,0 531 833 100 140 1.0 236 (43) 186 (1D

Total &&x 374 4 47 7 87.4 848 5.9 491 65.9 74,3 13,2 13,0 136 (146) 173 (29)

S: With seissic investigations  N/S: Without seismic investigations  b/h: borehole
t {sasple size)  ## including dolerite dykes  ##% excluding boreholes abandoned for technical reasons

While the Table shows that well siting with the seismic refraction
method is very successful (average 87.4% drilling success ratel), it is
noteworthy that without seismics drilling is on average B84.8%
successful (only 2,6%L less than with siting)., The questiaon arises
whether under such circumstances it is really necessary to wuse
geophysical metheds at all, since the small decrease in drilling costs
due to the higher success rate does not cover the costs of the
investigation cost per well {(see Box 5).

II Box 5

Brilling versus Siting Cost

With a basic drilling cost of $40 per aeter and an average
well depth of 50 aeters (little distinction between sited
and non-sited borehples), the drilling cost per ceisaically
investigated well amount to;

Ca = $40 x 50 / 0.874 = $2288

For a borehole drilled without a seisaic survey the costs

are:
Case = $40 v 508 7 0,848 = $2358

The difference is only #70, not enough to cover the
anproxisately $400 cost of seismic investigations per site
{which includes transport, equipsent write-off, explosives,
local and expatriate salaries and overheads). In 1987
seismic surveys were used for all new borshole sites with a
success rate of ?0.1 percent. The increase of 5.3 1 over
non-seissic sites is however stiil inadequate for a cost-
effective justification of geophysics:

Lo =440 ¢ 30 / 0,901 = $2220

This seans that boreholes drilled on the basis of a seismic
survey are more expensive than bhoreholes without.
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It could be argued that the nearness in success rates with and without
geismic survey is an indication of the correct distinction between the
need far just a bydrogeoclogicsl survey and an additional seismic
survey., However, the absence of a detailed hydrogeslogical study and
the relatively random {i.e. logistical) approach to the location of the
seismi¢ surveys suggests that the «comparative advantage provided by
spismice is in this case only marginzl, The decision to use geophysics
was primarily based on the results of a pilot study carried out at the
start ot the official project which showed a much better comparative
advantage of seismic surveystS, Given the fact that the regian
receives a substantial amount of rainfall (for most of the project area
more than 1300mm per year}), a 1000mm maximum annual vrainfall liait
could probabily be applied as a rule-of-thumb below which the
application of geophysical investigation techniques would be useful.

While it is clear that under these particular circumstances the need
for the application of seismic investigation techniques is doubtful,
this case illustrates very well the simplicity, good resolution and
speed of fieldwork,
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Appendix 13 Aquifer Types and Properties

i.1 Unconsolidated Sediments

frigin and Composition

Unconsolidated sediments can be roughly divided into three groups according to the szethod af
trsnsportion prior to deposition:  Alluvius, transported by water;  colluviua, transported by
gravity; and eolian deposits, transported by wind, The force of aoving water erodes the bed and
sides of the gully thraugh which water flows, especially where water velacities are high, and moves
the erosional debris downsireas. When the transport capacity of the river is superseded, excess
raterial is deposited by the river; the heaviest eaterial, i.e. sand and gravel is deposited first
within the channel; the lightest i.e., clay and silt, further downstreaa on the flood plains. The
greatest erosion and transportation of sedisents takes place under flond conditions., High water
velorities and great water voluses result in an increase in both the size and voluse of materials
that can be transported. When a steep river valley suddenly widens, as at the foot of a sountain
range, the speed of the water suddenly detreases and auch of the sedisent load is deposited in a
typical cone or fan shape, called alluvial fans; these are usually excellent aquifers, Flaodplains
are alse cosson alluvial landforas whirch occur in the lower (downstrear) reaches of rivers and larger
streass, Depasition of sedisents occurs on the inside of the bends as sand-bars: erasion occurs an
the outside of bhends. Abandoned aseanders {oxhow Rakes) sloaly silt up with very fine grained
saterial, The caarze materials of the stream beds and sand bars are post favourable as aguifers,
with high nateral porosities, Forzer streas channels often fora elaborate systeas belom the surface
of 2 prezent floodplain, and can yield substantial amounts of potabie water, Colluvium is the rase
given to ercsional material, such as rockfalls, landslides and other debris froa mountain and hill
slopes, aainly transported to the place of depesition by gravity, Mater, but also teaperature,
gravity, vegetation, tectonic and chemical factors break down the original parent material into looese
particles which subsequently roll down and accumulate as scree or talus slopes at the foot of hills,
mountains or escarpaments, The atneralcgical coaspositicn of colluvius depends on the parent rock
material. Dunes are coszen wind-borne (eolian) deposits which accuaulate along seashores and in
deseris, and are aainly coaposed of quariz sands of coarse testure and gocd perseability,

Hydranlic Properties

The porosity of alluviua is usually very high, ranging cosaonly froa 25 to 53 ¥ and depends on the
type, sorting, and packing ot the constituent materials. Nen-clayey river deposits are usvally well
rounded, with high porosities and good peraeability. Where such deposits are aived with clav the
porasity and perseability is sharply reduced. The specific yield of unconsolidated sediaents is
generally higher than that of other aaterial. Colluviua usually has high porosity and is very
peraeable, resulting in high potential infiltratien rates. Given the relatively large size of the
particles cospared with alluvius, littie water is retained az soil mpisture and aopst percolates to
the groundwater. Wind-barne sand particles are well sorted with porosities between 33 and 40 1.
Peraeability is al=o good, provided that little cementation has taken place,

Recharge

Recharge to alluvial deposits is often substantial due to the permanent or interpittent #low of
nearby streamss or rivers, whers cignificant asounts of water percolate into the river banks and bed.
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The grounduater flow also tends to foliow the topography and accusulate in alluvial sediaents in
valleys. Direct recharge to buried river channels may be less significant due to overlying clays and
silts, Deposits at the foot of hills and sountains often benefit from steep catchaent areas from
which mast water runs off and infiltrates into the colluvium at the foot of the slope. The yield of
such aquifers can be substantial, in particular if underlain by an isperaeable base, and sprirgs aay
occur an the down-slope side of the colluvial depasits. The availability of fresh qroundwater in
eclian deposits will depend on the aacunt of rainfall the area receives {minimal in desert regionsl,
the depth to the groundwater table, and avaporation, Coastal stresas aay also be a source of
recharge to $resh groundwater bodies telow the dunes, Significant groundwater bodies in arid regions
nay be due to infiltration under previsus, 2ore husid clisatic conditions.

Nater Quality

The poor biclpgical quality of river water is often a major reasun for seeking alternative water
saurces froa groundwater. Yhere the distance froa a river to a well constructed in the river bank is
swall and the permeshility good, groundwater guality will be siwilar to that of the river. However,
sand has a good filtration capacity, so locating a well at soae distance from the river channel can
effect natural filtration of the groundwater, Biclagical contasination from husan and animal sources
is a significant danger in most wunconsolidated envircnaents, since the groundwater table is often
near to the surface. W®ith a shaliow groundwater tfable and [little recharge, evaporation say cause
significant salinization of the groundwater. Groundwater abstractian froa coastal dunes presents a
particular challenge in waintaining adequate quality, since the fresh water floats on saline
ceawater, Well construction and abstraction rates need ta be carefully regulated to avoid upconing
of saline water with the subseguent deterioration of water quality.

Broundwater Investigation

Unconsolidated sediaents can generally be identified relatively easily on aerial photos and in the
field, Due ta their law topographic position aquifers are often near to the surface in soft
material, where test drilling is easily and cheaply carried out by hand. In arid areas lines of
denser vegetation are indicative of near-surtace groundwater in dry riverbeds. When hand-drilling
equipsent is available, geophysics are generally not necessary. However, in cosplicated floodplain
areas or with alluvial fans geophysical profiling sethods help establish the extent of the alluvial
deposits and the location of buried river channels. Seisaic and resistivity techniques are useful
{but aore turdensese in their application) where quantitative inforaation is sought concerning the
thickness of unconsolidated zedisents and the topography of underlying forsations,

1.2 Consolidated Sedisents

Origin and Composition

Consolidated sedisentary rocks are foraed from saterial eroded fros pre-existing rocks, transported
and deposited elsewhere, which over tiae and with the pressure of overlying layers have been hardened
into consolidated rocks. Sandstones and limestones are important as aguifers.  Sandstone, as the
name indicates, is a consnlidated product of sediaented sands. The sedisents were laid down in beds
which vary in thickness from a fes centimeters to many aeters. Exiended sandstone beds are most
coasonly of sarine origin. The original layering is often disturbed by tectonic activity, folding
and fracturing it, Lisestone and Dolomite have a high calcive and aagnesium carbonate content and
are nostly forsed by chemical or biochemical processes in a wars fresh water or aarine environsent.
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Hydraulic Properties

The porosity of the various types of sandstome ranges from a high 30 X to a low 1 X . This is a
function of sorting, grain shape, packing, and the dagree of cementation. The last factor is the
sost important, as it not only cesents the individeal particles teqether but also reduces the
parasity by filling the pores. Cezenfation aay be caused by clay sinerals present in the original
deposits. Silica or carbonate cesent aay be present in the connate porewater, or be introduced as
precipitates by circulating groundwater originating froa elseshere.  Secondary parosity,
i.e. fissures and solution cavities,  account for sometises excellent aguifer characteristics i
significantly develaped by tectonic activity or weathering. The main feature which aakes groundwater
abstraction #from limestone attractive is the developsment of secondary porosity through fissuring
{mostly along bedding planes) and dissolution (karstification). When groundwater, which is
undersaturated with Cal0y, cozes in contact with lisestone, it will dissolve the rock until
equilibrius is reached, The aore groundwater flowing through joints and bedding planes, the stronger
the dissolving action. This can eventually result in large caverns and underground channels in the
limestone, suitable for high capacity groundwater abstraction., In huaid tropical regions, limestones
say weather very rapidly because of the increased acidity derived froa the rapid decay af averlying
vegetation,

Recharge

Recharge by fresh water is essential to replace the connate saline water of sarine sedisents. where
adequate rainfall and percolation occurs for has occurred in the past), a significant body of fresh
water may be found floating on the fossil saline water in 2 similar aanner to that described for
fresh-water lenses in dunes, Recharge to a lisestone aquifer depends on the infiltration capacity of
the surface soils. However, in the case of karst terrain, surface depressions {sinkholes) say
concentrate recharge along joints and fractures. The flow of such water will be strongly controlled
by the joints and fracture systeas, with little recharge to primsary pores.

Water Duality

The chemical quality of groundwater in sedisentary rocks can vary fros highly concentrated brines to
fresh water with less than 100 ppa of total dissolved selids (TDS). Selution of lisestone results in
"hardness' of water, but acceptabie levels are relatively high (WHD: 300 ppa). A aore severe probles
can occur where limestone is esposed at the surface with a highly developed network of joints and
fractures: recharge will be rapid and surface pollution can be a sajor hazard which spreads rapidly
and is difficult to contral.

Sroundwater Investigation

Typically, cedinentary rocks are layered as a result of the deposition process. This lavering
{stratification or bedding) is oftem recognizable on aerial photographs and on the ground, as
surtessive lavers with different characteristics. Sandstone, usually hard and resisting erosion,
will form ridges in the terrain, while interbedded shale is softer and erodes aore easily. Jointing
perpendicular to the bedding planes when well developed may also be visible. The absence of drainage
channels is a comsen featurs and indicates high rainwater infiltration. Identification of a
sandstone layer through geophysical methods is possibie when it is thick enpugh, Strong jointing can
be identified with EN or seismic equipnent, while the presence of water and the presence of and
distinction between fresh and saline water cam usually be identified with resistivity soundings.
Saall confining layers of shale at considerable depth, however, are often undistinguishable with ali
setheds except test drilling. With strong jointing and tectonic activity, such beds can becosze
permeable. When not saturated with saline water, sandstene is highly suited to groundwater
development, Easy to recognize in the ¢ield and on aerial photographs is a karstified lisestone
terrain with its sany roughly circular sinkholes. Drainage will mostly be through sinkholes with few
surface streams present, Non-karstified limestone and doloaite are more gifficult to identify and
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geological fieldwork will be necessary. Geophysical recognition w»ill be based on contrasting
characteristics with other forsations. The resistivity aethod will be the most useful in
distinguishing the depth and extent of such contrasting foraations, EM and WLF profiling methods are
of limited use, except when fracture zones or major water-bearing cavities are present.

1.3 Volcanics
firigin and Coaposition

Volcanic rocks are assoriated with a nuzher of geological phencsena. Most obvious is the asseciation
with volcanoes. Lava flows and ash layers can cover large areas, depending on aagea coaposition and
nature of the eruption, often in a typically radial sanner. A second type, perhaps not as easily
recagnizable, evalves fraa the extrusion of aagea along fissures, often resulting in very thick
plateau hasalts, so-called because of their relatively flat appearance and their cozposition, being
fine-grained {sosetizes glassy) igneous, basic rock, A third type somewhat siailar to the plateau
basalt consists of dykes and sills. These are bodies of sagsa which penetrate fissures and bedding
planes (the #irst primarily vertical, the secand sore horizental), but do not flow out at the
surface, Crystallization results in asediua-grained dolerite; therefore dykes and sills are not
classified as velcanic, but as intrusive rocks.

Hydraulic Properties:

Volcanic rocks have a wide range of hydraulic properties depending on the sethod of formation,
coaposition and to socae degree, age, The porosity of unfractured volcanic rock can vary froa less
than { ¥ in dense basalt to wore then 85 ¥ in puaice (rock with large, but not interconnected
openings due to trapped volcanic gassesl. Dykes and sills usually have less than 5 Y perosity.
However, although porosities may be relatively high the perseability, which is most isportant to
groundwater flow, is aainly a function of secondary structures. HBost iaportant of these are joints
which have developed due to cooling and subsequent shrinkage of the lava, lava tubes (which passed,
but did not fill up with lava), fractures caused by aoveaent in partly-solidified lava flows and
voids left in hetween successive lava flows, Weathering say also increase porosity and peraeability.
Uf specific isportance are buried soils {alsec known as "old land surfaces’) where significant
weathering occurred between successive Yava #lows. Often these buried soils becose routes for
preferential groundwater flow, but it is also possible that through the foraation of clay layers the
overlying volcanic rock is the more peraeable of the two and perched groundwater flow occurs above
such buried soils., In thick tectonized volcanic sequences, significant faulting can causze high
vertical peraeability, whith can lead to wvery deep groundwater levels often beyond the reach of
handpusps.  Howewer, in nost cases horizontal permeshility is significantly larger than vertical
seragability and a series of confined aquifers is forsed. Thus, even when the water struck level is
tar below the reach of handpusp sbstraction, high pressure heads can reduce the depth ta static water
level by aore than 50 L . In pany volcanic envirensents this has resulted in artesian wells {free-
tlowing water at ground level). Decesposed volcanic ash layers are likely to form confining layers
as their perseability is lisited and dykes and sills oftem act as groundwater harriers, The
solidified aagma f{delerite) itself is often very dense and isperneable, but in the process of
intruding can alter the surrounding rock, saking it zore liable to fracturing and desp weathering ir
the contact zone, and thus foraing a potential aguifer,

Recharge

The aaount of recharge in volcanic areas depends prissrily on the climatic regime. The size of the
surplus in rainfall over the soil water deficit can roughly indicate the likelihood of significant
recharge. Topographic features may alse contribute to recharge as high volcanoes are likely to
attract sore rain than the plains and up-slope infiltratien inta the various lava flows can suppert a
significant asount of groundwater flom down-dip. Flat features such as plateau basalts and dyke
outcreps in arid plains will have such less recharge and depend mostly on the infiltration of laocal
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rainfall aleng fractures and faults, unless significant surface water is present which can percolate
dawn to the groundwater table.

Nater fQuality

In high rainfall areas water fros volcanic rocks is usually of good chemical quality., Near hot
springs and in the aore arid regians, where there is less fresh water recharge, groundwater tends to
be asore aineralized due to its age and the dizcolution of volcanic rock, High fluoride
concentrations are quite often a particular problea. Shallow groundwater levels and high evaperation
rates or sea water penetraticn in coastal envirorzents may lead to salt water contamination. Where
the volcanic rock is very peraeable biolegical pallution is possible in areas of dense population and
animal cencentrations. However, groundwater in the volranics is  found usually quite deep and thick
overlying layers of tuff ({volcanic ash) and soil will prove to be an adequate barrier to such
contaminaticn of deeper aguifers. '

Broundwater Investigation

The sost iaportant eleaent in well siting in volcanic areas is to be able to reconstruct the
geoaorphological history of the area as an aid to detersining the approxiaate thicknesses,
toaposition and ages of the various lava flows, the position of the palec-topography (ancient
valleys, lakes, drainage patterns, etc.) and buried soils. As velcanic features are usually
relatively large, aany of thea will have been previously studied from a geological point of view and
tollecting existing maps and reports may provide a substantial amount of the needed inforaation,
requiring only field correlation at the project site. Satellite imagery, but especiaily aerial
photography of a suitable large scale f{e.g. 1:12500) will pravide a good overview of the often
cosplex volcanic sequences, Geophysical investigation techniques are of lisited use in areas of aany
successive lava flows., The resclution af an aquifer zope between individual lava flows is often
insignificant and, for resistivit; acasuresents depends largely on the depth, thickness and contrast
of interbedded buried soils. If the 1latter are too thin they may not show up on the seasuresent,
even though it might function a5 an adequate aguifer. Seissic refraction measuresents will also have
great difficulty in picking up such ‘hidden layers’, due to a reverse in the energy velocity
sequence, Profiling sethods, such as EM and VLF, can be very useful to locate lateral anomalies such
as dykes or fracture zones, but are almost useless with a cosplex of lava flows.

1.4 Basesent Complex
firigin and Coaposition

Rasesent Shield or Baseaent Consplex is the nase given to areas where hard rock (basically igneocus and
netancrphicl of Precasbrian age is exposed at the surface or covered with a very thin layer of
sedisents. “In situ’ weathering at the surface means that the Basesent is usually covered by a layer
of unconsolidated material, the regolith, and broken rock. In terss of water-bearing layers, aguifers
in a basesent area can be divided into two toaponents which eay be present together or independently
of each other, the weathered layer and the fissured and jointed zone in the fresh rock. Faulting due
to tectosic activity say resslt in a third aguifer type in which groundwater flow is primarily
restricted to the deep and narrow fracture zones in the fresh rock asseciated with such faulting.

Hydraulic Properties
The regolith consists of fine-grained and clavey material rcharacterized by high porosity and low
permeability, The highest groundwater potential in the weathered lever will be where the depth to

bedrock is greatest and the deepest penetration of the regolith cam be achieved. The joints and
fractures which fora the onset of the weathering process in the fresh rock may give rise to zones of
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high perseability, but usually with limited storage, However, {for handpusp abstraction, tiny
tissures are coften enough to provide 2 constant supply of water. Especially when such a fractured
bedrock laver 15 overlain by csaturated regolith, adequate =torage will be provided for larger
gbstractions. Faults are usually narrow, elongated and fore deep fracture zones in the fresh rock,
which are tharacterized by high perseabilities and wepore subetantial cstorage. Shallow subsurface
depressions in the bedrock may suffer froe high evaperation rates through capiilary action, leaving
tittle and poor oualily grouncwater for ahetraction. Clay layere in the westhered zome may lead to
tgeri-jronfined conditions in which the water level is raised abeve the initial water struck level.
14 the water tzble ic relatively shellow ($20m bgdd, wide diaseter hand-dug welle may be & good
pption $or low pereeability regolith, especially where eachine drilling is expencive and the yield of
hand drilling, due to the seall diaseter, too low's,

Recharge

Recharope of the regolith will be Jisited by the socil soisture deficit, which will bind sost of the
intiltrating water to the top seil lavers. Direct infiltration through the larger peres and
terontarv openinge end where the fracture zone ic connected to curface owtcrops, will provide sore
cignificent recharoe. hs the subsurface bedrock topography does not necessarilv follow the surface
topooraphy, rainfall tatcheent zresc should not be assused indicative of Jocal recharge,

¥ater Quality

The quality of groundweter depends basically on two factpre: the speed of recherge and  the nearpess
tc the ground surface. When recharge is little and water stays in the ground for z long tise,
sineral cissolution of the surrounding rock particles can significantly alter the chemical
cosposition of groundwater. Iron may achieve undesirably high concentrations in many baserent
aress, Excescive levels of fluoride, sulphete and setale are prisarily a function pf the parent rock
chesistrv, Another source of quality deterioration may ster frox high evaporation rates of near-
curfate groundwster. Evaporites fors at and near the surface which during rainfall »ill be discolved
and infiltrated in the lower groundwater, causing increased salinity. This should be expected
especially in the sore arid regions, Pollution cauced by people and anikal waste is also @ distinct
possibility where welle are located near population centres and animal watering places, especially
where groundwater levele are shallow.

Brounduater Investigation

Curface inforsation does usually not account for the variability of subcurface conditions in basewent
areas. The az2jor excepticn is in the case of faulting, where lineations may be visible on satellite
tsagery, aerial pholeorzphy and in the field, Dependinp on the hardness of the regolith, hang
drilling will probably be the cheapest and anst coeprebersive sethod of identifying aguifers of the
firet type, sitvated in the deepest sections of the weathered material. But it will not be presible
to penetrate the more compact fractured zone. Pueping tests carried out in the hand drilled holes
tan then be wsed to celrulaste maxisue yield.

Becphyeiral investigation eethodse have proven to be very effective in discerninp the two features of
eoct interest to the loration of sdequate gquantities of groundwater: deep valieys in the subsurface
bedrock and deep fcub-dvertire] faultlines and -asscriated fracture zemec, The herizontal fracture
2ore on  the boundary between regolith and fresh rock is, because of its relative thinness, less
eazily cetected. Bualitative prodiling eethods such az EMy VIF, and  (thouoh wmore cusbersose)
Recictivity are very useful in pin-pointing lateral changes in the svbsurface which are caused by
undulating bedrock end faultlines. However, they are lese usetu) in detersining, for example, the
depth of such @nomalies. For such quantitative data seieeic refraction or resictivity soundings have
to be used. These Jast two eethode take wore time thar the profiling sethods, but give & better
indication of whether water ic prezent and at what depth it say be encountered.
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en G hysical 1 itin e iques

2.1 Electrical Resistivity Soundings

When carrying out & resistivity sounding, also called vertical electrical sounding (VESY, an
electrical current (1) is passed into the ground through two astal stakes, the current electrodes.
Subsurface variations in electrical corductivity detersinge the pattern of current flow in the graund
and thus the distribution of electrical potential. A measure of this is obtained in teras of tha
voltage drop  {dV) between a second pair of aetal stakes, the potential electredes. The ratic (d¥/1)
provides a direct sessureaent of the ground resistance and froa this, and the elecirods spacing, the
apparent resistivity of the ground can he calculated (see Figqure 231,
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Figure 23 Schesatic diagram of 2 Resistivity Sounding

A ceries of aeasurasents aade with an expanding array of current electrades provides inforestion an
the vertical variation in resistivity. The aeascred apparent resistivity curves versus current
electrode half-separation yields a layersd earth madel cosposed of individual layers of specific
thickness and resistivity. Interpretation of the scunding graph is based upon the convolutiasn asthod
of Ghesh, 3 sathematical curve-fitting oracedurs.  Without additional data far cerreiation it can
easily lead to a f#itting solution that does not quite correspond to reality. The layered earth zcdel
is actually very such a sisplification of the sany different layers which asay be preseat. Ths

various equivalent soluticns which can be generated by the ccaputer should therefore be carefully
analyzed.
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2.7 Seisaic Refraction

The Seiseic Refraction aethod consists of aeasuring {at known points along the surface of the ground)
the travel tises of coepressional waves generated by an ispulsive energy source. The energy source is
usually a saail explosive charge, or a weight dropping devize. The energy pulse is detected,
saplified and recorded by special equipaent, The signals are picked up by detectors at the ground
surface, called gecphones. Fros the detectors the signals are transaitted along multi-conducter
cables to a recording instrument, or seisaggraph.  The instant of explosion ar “zerc-time’ is
recorded on the sase record which contains the other arriving pulses. The raw data therefore
tonsists of travel tises and distances and this bise-distance inforration is then sanipulated to
convert it into the format of velocity variations with depth.

Seismic Refraction is one of the sethods suited to low-cost groundwater investigation prajects at
medius to large scale, since the aethod is rapid and provides a cosprehensive asount of inforaatien
of the project area at a reasanable cost. One or more sites can be investigated per day, providing
relisble information on the types of underlying rock and their depth below the surface, as well as on
the likely accurrence of groundwater.

V. = 363 Km/sec {2 PATH QF RAY REFRACTED
1 ALONG V) -vaCONTACT

Figure 24 Schematic diagram of Seissic Refraction Method
Traveltimes for the various paths are: t, = 0,500 sec; ta = 0.430
secy ty = 0.388 sec. {Zohdy, 1974)

The refraction methed sakes use of cospressional waves travelling along the ground surface and the
ones returning to ground surface after being refracted by underlying acre cospact layers with the
higher velocities, Close to the point where the epergy is released the ground surface waves are the
first to arrive at the geophones. At a certain distance depending on the depth to the first
refractor, waves following longer but faster paths in the subsurfsce lavers overtake the surface
waves, The time it takes for the refracted waves to travel from the ispact point to the geophones,
where they are recorded as first arrivals, is a function of the layer velorities and depths below

surface.

By positioning the gecphones in line with various shot points a continwous profile say be cbtained
over a large area. A second aeasureaent line perpendicular te the first can give a three-disensicral
subsurface picture of the site, It is iaportant that the site be relatively flat.

A small prograssable calculator or portable cosputer can be carried in the field te cbtain fast
interpretations. As with the resistivity aethod, the seasuresent locations should be detersined by a
hydrogeologist, while rareful data evaluation should be carried out by a geophysicist-cue-
hydrogealogist.
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2.3 Electromagnetic sethod {(EX)

Electromagnetic techniques measure the apparent conductivity of the sub-surface. A pagnetic tield is
produced by passing an alternating current through a transaitter coil an the ground surface. This
primary field qenerates an electric current in the ground, the strength of which depends on the
conductivity af the sub-surface. The strength of the induced secondary field is ameasured by a
receiver coil at a fixed distance., Since no direct contact with the ground surface is necessary,
peasurenents can be made rapidly and are not haspered by bad contacts in dry surface layers. [t is
often utilised as an initial recosnaissance tool, giving & quick ispression of suhsurface
ronductivities. [t can alsa be used to accurately locate specific ancmalies, such as faultzd zones,
dykes or burizg channels,

Electrosagnetic measuresents are usually carried out along profile lines, thus obtaining a cross-
sectian through a certain area. DOepth of penetratian belaw graund surface depends on the freguency
of the transmitted current, surface layer conductivity, coil position and the separation between the
coils. With aost equipment used penetration is coasonly in the order of 10 ta 50 seters.

# qualitative interpretation of the seasureaents is obtained by mapping the positions of the recorded
ancealies on the survey lires, and the chserved values of the conductivity of such features. Soae
knowledge of the local hydrogenlogy is necessary to identify the nature of the ancealies. Siasple
interpratatians for two or three-layered sodels can calculated by hand or with cosputer software, but
the reliability of such aodels depends largely upon available correlation data; for exaaple, from
borehole logs or seisaic or resistivity soundings.

Two people are required to operate the system; aone person at the transeitter and one at the
receiver. The operators require little background knowledge and experience and can be trained on the

- job. The location and direction of the survey lines should be decided by a hydrogeologist, who
should alse interpret the data.

The tise required for aeasuring a traverse depends on the nusber of readings which are taken at each
station along the profile, Usually several kiloseters a day can be aeasured. This is sere than
adequate for one or even two potential borehole sites.

The electromagnetic survey methed is a quick aethod of obtaining a qualitative iapression of a
retatively large area. It is fool-proof and sisple to operate in the field, and because it does not
require electrical contact with the ground, it can be applied in any place where profiling aith the
plectrical vresictivity =ethod does not work  properly. Although its quantitative interpretation
rapacities are liaited, the method is suitable for locating narrow conductive zones such as faults or
contact zones, whith are potential aquifers in any geclogical environaent, EM can also be used to
establish changes in the thickness of the regolith above baseeent areas.

2.4 Very Low Frequency EN

The VLF {Very Low Fregueacy) eethod of investigation is based on the sase principles as the
electronagretic sethod, but consists only of a seall light-weight receiving instruaent. The signals
of strong YLF (10 - 30 kHz) radio trancaitters induce locally wesk secondary electrosagnetic fieids
in conductive structures below the earth’'s surface. The YLF receiver aeasures the secondary field
strength and phase shitt near the conductive zome in the underground. In spite of its name, the
frequency of the signal is auch higher than conventional EM technigques. This iaplies that auch less
penetration is achieved, especially where conductive layers are present at ground surface, At least
two transsitters, in different directions, should cover the praoject area. A local YLF station aay
also be used. The depth of penetration for the YLF aethod depends on the sigeal streagth, which
depends an the pawer of transaitter and the distance to it, and the strength of the reaction by the
ronductor. It is usually of the order of § to 30 metres depth. Some manufacturers alss provide 2
small portable field YLF iransaitter, to be stationed in the survey area.
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The VLF aethod of groundwater investigation is based on the profiling technique. Survey lines are
walked (the instrusent can be carried by one person), preferably perpendicular to the main terrain
trends or suspected strike of the geological structures. At regular intervals (e.g. 3 or 10 aeters)
a reading is taken and the result writlen down or automatically recorded by the instruaent. The

-pperator should have soee insight into the structural features of the terrain, unless the survey

lines are predetersmined or based on preliminary studies, Several kilomelres can be surveyed daily
and on-the-job ‘training 1s easy. Interpretation should be carried out by a hydrogeologist with
knowledge of the local geclogy.

A gqualitative interpretation of the aeasuresents can be obtained by plotting the observed values
along profiles or on a aap. The position and the strike of anosalies thus beccae apparent. Knowledge
of the local hydrogeology is necessary to identify the nature of the anomalies. # basic quantitative
interpretation of the anomaly (depth to conductive :one and its conductivity) can be obtained through
a cosparison of the intensity of the anomaly with the readings for the non-anosalous terrain. Gome
instruments have ap in-built interpretation capacity. 6Graphs for calculation by hand, and cosputer
software are also available. Reliability of interpretation is increased when calibrated with other
quantitative data.

At present there is still zose uncertainty concerning whether the signals produced by the sain VLF
stations sufficiently cover all parts of Africa in adequate strenqth to allew this method to be used
in every country on the continent. In the past results with groundwater surveys in West Africa have
not been encouraging. Also tests in East Atrica with the new generation of YLF equipaent {ABEM
Wadi), recently entered into the market, have been disappointing,

2.5 Gravisetry

The Bravisetric sethod is based on seasuresents of the gravitational field at various locations over
an area of interest. The objective in exploration work is to associate variations with differences
in the distribution of densities and hence of rock types and structural features, faced on the
seasurements, gravity contour lines are drawn to give an impression of qualitative lateral variations
in subsurface density of a project area,

The seasuresents are carried out with a graviaeter, a highly sensitive spring balance which weighs a
seall internal sass suspended from a spring. The points of measuresents are usually predetersined
along survey lines, a grid, or according to topographic features. The measuresent points need to be
levelled, or the elevation deterained on the basis of detailed ({and accurate) topographical saps
{e.q. 1:5009). The spacing between the aeasuresents depends on the size of the project area and the
level of detail required. Each measureaent takes appraxisately 5 to 10 ainutes. Every one or two
hours a reading sust be taken at a base station to calibrate the zero value,

flualitative interpretation of the reduced readings is basically a aatter of analysis in the light of
suspected differences in rock densities and the variable thicknesses of contrasting rock forsatices.
This requires a good knowledge of the local geslogy. Alse a cosparison with cther gecphysical sethods
nay assist in the evaluation. Gravity data may weil be used to extrapolate depth inforaation
obtained by seisaic or resistivity soundings. A quantitative analysis is, hawever, only possible
with adeguate quantitative information for calibration, such as depths to rock interfaces and
densities of rock types.

Field operation needs very precise adjusteents of screws, careful reading of the seasured values and
patience. The variations in observations are very samall and the range of erroneous readings can
easily invalidate the data, When correct operation is aastered, a geophysicist is only required for
the initial lavout of the survey and interpretation of the aeasured values. The chservation stations
need to be levelled to cnapensate for topographical variations. The methed can provide usetful
geolagical background inforaation for large projects, but is not suitable for well siting by itself.
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2,6 Hagnetasetry

Hagnelosetry involves aeasuresents of the direction and gradient or intensity of the earth’'s magnetic
field. Magnetic surveys can be made on the land surface, fros the air or from a ship. Measursaents
are gade of either the relative or absolute intemsity of the magnetic field. The intencity of the
neasured field depends on the location of the ohservation point with reference ta the variable
sagnetic field of the earth and on the Jocal or regional concentration of magnetic smaterizl in the
subsur face. Magnetomatry is aost useful with basaltic volcanics and in Baseaent areas because the
ignecus and metamorphic rocks contain a larger proportion of magnetic sinerals than sost sedisentary
fornations iexcepting certain magnetic gravels and sandsi, and can therefore be used to eap aquifers
in Basalls and above fresh bedrock in Basesent areas. Quantitative interpretation i3 often
aghiguous, but a general lateral qualitative interpretation sisilar to a gravisetric survey and
resulting in a sagnetic contour map can help locate lateral anopsalies, revealing differences in rock
types accarding to their nmagnetic preperties. Field work is relatively sieple and fast, but o he
significant far individual well siting a dense networ% of aeasuresents is needed and in practice EM
sethods are often preferred as earth rconductivity is easier ip interpret than earth sagnetics and
because EM is far superior in sedizentary environments.  Magnetometric surveys have been appliad
successfully in several African countries fe.q. REA, liambabwe, Zasbia, Botswana and Tanzania) ta
locate water-bearing zones associated with intrusives {dolerite dykes) in Basezent rock.

2.7 Seisaic Reflection

By far the most coamon sethod appiied in oil exploration is the Seisaic Reflection Methed. Based on
the observation of the propagation of cospressional waves through the underground, it provides
detziled inforsation on lavering and structure, With the developsent of high resclution digital
recording equipsent it has only recently becose suitable for shallow depth studies and as such has
becose a potential tool for groundwater exploration. The aethod is bazed on the measuresent of the
elapsed time froe the iapact of an explosion at the surface to the arrival of the energy pulse back
to geophones at the earth's surface, The signal is reflected at every laver boundary which has
sufficient acoustic contrast. By recording the arrival tiges of the primary reflections the depth of
the reflectors can he detersined and thus the geological structure and stratigraghy inferred, The
fieldwork and instrumentation utilized for shallow reflection is sore or less siailar to that used in
seismic refraction surveys, although digital recording equipsent is required. Processing of data is
highly specialised work for which powerful coaputers and erpensive software are needed. The amount
of detail provided zakes this aethed, which is still in the devslopaent phase for shallow expleration
purposes, potenkially a prosising tool for groundwater investigations,

2.8 Transient Electrosagnetics

Another sethed which might, in the near future, become a uzeful tool for groundwater investigations
is the transient electronagnetic sethod (TEN), also called the tise-dosain EM (TDER) techniqua.
Unlike the eore commonlv uced frequency-domain EM sethod described above, the TEN can be used to
carry out guantitative depth soundings much like resistivity soundings, escept that there is no need
to change the distance between the trapsaitter and receiver coils to achieve deeper penetration, TEM
is more sepsitive to conductive zones than the resistivity method, thus has less probleas with
suppression of small conductive layers at depth. GSoae probless still limit the application of the
TEN aethod to relatively shallow groundwater investigations, For eraaple, resolution at very shallow
depths, egquivalent interpretation alternatives similar to resistivity interpretations, lisited
development and distribution of interpretation routines and the rather expensive equipaent.
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2.9 Airbarne Beophysics

The application of Airborne Geophysics in groundwater exploration is siailar in principle to the use
of surface gegphysics. It utilizes geophysical methads which do nat require contact with the ground
surface. The most coamonly used methods are electrosagnetics and aagnetopetry, but VLF, gravisetric,
radionetric, and even radar aeasuresents can be applied. Carrying out such abservations frea the air
allows relatively large areas to be surveyed quickly. The data thus ohtained are suitable priaarily
for qualitative interpretation of lateral variations in the conductivity, magnetic field streagth, or
whatever variable has been recorded. Froa siaultanecus sulti-channel AEM {Rirborne EM) recordings, a
{lisited} quantitative interpretation is pessible. Depending on the reselution required a survey is
useally flown in parallel lines of 0.5 to 2 ka distance fros each other. The airborne survey is
generally preceded by an initial geological inventory of the ares to select the required reselution
and pinpoint areas of specific interest. The airborne data recording is followed by data processing,
interpretation and integration with the existing geclogical knowledge of the project area. High-
potential areas ran be selected for ground follow-up with surface hydrogeoicgical and geophysical
investigations and drilling operations. Airborne geophysics gives a coaprehensive regional
pvervies.

For airborne geophysics {including data interpretation) costs are in the range of $100 - $500 per
line-kiloaetre and depends on the tatal length of the required flight lines. It usually covers areas
upwards of several thousand square kilpwetres. Only very large scale rural water supply prograsaes
justify this type of groundwater reconnaissance.

2.10 Dowsing

*Finding sources of water has long been considered a subtle art. Forked sticks called
divining rods have been used since ancient times to detect the presence of water. (...} The
divining rod will probably retain its ancient appeal. With regard to aysticisa and
romance, it's definitely mere alluring than the scientific sethed. Prizewise, there’s no
way to beat a forked stick, and the diviner can apnounte his findings clearly right on the
spot with amystical conviction." {A aanufacturer of geophysical instrusents)

Scientists have long been skeptical of dowsing (also known as divining, water witching, or the
biophysical methed). Many consider it ts be nothing acre than self-deceptien, resulting froa
autosuggestion, some relegate it to the reala of the parancresl, but others believe it is a loa-cost
and ofter highly successful aethad to locate potential well sites. One racent report in the latter
tategory, concerning a rura} water-supply project in Sri Lanka'?”, claimes that it was the gost
effective method (near 100 I success rate) of locating well sites in teras of:

general location of pussible well cites

pin-pointing the site with accuracy of down to 10 ca

detailing specifications on the width of aguifers

pin-pointing intersecting peints of aquifers

detersination of flow direction of underground water

establishing the depth ot the static watsr level at points where twe or aore
aguifers interzected

¥ deteraination of the expected yield of water

£ general information on the water quality {salt centent etc.)

information on the geclogical profile ta provide 3 guideline for the drilling
Irem,

W M o o ow oTh
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There are sose grounds for a scientific sxplanation of the dowsing sethod. Just as sany animals have
a sense of magnetica to help thes ta navigate in the absence of other clues le.g. homing pigeons,
bees and whales), the husan body aay also have ultra-sensitive sensors of this kind, Magnetic (or
other earth-potential) ano2alies, caused by conductors inp the subsurface, amay trigger a suscle
reflex, which is accentuated in a sisple sovesent of any isplement held lightly in the dowsers hand.
If dowsing is treated as a prafiling aethod, the results will prisarily indicate subsurface anosalies
and additional data will be needed to confirs the exact nature of the anoaaly,

# nuaber of dowsers claim, however, that they can predict the groundwater level, quality, and the
potential yield, but there seess to be little scientific evidence that these claias can be
substantiated.  Reports of rontrolled esperiments into the actual application of the dowsing aethad,
while occasionally showing substantial successes, as in the exaaple amentioned above, have also
indicated expensive failures, suggesting that some dowsers are less successful than they would like
tn believe,
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Appendix 3: Well Construction and Completion

The Iargest single cost item in  a handpusp-based community water supply (CWS) prograsse is alaast
invariably the well construction. The correct choice of construction aethod can have a considerable
impact on overall caosts and thus on the nuaber of water points which can be provided within budget
liaitaticns.

The main well construction options which are available are hand-dug or sachine-dug wells, and hand-
drilled or sachine-drilled boreholes. Hand digging and drilling is almost inevitably cheaper than
sachine construction, but also more liaited in application because aanpower is used, A brief
description af these aetheds is given below, along #ith some coaments on  the hydrogeological
significance of proper well completion,

3.1 Hand Drilling

One of the sisplest and cheapest aethods for site investigation is by drilling saall test boreholes
with hand augers in the imaediate surroundings of a proposed well site. The equicaent is
uncesplicated and its operation easy to saster. The hand drilling sethod is only fessible where the
subsurface is soft enough to be penetrated by hand augers. The depth to which a hand drill can go is
very lisited in ccaparison to sachine drilling, approxisately in the range of 10 to 13 2etres belo
the surface. Unconfined aguifers and shaliow confined aquifers in alluvius, hill-side debris, and
weathered surface aaterial in different geological envirocnaents may be investigated with hand
drills. With hand drilling the potential borehole site is investigated aleng conventianal
hvdrogeological lines, by taking sasples of the subsurface layers at selected intervals and testing
the characteristics of any groundwater which is encountered. Depending on  the suitability cf the
area for hand drilling, this investigation aethod should be cenducted as an eleaent of the hydro-
geelogical investigation stage. I+ ‘the gathered data provides ciear evidenrre of sufficient
groundeater gquantity and of adeguate quality, the geophysical investigation stage =av be caitted.
Successful testholss can be resaed into production holes sithout the aeed for sachine drilling.

3.2 Hand and Machine Digging

Hand-dug wells are relatively shallow to sedium depth, wide-diaseter (30.75 a) wells which continue
to be relevant to CHS projects because their construction generally requires only siaple tools and
unskilled tabour. Another advantage over boreholes is, that because of the wide diaszeter the wells
have a2 large storage and can therefore be dug successfully in aquifers of poor persmeshility, Pusping
is basically done fros the water stored incide the well and not directly froa the aguifer as with the
seall-diameter boreholes which have little well storage. In loose material the wells are generally
lined with concrete rings tc prevent caving in of the sides, Mechanized digging equipment can also
be used, for example tractor-mounted back haes and pnousatic chizels.  Below the water fadle in
conditions of excessive recharge dewatering pumps may be needed to rescve the water during digging.
Because dug wells are often cheaper than sachine-drilled wells the amount of aoney which can be spent
on well siting-is 21so less, Only uhen econcaies of scale can be achieved, when a larger number of
wells need to be dug, is the use of the mare expensive gecphysical technigues justified. In #ost
situations, however, near-surface aquifers suitable for well digging are known to the local
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populaticn, while additional information can often be obtained through manual test drilling as
illustrated in Figure 5 in the sain text,

3.3 HNachine Drilling

A range of drilling equipaent and services is usually available in asost countries, froa the $1000 set
of hand drilling equipaent to a $500 000 aukti-purpose rotary rig. Sose prajects cperate their cun
rig, while others find it sore cost-effective and less cusbersese to engage the services of local or
international contracters. Selection of drilling equipment should be closely tied to the anticigated
geoloyical conditions of the project area, such as rock type (especizlly hardness) and expected
drilling depths. In addition, care should be taken to ensure that the cperational requiresents of
the eguipment are suited to available skills and support services.

Table 9 Comparison of different drilling techniques ({Arlosoroff et al., 1987)

Hand digaing Hand drilling Percussiap Small Rotary  Larqe Rotary
fpprox Capital Cost $1000  $1000-$5000 $20000-$100000 $100000-$230000 > $250600
Runaing Cost ) very lo; very low low vedius very high
Bperating Skills very low very low zediua high very high
Repair 3kills very law law aediue high very high
Back-up Support very low low pedium high very high
Approx Fenetration 3.1 - Z.0e { - 15a { - t5n 20 - 1003 20 - 10m
Rate per Bhr Day
200aatt Hole to 15a in - fast fast very facte very fasts

nconsolidated Rock

200mat% Hole to 50a in - slow & difficult fairly fast  very fasts very fast#
Unconsolidated Rack

200aa%s Hole to 50a in - iapossible fairly $ast very fast# very fasté
Seai-consolidated Rock

10083 Hole to S0a in - igpossible very slow very fasté very fasts

Consolidated Raock

#anstrained by logistical support  #¥100ae finished well atter screening and gravel packing

Brilling rigs tan be classified under percussion and rotary rigs. Percussion rigs have been used for
aany decades in water well drilling and have a relatively siaple design which has changed little over
the years. They are durable and easy to cervice, require only minimally trained operators and are
effective in both hardrock {(Basement and wolcanics) and unconsolidated sedisents. They are less
suitable for semi-consolidated clayey sediments. Rotary rigs are sore toaplex and use basicaily twe
dritling sethods: aud-flush drilling and coapressed air down-the-hole hamser (DTH}. Mud drilling
requires a aud puap to circulate the sud down the hole amd bring up the rock chippings to the
surface, while JTH requires a powerful air cospressor to drive the hasser and hlow the rock chips out
of the hole. The DTH technique is excellent for hard rock, but less suitable for unconsolidated and
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teai-consolidated materials, while sud drilling is very useful and fast in lesc hard rock. The size
af the rotary rigs deterzines basically their possible depth and diaseter of drilling. For WS
projects in bhard rock areas the saaller aulti-purpose rotary rigs {zuch as the Dando 220 are usually
sore thas adequate. Table % gives a bhasic overview of the various drilling technigues and
requireaents in different geological enviromaents, Inevitably, this table gives a rather sizplitied
classificatien. Everyona fasiliar with drilling will realize that 2 large variatien is possible and
depends on local geglogical conditions, techsical expartise available and even the availability of
spare parts {which depends quita often on foreiga currency regulations).

3.4 Well Completion

A well site investigation increases the chance of obtaining a good yielding well at the least
pxpense.  This is not aonly achieved by careful selection of the drilling location. Other factors
such as the »ell construction determine whether an sffective abstraction of groundwater and increased
well life is possible.

During drilling a careful record of the various geological forsations which are encouatered at
various depths nust be kept, as well as a record of the depths at which matar is encountered in the
hole. In unconsolidated and semi-consolidated rocks the installation of casing and screens prevents
the hole from caving in. The screens allow the water froa the foreation to enter the horshole shere
the pusp is located and should be installed at the correct depth, i.e. exactly opposite the water-
bearing layers, to facilitate the greatest passible inflow of groundwater. [n cases where aguiter
positions are difficult to ascertain fros the driller’s Jogbook (e.g. where aud drilling is used),
several down-the-hale geophysical logging zethods can be applied which can pinpoint aquifer depth and
thickness,

In most cases, even in fractured zones in bedrock, it is advisable to install casing and screens and
around the screen a gravel pack; the latter to aveid the influx of small particles into the well
bore. Such particles carried by the infloning water can silt up a well, and severely shorten the
pusp’'s life through abrasion. Screens, and a proper gravel pack, follawed by well developaent
virtually solves the siltaticn probles. # gravel pack is an artificial filter made of nell-sorted
gravel ar sand particles between the screen and the water-bearing foraation which acts as a barrier
to fines in the forsation. Wel) development involves over-puaping, surging and jetting of water or
air in the well bore. This agitates the gravel pack and surrounding water-bearing foraation into 2
stable position, increasing the porosity, permeability and hydraulic radius, and ¢lushes out all
particles smaller than the screen slot openings. Abave and below the gravel pack an iaperseable seal
of clay or cesent chould be installed to avoid infiltration of contasinated water froa the surface or
fros less-suitable aguifers,

A final iaportant step in the construction of the well is the execution of a proper puaping test,
Test pusping orovides infarsation on the specific yield of a well and the drawdown of the water level
in the well at specific abstraction rates. Depending on the discharge which can be achieved with the
test, a decision can be szade as to the type of pump to be installed, the depth of the intake
{cylinder) and its capacity.
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Appendix 4: Selected Literature _

4.1 Hydrogeclogy
Davis 5 N and R J M DeNiest, 1966, Hydrogeclogy. New York: John Wiley & Sons, Inc. 463 pp.
General handbook on hydrogeolagy, with chapters on groundwater gquality, hydraulics,

exploration and groundwater in ditferent hydrogeological environsents. Not specificaily
oriented towards the tropics.

Freeze R A and J A Cherry, 1979, Groundwater. Prentice-Hall Inc, Englewsods Clifés, New Jersey 07432,
504 pp. '

e

Coaprehensive treatsent on hydrogeology giving a broad interdisciplinary coverage of groundwater
principles, Specific attention is given to groundwater chesistry and contasination probleas,

Heij 6 J and C R Meinardi, 1984(7}, A Broundwater Prizer. Technical Paper No. 21. Rijswijk NL:
IRC, 119 pp.

A basic introduction to the principies of occurrence and aovesent of groundwater and well
hydraulics, Oriented towards CWS prajects. Part of a series of hydrogeology related
papers. International Reference Centre for Cossunity ¥ater Supply and Sanitation, PO Box
33190, 2509 AD The Hague, the Netherlands.

Larsson 1 et al., 19B4. Ground Water in Hard Rocks, Project 8.6 of the International Hydrological
Prograsse. Paris: UNESCO. 228 pp.

Coaprehensive and detailed treatsent of the hydrogeology of hard rock areas. Includes
treataent of rescte sensing and geophysical techniques and is particularly oriented towerds
water developzent in the Third World,  UMESCO, 7, Place de Fontenoy, 73700 Paris, France.

¥alling D €, 5 5 B Foster and P Murzel, 1984, Challenges in African Hydrology and dater Respurces
{Proceedings of the Harare Syaposiua, July 1984). Wallingford: [AHS Press, Institute of Hydrology.

Compilation of case studies concerning wel) siting and other aspects of CHS projects in

Africa. International Association of Hydrologiral Sriences, Institute of Hydrolegy,
Wallingford, Oxon 0X10 38B, UK,
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4.2 Resote Sensing

Breenbaua D, 1983. Review of Remote Sensing Applications to Groundwater Exploration in Basesent and
Regolith. MNottingham: British Geological Survey. 36 pp.

Based nn applications in tropical Bacesent areas. Part of a series of papers on Basesent
hydrogealegy. British Bealagical Survey, Nicker Hill, Keyworth, Nettinghas NGi2 368, UK.

Lillesand T N and T W Kiefer, 1979, Reacte Sensing and Iaage Interpretation. New York:s John Wiley
k Sons. 412 pp.

Standard textbook on Resote Sensing. Includes a helpful treatsent on the interpretation of
aerial photographs in different geological environaents, but is not specifically oriented
towards the tropics.

4.3 Geophysics

Carruthers R M, 1985. Review of Seophysical Technigues for Sroundwater Exploration in Crystalliae
Baseaent Terrain. Report RGRG 83/3. MNottingham: British Geological Survey. 30 pp.

Cosprehensive overview of most vommon geophysical exploration technigues. Primarily based
on applications in tropical Basesent areas. British Geological Survey, Nicker Hill,
Xeyworth, Nottingham NG12 566, UK.

Telford W M et al., 1976. fApplied Geophvsics. Casbridge: Casbridge University Press. 780pp.

Detaiied theoretic treatsent of aost geophysical exploration techniques.

Iohdy A A R, 6 P Eaton, D R Mabey, 1974, Ppplication of Surface Seophvsics to Bround-Water
Investigations, Washington: US Departsent of the Interior, Geolagical Survey. 114 pp.

Practical and cosprehensive treatment of the Resistivity, Seisaic Refraction, Gravity and
Magnetic techniques with soae case studies, Priearily based on the North American
situation. U5 Bovernaent Printing 0¢fice, Washington OC, 20402, USA,

4.4 Well Construction

Blankwaardt B, 1984. Hand Drilled Wells. A Manual on Siting, Design, Construction and Naintenance.
Dar es Salaaa: Rwegarulila Water Resources Institute. 132 pp.

Detailed sanual on the siting and construction of hand-drilled wells for low-cost water
developeent, based on a CNS project in Tanzania, TOOL Foundation, Entrepotdok &8A/47A,
1018 AD Pasterdaa, the Netherlands.
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DHY, 1978. Ghallaw Wells. dsersfoort NL: OHY Consulting Engireers. 190 pp.
Detailed sanual on the. siting and construction of hand-dug wells especially for low-cost

water developaent, baced on a (H5 project in Tamzania,
DHY, PO Bex B85, 3840 AB Amersfoort, the Metherlands,

Oriscoli F 8, 1985, Groundwaler and Wells (2nd edition}. St Paul USA: Johnson Division. 1039 pp.

The well-known Johncon handbook on drilling and water wells, Eshaustively reviced 2nd editions,
describing all machine drilling sethods, andern well censtruction, develepaent and coapletison,
Includes basic information on hydrogesioogy ard geophysics., Jobnson Division, 5t Paul, Minnesola
35112, USA.

4,5 Test Pusping

Krusesan § P and N A de Ridder, 1970. Analysis and Evaluation of Puspina Test Data (3d editioni.
Wageningen NL: ILRI. 200 pp.

Standard reference book on pumping tests, International Institute tor Land Reclaaation
and {mproveaent, Mageningen, the Mether{ands,

4,6 Mater Quality

¥HO, 1984.  Guidelines for UDrinpking-Mater BQuajity fVoluses 1 & 2},  Benevas Horld Health
Oroanization,

Recomaended values for water quality deterainatien, inforsation on the selection aof
suitable water sources and sxplanation of the criteria for constituents in water, - ¥4
Publications, Geneva, Switzerland.

4,7 Handpuaps

Arlosoroff §, et al., 1987. Copaunity ¥ater Supply. The Handpusp Option. Washington DC: The dorld
Bank., 202 pp.

Rationalization of the use of handpumps in CHS projects and a detailed review of 205t of
the available handpuap types based on laboratory and field tests. Publication Sales Unit,
The ¥orld Bank, Washington DC 20433, USA.

4.8 Managesent

Grover B, 1983, Water Supply and Sanitation Project Preparation Handbook. Technical Pager No 12 (3
volumes). - Wazhington DC: The Morld Bank.

Manual on the preparation and sanagement of water supply projects in Third World countries
accarding to World Bank criteria, including several case studies.
Publication Sales Unit, The World Bank, Washington DC 20433, USA.
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