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Summary

A cosprehensive inventory of the application of hydrogenlogical
and geophysical investigation techniques for low-cost community
water supply (CWS) oprojects has been undertaken by Groundwater
Survey (Kenya) Ltd, comaissioned by the UNDP/World Bank Rural
Water Supply Handpuaps Project. '

The objective of this study on well siting techniques is to
provide information on the use and cost of various investigation
methods. It presents an overview of methods, field procedures and
costs, and evaluates the cost-effectiveness of well siting in
light of well construction results.

fuestionnaires were sent out in early 1987 to 150 governmental and
non-governmental organizations, as well as to consultants involved
in CWS oprojects, mainly in Sub-Saharan Africa, and to manufact-
urers of geophysical equipment worldwide. First-hand information
has been acguired of nearly 40 CWNS handpump projects, while
additional projects were studied through project reports and cther
relevant literature.

Analysis of the data reveals that proper well siting can signif-
icantly increase drilling success rates. Systematic groundwater
investigations are successful particularly in Basement Coaplex
areas, with drilling success rate increases of between 10 and 40
percent using hydrogeclogical data inventory, aerial photo inter-
pretation, hydrogeological fieldwork and geophysical methods. The
data for veolcanic and sedimentary areas is less conclusive,
although significant improvements in the drilling of productive
wells are reported. Hydrogeological reconnaissance was applied in
most CWS projects, geophysical surveys in 76% , sostly resistivity
profiling and soundings, and to a lesser extent alsoc EM and VLF
profiling. Seismic refraction surveys have been applied in only a
few projects, The combination of a profiling technique with the
resistivity sounding sethod has proven to be a powerful and cost-
effective well-siting tonl.

The cost of geophysics ranges for the studied projects from US $50
to $3000 with an average of %610 per site. The cost of a site
investigation generally amounts to approximately 10 percent of the
borehole drilling cost, It is found that the expense for well
siting is justified in wmany cases, as the amount of 'dry’' wells
are reduced by wmore than 10X, In unconsolidated areas test
grilling by hand is a cost-effective alternative method of
investigation.

Given the enormous need for adeguate and clean water supplies in
the rural areas of the developing world, the challenge remains to
take systematic hydrogeological and geophysical well siting out of
the almost exclusive preserve of pverseas consultants and to spend
more enerqgy and finances on the training of local hydrogeologists
and geophysicists.

This Final Report {Volume I) 1is accompanied by a 'Well Siting
Buide’ (Volume II) which gives a comprehensive overview of
systematic well site investigations for low-cost water supplies,
based on the lessons drawn from this Study.

Sroundwater Survey (Kenya) Ltd i Inventory of Well Siting Methods
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1__Introduction

1.1 Background to the Study

The Community Water Supply for Low-Income Communities, previously
designated as the Rural Water Supply Handpumps Proiect, of the UNDP and
World Bank seeks to promote the reliability and cost reduction of rural
and urban-fringe point-source water supply systems in order to achieve
& wide-scale coverage. Buch systems must be affordable to the great
majority of the rural populations in order tec achieve the required
giffusion of improved water supplies. Groundwater wells with handpuaps
have proven to be among the most realistic options to meet this
objective and are therefore an important component pof the Community
Water Supply Project. '

One of the issues that has come up for further study concerns the
application of hydrogeological and geophysical investigation technigues
for the siting of drilled and dug wells, 1In addition to management and
maintenance problems, deficiencies in community water supply programmes
{CWS) often are caused by inapprupriate location and design of the
wells., According to one source: “Despite the huge investments being
made in project implementation, it is common to find that no one in
project management has significant training in hydrogeology, despite
its obvious application in groundwater respurce development” (Brey et
al., 1983).

In order to better understand the need for and use of hydrogeological
input in the siting and construction phase of wells, the World Bank
commissioned Groundwater Survey {Kenya) Ltd. in Nairpbi in Januwary 1987
to carry out a comprehensive study of well siting methods currently in
use and to prepare a handy reference booklet for all those involved in
rural water supply programmes (see section 1.4).

1.2 0Objectives

The aim of the study is to undertake a coaprehensive inventory of the
experience obtained by a large number of rural water supply programmes
with the application of hydrogeological and geophysical investigation
techniques for the siting of drilled and dug wells. Thie |is
supplemented by information gathered on the current state-of-the-art
techniques and available equipment for mwell site investigations through
a review of available project reports, publications and papers, as well
ac through an inventory of geophysical equipment.

The inventory is intended to give a general overview of the most common
site investigation techniques and the circumstancesg under which these
are applied. It provides the background for an analysis and discussion

Eroundwater Survey {Kenya} Ltd 3 Inventory of Well Siting Methods



pf the wider suitability of hydrogeological and gqeophysical
investigation techniques in rural water supply programmes in a variety
pf hydrogeological environments, Given the financial constraints of
most water development projects and the need for a wide-spread
diffusion of improved water supplies, 2 number of bhasic guestions have
been formulated which need to be answered:

- Are hydrogeological and geophysical investigations really
needed for site location?

- If so, which methods are most suitablie under the given
circumstances?

- How much field investigation is needed per well?

- What are the costs?

- What skills and eguipment are required?

The central guecstion is:

- Iz  the application of hydrogeolonical and ogeophysical site
investigation techniques justified through a higher success rate
of dug and drilled wells,

1.3 Approach
The study involved the following activities:
- A comprehensive inventorvy and review of available literature.

- Assessment of experience with well siting obtained in programmes
carried put in the region at present or completed in the recent
past. To this end comprehensive questionnaires were prepared and
sent out to current projects.

- Field visits to CWS programmes being undertaken in Kenva at the
present time,

- A comprehensive study and evaluation of available eguipment, its
cost, suitability and technical specifications.

- Evaluation and reporting of the results in this draft final
report, which after review is to be published as a Technical Note
of the Project.

Three difterent guestionnaires were prepared (liected in Appendix 2) and
were sent out to:

- those directly involved in the technical execution of well siting,
primarily non-aavernment consultancy firms and specialized
government departments (questionnaire No. 1)

- bi-lateral, multi-lateral, and non-~governmental organizations
involved in sponsoring and sometimes execution of CHS projects
{questionnaire no,! and guestionnaire No. 2};

- suppliers and manufacturers of geophysical eguipment
{questiaonnaire Ne, 3).

Groundwater Survev {Kenya) Ltd ) Inventory of Mell Siting Methods



The data collected from the completed and returned questionnaires
concerning the various water supply projects has been tabulated and
listed in the Appendices and is analyzed in Chapter 2. Information on
geophvsical egquipment obtained +from suppliers and manufacturers of
specialized eguipment is presented in Chapter 3. Selected literature
en the wuse of the most common well-siting techniques is reviewed in
Chapter 4. <Chapter 5 discusses the gathered data in light of the
questione posed above and draws conclusions about the applicability and
validity of experiences to well siting in general.

{.4 Well Siting Buide

Based on the results of this study, an accompanying ‘Well Siting Guide’
has been produced, introducing and raticonalizing the use of well siting
techniques for planners and managers of rural water supply programmes.
The Buide presents & systematic approach to well siting which involves
a detailed description of the various levels of investigation and
suitable methods. [t discusses the suitability of the various possible
methods in the context of several case studies taken +from the
respondents to the questionnaires described above, Specific attention
is given to determining the +financial feasibility of applying the
various levels of investigation against the potential benefits. Basic
hydrogeological and geophysical principles and terminology are
explained in the appendices of the Guide. Prior knowledge of these
techniques is not assumed.

froundwater Survey (Kenya) Lid 7 Inventory of Well Siting Methods



2.1 Response

# total of 147 letters with attached guestionnaires have been sent out
te . consultante, government and non-government agencies, and
manufacturers and suppliers of geophysical equipment. Most of this was
sent out in Februarv 1987 with a few additional inguiries sent in the
sonths following.

Initial response to the letters and questionnaires was slow, with only
29 replies having been received by the middle of May (987, [t was
theretore decided to send out a number of letters to remind key
agencies of the study’'s interest in their experiences in the field of
well siting., By the end of May 49 form-letter reminders were sent out,
while additional individual reminders have been since that date., In a
number of instances questionnaires had been forwarded to third parties
by the addressees and when this was indicated an individual reguest for
completion and return of the relevant gquestionnaire was sent. Several
follow-up letters were alsg sent to request clarification of
particulars of the returned guestionnaires, but it soon became apparent
that a number of questions were liable to multiple interpretation and
short of sending out @ new batch of questionnaires or explanatory
notes, which was not considered feasible, this could not be corrected.
Table { below gives an overview of the ¢total response. The camplete

-

list of respondents is given in Appendix 3.

Table { Response to well siting guestionnaires
Type Sent  Reainders Replies Conpleted fuest.

Pos Neg Tot N/R MNo. 1 2 3

Consultants &7 33 23 11 3 3 L

Organizations 53 ) 13 10 23 14 &

Suppliers & 27 4 15 i 6 4 9
Manufacturers

Total 147 60 51 2 N n 8 7 9

N/R - No Reply

Nearly 50 percent of those that received a guestionnaire have responded
of whom 35 percent favourably. Most returned one or more completed
questionnaires and/or sent along specific project documentation,

Broundwater Survey {Kenyal Ltd

Inventory of Well Siting Methpds



Questionnaire Ne 1

Most of the 6B completed No. | guestionnaires directly concern rural
water supplies with handpump abstraction. The No. | questionnaires can
be subdivided as follows:

- 40 guestionnaires concern rural water supplies with wmanual
abstraction {(moztly handpumps); thizs includes 2 overlaps, i.e. 2
times 2 questionnaires describe the same project; and 2 guestion-~
naires concerning projects which at the time of the reply had not
yet started with the siting process, describing expectations
rather than findings.

- ! gquestionnaire which does not ciearly indicate what kind of
project it is (but for convenience cake is include in the above
categorvyl.

- 7 guestionnaires concern primarily general groundwater assessment
studies; the provision of rural water supplies is only indirectly
involved, when test boreholes are equiped to become productive
boreholes.

- 1% questionnaires concern primarily projects with high-vielding
wells for urban piped-water supplies; They include 1 overlap and 3
guestieonnaires which describe separate areas within the same
project, without any distinction in siting method, which are
treated as one,

- 5 guestionnaires concern geophysical applications for engineering
purpeses, i.e. a dam site and groundwater corrocivity studies.

The last category is not intluded for analysis in this study, neither
are the two project descriptions basegd on expectations. The
overlapping gquestionnaires has been used to complement each other.
This leaves 56 projects for study, divided into three categories:

i. Well siting for low-cost rural water supplies (37)
2. General groundwater assessment studies (7}
3. Well siting for high-vielding wells (12)

The first category will receive most attention in light of the terms of
reference of this study, but as relevant information can also be
obtained from the other categories, these are also discussed. The
projects are listed in Table 2, alphabeticaily according to the country
in which they are located. For the first category, which falls
completely within Africa, this is subdivided into three main regions in
order to highlight possible trends and differences between the regions.

To aveid 2 continupus repetition of long project names, these projects
will further be referred to by the number that is given in Table 2.

Broundwater Survey (Kenya) Ltd 9 Inventory of Well Siting Methods



Table 2 Questionnaire No. | project categories, nases and regions

Broundwater Survey (Kenya) Lid

10

Inventory of Well Siting Methods

PN COUNTRY PROJECT NAME REGION
l NEST AFRICA CATEBORY 1
{ BENIN Sth EDF Project
i BENIN Village Hydraulics ftlantique, South Iou
l 3 BURKINA FAS0  Hydrauligue Villageoise - Conseil de |'Entente Oubritenga, Burkina, Passore
4 BURKINA FASD Hydraulique Villagecise dans 1 ORD Sahel Djibo, Aribinda, Sebba
3 BURKINA FASD Projet d'Hydraulique Villageoise Kassi, Mou-Houn, Sourou
. & HAL] Sroundwater Brilling
7 MALI Praojet LERD Hydraul. Villageaise et Pastorale Kayes, Yelimane, Niord, Nara
B NIGER Prograsme 1000 Forages linder, Maradi, Liptake
9 RIGER Sahel-Saudi Progranse Iinder
10 NIGERIA Kaduna State Water Supply Programse Rigachikun, Zaria, Paspequwa
1 NIGERIA ARDP - Rural Water Sucplies Kano
l 12 NIBER]A New Capital Shallow Nells
13 SIERRA LEONE Nasser- und Sanitarversorgung o Pujehun
14 S1ERRA LEONE Wasser~ und Sanitarversorgqung Bo Pujehun
- 13 1060 Village Water Supply Project Savanne Plateau
EAST AFRICA
16 ETHIORIA Rural Water Supply _ Several
{7 ETHIOPLA Rural Water Supply Southern Region
i8 KENYA borehole Drilling Programme Heru, Igeabe Division
19 KENYA Beraan Assisted Settlement Gcheae - HMSS Lasu District
' 20 KENYA Berman Assisted Settlement Schese - LKSS Lamu District
il KENYA Ken{a-Finland Rural Water Development Project Western and Nyanza Provinces
2 KENYA Mutomo Soil and Mater Copservation Project Kitui District, Sputhern Div
23 KENYA flural Dosestic Nater Supply & San. Progr. N;anza
24 KENYA Nater for Bfrica - Water for People Marcabit and Sasburu Districts
25 TANZANIA Impiesentation of ater Master Plans Irinﬁa, Ruvusa, Mbeva
; 26 TANZANIA Rural Water Supgll‘Prnject twara, Lindi
27 TANIANIA Water Supply and Sanitation Developaent Rukwa, Kigoma
8 UGANDA Eaergency Rural Water Supgly Project Luwero Triangle
2 LGANDA New Borehole Drilling Prograsse Soroti
SOUTHERN AFRICA
30 MADABASCAR flisentation en Eau dans le Sud Southern Frovince
3 HALANI Rural Water Suppig Project Central Region, Dowa District
' 32 MALAN] Livulezi Rural Water up;l;ly Project Lentral Reaion Ntcheu District
I3 MOZAMBIBUE Rural Water Supp I Cabo Delgado Province
34 11MBABKE Buhera Water Supg y Buhera, Manicaland
33 11MBABNE Int. Rural Water Supply & San. Project Manicaland
36 1 IMBABNE Machonaland Crash Prograsae Nashonaland
n 1 INBABNE Drought Relief Programee Victoria Province
CATEGORY 2 o
38 CANEROUN Groundwater Exploratory Drilling Mbas North Basin
' 39 INDONESIA broundwater Survey Central Java
40 KENYA Integrated Project in frid Lands Marsabit Distrirt
41 KENYA Water Resaurces Assessaent Praject Nest Pakot, Keric Valley
42 NIBERIA Groundwater Investigation Kaduna State
43 SUDAN Groundwater Investigation Kordofan, Darfur, Upper Nile
44 SWAZILAND 6roungwater Project Low veld
CATEGORY 3
45 ABU DHABL Rural Water Supply Al Khadar, Al Aip
' 4 BENIN 13 Saall Town Water Supply
47 BOTSHANA Western Transvaal Rural Developsent Nefeking
48 HOMDURAS Broundwater Supply Interis Stage Amarateca
49 HONDURAS Groundwater Supg!x Interia Stage Nateo
30 KENYA Lake Kenyatta Settiement Scheme Loast Province, Lamu District
b MALAYSIA Bevelopsent of Production Wells Kedah and Perlis
52 SAUD1 ARABIA Water Supply Nadi Suleim, Madh Adh Dhahab
33 SOUTH AFRICA (REP) Western Transvaal Rural Developaent D{tnsdal
54 YEXEN {PDR) Dhalla Water Supgly Dhalla
l 93 YEMEN (PDR) breater Aden Water Supply Abyan Delta, Bir Nasir, Tuban
b 1AMBIA Kabwe Water Supply Kabue



Questionnaire No 2

Only 7 of the No. 2 questicnnaires were returned. In most cases the
erganizations, which had also received guestionnaire No. !, responded
only with No. 1. 1In 4 of the 7 replies the No. 2 guestionnaires were
accompanied by the Me. 1| questionpaires. The 3 remaining No. 2
questionnaires were sent singly, and have only in one case been
followed up with a request for further detail, but without result. The
data provided by guestionnaire No. 2 does not provide adequate detail
to be included in the analysie of questionnaire No. 1.

Questionnaire Ko 3

Questionnaire No. 3 was sent out to suppliers and manufacturers of
gecphysical equipment. The results are listed in Chapter 3 and
discussed in conjunction with product documentation and relevant
publications. While no response was received from some of the major
manufacturers, it was possible to obtain preduct infprmation on the
most commonly used equipment from other sources such as eguipment
suppliers.,

2.2 Method of Analysis

The Mo. 1 guestionnaires are analyzed by dividing the S0 gquestions into
several clusters:

- Project Identifiers @1-82140, 813, 214, @30
- Genloqy and Well Characteristics @11, @12, 913, G18-021
- Well Siting Procedure R24~-043
- Well Construction @16, @17, @22, @23, B44, D47, Q48
- Sugtess of Siting 045, B4as, 049

The responses to the individual questipns are tabulated and compared
with the other questions in the cluster. The numerical overview of the
response is followed where possible by a statistical analysis comparing
the data of the projects to discover possible trends and correlations.
The database serving as background to the analysis of the various
guestions has been quantified, as much as ppssible, and is listed in
the various appendices and referred to where appropriate. Many of the
guestions, however, are more suited to a qualitative analysis, because
of the wide range in answers which do not always lend themselves to a
useful statistical analysis. It is clear that averages have only a
limited usefulness where the sample sizes drop far below the total
number of projects submitted, or where the ranges are very large.
However, where appropriate the sample cize and standard deviation (SD)
will be woiven as a3 measure of the usefulness of the data. Where this
was possible the data has been complemented and clarified by
information taken from the various oproject reports and relevant
publications.

Tabulating the overall response to the individual guestions shows that
per questionnaire No. | an average of b54.1 % of the questions were
answered while the remainder where either incomplete (4.3 %) or left
unanswered (31.3 %). For the projects which did not use geophysical
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siting, a number of questions were irrelevant and if those are taken
into account of the thus weighted average of answered guestions is
raised to éB percent {(see Appendix 4.1). The response to the
individual guestions is looked at in more detail below.

2.3 Project ldentifiers

Country, Project Name and Region @1, @2, @5

the Category ! oprojects (rural water supply) are all situated in
Africa. They are divided into a Western, Eastern and Southern African
group, as shown in Table 2. This subdivision is useful to compare the
various aspects of well siting between the three regions,

Projects 13 & 14 and 16 & 17 are each related, but differ significantly
in many of the replies and are therefore treated as separate projects.
Projects will be referred by the project number (PN) given in the
table.

Project Objectives Q7

Most projects are primarily and directly focused on the provision of
water wells fitted with handpumps. Some of the stated abjectives are:

- construction of boreholes with handpumps and the setting up of
pump maintenance organizations

- provision of 10, 20 or 27 liters per capita per day (lpcd)

- provision of clean, untreated groundwater within S00m walking
distance

- spil and water conservation and rainwater harvesting

- improve health and living conditions through water supply,
sanitation, health education and institution building

- 1 handpump per 200 people

- to provide clean protected water supplies & good sanitation

- to provide primary water supply, washing slabs, pit latrines and
gardening opportunities,

Some of the objectives nf the Category 2 and 3 projects are:

- Location of high-yielding fissures for urban water supply
- Wells for green farming
- Wells for rural/urban/suburban reticulated water supplies.

Executing and Sponsoring Agenciss 83 & 04

In most of the projects a substantial amount of external expertise and
tinance is involved. This paragraph gives an overview of the agencies
engaged in the execution and sponsoring of water supply projects and is
based on the data listed in Appendix 4.2. Four types of agencies can
be distinguished which each take a share of the execution of the

-y

projects, as listed in Table 3.
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Table 3 Share of project execution®

Category 1 Projects: WA EA SA a7
Mational Gavernment Organizations 12% 467 3% 29%
Rilateral Urganizations 23% % 13% 157
Multilateral Drganizations O% 8l 0% 3%
Consultants &5% 21% 38% 42%
Non-Government Organizations 0 17% 19% 11%

1004 100%  101%2 100%
Category 2 Projects:

National Government Organizations 30%
Bilateral Organizatiaens 3497,
Multilateral Organizations 20%
Consultants 10%
Non-Government Organizations 9%

{00%

Cateqgory 3 Projects:

National Government Organizations 8%
Bilateral Organizations 4%
Hultilateral frganizations iy
Consultants 88i
Non-Bovernment Organizations 0%

1O0%

All Projects:

Mational Government Organizations 247%
Rilateral Organizatiaons 132
Multilateral Orgsnizations 4%
Consultants S04
Non-Government Organizations T4

100%

Ni - Mest Africa; EA - East Africa; SA - Southern Africa
! Not alwavs enclusive, often in cosbination with other agencies
2 cpall rounding error

It was not possible to differentiate between the well siting process
and associated project work, such as well construction, In Section 2.5
well siting and the agencies and expertise involved in it will be

discussed geparately. No clear indication was given of any project
being executed soclely by national agqovernment acencies, while the
prevalent involvement of private sector {consultancy bureaus,

engineering firms, etc.) is marked. It was not possible to guantify
the exact division o+ the project execution when more than one
executing agency is involved. In such a case an even division has been
assumed. The consultants especially play a large role in proiects
requiring wells with a high yield, probably ijustifying the assumption
that the level of technical expertice required by such projects is not
yet generally available in the project countries. Execution by Bi- and
Multilateral Organizations and Non-Government Organizations does not
exclude subcontracting to the private sector, but where not otherwise
indicated it is assumed to have been carried out by experts directly in
the employ of such organizations.

The sponsoring agencies can be similarly divided into local and
external agencies. They are listed in Table 4 with their respective
share of the funding.
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Table 4 Share of project sponpsoring

Handpump Frojects: WA EA Sa 107
National Government QOrganizations $8% 124 21% 15X
Bilateral Organizations ;6% 39% 3BY 37i
Multilateral Organizations 493 28% 30% 37
Non-GBovernment Organizations 0% _22% 183 _10%

1004 104%42100% 994t
Investigation Projects:

Mational Government Oroganizations 314
Bilateral Organizations 69%
Multilateral Organizations 0%
Non-Government Organizations G4
100%
Non-Handpump Projects:
National Government Organizations 47%
Bilateral Organizations 33%
Multilateral Organizations 0%
Non-Government Organizations __0%
100%
All Projects:
National Government Organizations 23%
Hilateral Organizations 437
Multilateral Organizations 286%
Mon-Government Organizations __ 7%
g9yt

! sgall rounding errors

The distribution of funding between local and external spurces is
somewhat easier to guantify than the division in execution, as
information concerning the local and cutside component of the budget
was explicitly requested in the questionnaire. 62.5% answered this
question and concerning two other projects budget information could be
obtained from the project repprtcs, showing the type of donors. The
budget amounte are discussed in the next paragraph. Two projects
appear to have been funded with national government money only (PN 10 &
PN S1), one of which was subsequently discontinued due to a lack of
funds. The funding of two other projects is also stated as local (PN
42 % PN 43), but in all likelihood involved bilateral (East Eurppean)
sponsorship. In one ctase (PN 13} funding was withdrawn before project
completion, because the executing agency failed to reach agreed
cbjectives.

Project Area, Tise Period, Budget, Number of Hells 86, 88-010, R13-G14

The projects from which questionnaires were returned were primarily
large area, laroe budget projects. The guestionnaires of all three
tategories together represent a stated amount of nearly US $230
million. None of the respondents sent information about small-scale
projects, i.e. concerning the siting of only a few handpump wells. Of
28 handpump projects 24 had budgets over ! million US $ (2 of which
include funds for sanitation development) with anp average of $7.4
million per project (see alsoc Appendix 4.2). Because the duration of
the projects varies this amount can be divided by the average project
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length which then shows an expenditure of $2.2 million per project per
vear. Similarly, the budget amount can be compared to the number of
welles planned (for ongoing projects) or constructed (for completed
projects) during the particular budget period, in order to establish
the expenditure per well., This yields some interesting results, as is

o

chown in lable &.

Table 3 Cost per well

Lategory/Region Ave Budget?® fve Cost/well? R® GSample No/MWells

Category 1:

West Africa 3 8.23 ¥ 12 @00 .89 12 921

East Africa ¥ 2.58 $ 10 095 $,94 8 79489
Southern Africa £ 4,27 ¥ 2 7H8 .92 5 2751
Subaverage §F 7.08 $ 10 203 0.88 26 17741
Category Z: § 4,44 $ 146 494 - Z 334
Category 3: $ 2.23 F 81 091 .99 4 1190

1 Million U5 dollars
2 Total project budget divided by number of wells
3 {orrelation between project budgets and nusber of wells (see text)

The average values given 1ip the questionnaires and again averaged - -
the table hide the fact that individual well costs can vs
significantly, according to varying siting expenses, drilling cost
depths of the individual wells, materiale used and cost of handpump.
Except for the cost of drilling which will be discussed later, no
information to further guantify this variation is available. However,
as the averages mainly concern large oprojects, the average values are
tonsidered wuseful for comparisocn between the different regions and
categoeries.

The well costs for handpump proiects are lower than those wells
caoanstructed in investigation projects, and significantly lower than the
costs of high yield wells. More funding 1:c generally available for
wells for irrigation or large reticulation systems which require mare
sophisticated construction to optimize yields and reliability.

The high correlation factor for each of the three regions of fAfrica
urnder Categorv 1 does indicate however that a clear pattern of well
coste exists, which as shown in Figure | i1s clearly different for the
three regions. The same budget in Southern Africa results in aimost
four times as many wells as in East or West Africa. The significance
wf thics will be discussed later in relation to the economic
justification for the use of well siting methods in the three regions.
It is alsc evident that a number of projects are «clearly more
economical or less economical than the average of the region as shown
by their respective distances above and below the median line. It
should however be remembered that the given figures represent in a
number of cases budgeted figures which differ from the actual
programmes carried out, PN {3 for example appears very economical for
the West African situation, but was in fact discontinued because it
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could not live up the targets eget in the planning phase. PN 14, 1ts
successor, was more expensive, but in line with the regional averages
and is reported to be significantly wmore successful, A similar
explanation can be given for PN 26 in East Africa which appears to be
significantly more economical than other projects in the region, but
the project consiste mainly of the construction of (machine) dug wells
with a success rate of about 5¢ %. By dividing the budget over only
the successful wells the oproject cost per well would be more in line
with the regional average. Three projects are clearly less economical
than their regional counterparts, i.e. PN 2 in Wecst Africa and PN 17
and 25 in East Africa. In the case of PN 2 this is somewhat mitigated
as instead of the planned 130 boreholes as chown in Figure ! an actual
180 were drilled. Mo information i¢ available to suggest why PN {7 and
25 are rather expensive (especially in the latter case the high costs
are curiousg, since most wells are drilled by hand and very little geo-
physics is used, and well casing and screens are made locallv}.

NUMBER OF WELLE:E

PROJECT BUDGET (HILLION LS $)

'Figure 1 Correlation between number of wells and the project budget

for the different regions

The Category | project areas vary in size from approximately 100 ka® to
nearly 180,000 km2 (average 37,843km%2).

Project Reports 230

Most projecte have produced reports, although it is not clear if these
in all cases paid specific attention to hydrogeology and well siting.
A number of project reports, individual <site reports and/or
publications concerning projects were  sent along with the
questionnaires and these will be discussed, where relevant in more

-

detail in Chapter 3.
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2.4 Geology and Well Characteristics ett, 812, 15, 018-021

The questions of geclogy and well characteristics give an overview of
the occurrence, properties and distribution of the different types of
aquifers used for rural water supplies, The basic data is listed in
Appendix 4.3, while Table & below gives an overview of average values
for geology, well depths, water levels. vyields and water quality for
the different regions of Africa and for the different project types.

Table 6 Geology and well characteristics

Alluvium Sediment Volcranics Bazsement Alluvium Sedisent Volcanics Basement

{Project Average) {Well Average)
Geology Distribution

West #frica 7.3 71.¥ 4,4% 6100 h41 1L 2.0 WL
East Africa 410 34.8% 14,41 5.3 7L 28.9% .7 W8
Southern Africa 0.6% 8,3 .81 89.4l L 12 5.5% 80,61
Categary L7 NBU .71 8.4 .3 .5Y 4.9t 62.3%
Lategory 2 20.2% 34891 7.3 35,41 13,3 30.8% 3,00 50.9%
Category 3 .1 33.9% 16.71 45.21 12.41 80.3% 11,21 15,91
Total b.61 28,7 .20 Bh.iY 57 2811 5,01 BL2E

Well Depth {meters below ground levell
West Africa 2.5 8.0 89.5 4.3 7.2 59.2 54.7 al.9
East Africa 310 74.4  BO.G S0 18.0 3.9  {17.4 50,5
Southern Africa R 8.3 100.9 .4 3.8 16,3 106,40 3.8
Lategory 21.9 $2.8 79.9 4.4 7.2 A7.9 1033 49,4
Category 2 3.0 78.0 5.9 83.9 5.7 759 S50  80.3
Category 3 44.0 44,3 90 93.3 41,4 44,4 1029 104,90
Total 9.8 61,6  79.5 31.0 10.1 48.4 1029 50.7

Water Level (meters below ground level)
West Africa 57 20.2 10.4 15.7 3.2 211 10.4 14,6
East Africa 12,5 43.7 42,8 20.8 7.4 21.1 84,9 22,1
Southern Africa 3.0 10.3 20,0 10.9 3.0 1.5 20,9 14,8
Category | 7.5 3.7 3.8 16.2 3.3 20.1 56.0 16.9
Category 7 10.0 0 0.0 16.3 9.0 29.1 20,0 15.2
Category 3 3.4 19.3 55.0 31 8.5 37.40
Total 7.3 290 30.4 18.9 1.3 19.2 35.7 17.0

Well Yield  (cubic meters per hour)
West Africa 1.9 3.1 3.0 2.4 0.4 4.9 2.9 2.7
East Africa 3.0 3.9 12.1 3.2 2.4 .4 8.0 3.3
Southern Africa 2.0 1.8 4.0 1.8 2.0 1.9 4.0 2.1
Category | 2.3 3.0 8.8 2.4 0.6 4.8 1.9 .6
Lategory 2 22.4 5.9 10,0 2.4 19.8 8.3 10.0 2.9
Lategory 3 8.6 30,0 5040 133.4 8.5 24.0 3.1 U
Total 5.5 8.8 14.4 18.9 1.3 5.8 13.0 3.9
Electrical Conductivity (uS/ca)
West Africa 500 750 660 A8l 594 599 558 516
East Africa 1100 2194 700 800 1418 1664 398 678
Scuthern Africa s 944
Category 1 830 1472 630 734 710 ELH 494 839
Category 2 1500 1004 1400 1350 1660 1709
Category 3 160 360 350 508 138 368 i S04
Total 843 1194 494 197 676 79 517 671
Broundwater Survey (Kenya) Lid i7 Inventory of Well Siting Methods
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The project averages are compared to averages calculated by taking the
number of drilled wells per project into account, the so called
weighted average or well average!. The results for the handpump
projects are illustrated in Figures 2 - 6.

280

ALLINI (7D

Figure 2 Occurrence of aquifer types in Category | projects
{Nell Averages)
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Fiqure 3 Average well depths Figure 4 Average water rest levels

t  The figures based on project averaees cnl?are the basic values (well degth, water level, etc.) per
variable {i.e. ogeology t¥pes) with equal weight for each project, The figures based on well or
weighted averages take into account the nusber of wells associated with each variable and averages
the values of the nusber of wells listed under each variable. In the latter case the projects with
sore wells influence the average aore heavily than the smaller projects. The sample size in the
¢irst case, i.e. project average, is the nusber of projects, in the second case it 15 the nusher of
wells.
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PROJECT AVERAGE

ELECTRICAL CONDUCTIVITY <usS-cm>

Figure 5 Average well yields Figure & Average water EC

The majority of Category 1 projects {i.e. of those who answered the
geolegy and well oguestions in sufficient detail and representing in
this case over 7000 wells2®) are located in Basement areas. This is
followed by Sedimentary areas (over 30004 wells), with relatively few
wells in Alluvial and Volcanic areas (430 and 606 wells respectively).
The well depth and water level data suggests that volcanic areas
require deepest drilling and high 1ift bhandpumps, especially in the
East African oprojects, The difference between drilled depth and water
rect levele ic probably due to both the need to drill deeper than the
level at which water is first struck, to ensure adeguate vield allawing
for a significant drawdown and to provide a safety margin in periads of
drounhbt. To zome degree the difference may aleo be due to confined
aguifer conditions. In practically all cases the drilling depth is 2
to 3 timee greater than the depth to the water level.

The average vyield 1n wvolcanic areas 1is significantly higher than
elcewhere, although this iz mainly due to the high yieldse 1in volcanics
in East Africa. BSedimentary areas are characterized by relatively high
vields, but significantly higher electrical conductivity (EC) values.
The EC of volcanic water 1ic the lowecst, although a high fluoride
content 1s characteristic for the volcanics in East Africa.

2.3 MWell Siting 824-043

The main objective of the present study on well siting technigques is to
provide information on the use and cost of various investigation
methods and to analyze their cost effectiveness, This section presents
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saapled or mopitored unless large-scale contamination is suepected.
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an pverview of the methods, field procedures and ctosts, while a later
section will evaluate the cost-effectiveness in light of well
construction results.,

Table 7 Use of siting sethods

HO OF SITING METHDDS
MELLS  NO L¥ DV 61 AP LS ES RS RP SR EN VL 6V NG AG &R QT

Category !
Nest Africa 4014 0 3 t1ed 0t 240100000
East ffrica 5861 P15 9 4347231001890 2
Southern Africa 1837 0 5076218 86401010000
Subtotal 13712 118 62621 & 624106 4 4 5 0 2 0 0 3
Category 2 489 b1t 0865 2273332231101
Category 3 302 ¢ 30992 4106233106000
Total 14503 122 6413510124125 91010 3 3 1 ¢ 4
{egend: RS - Resistivity Sounding
N0 - Ng Siting RP - Resistivity Profiling
LK - Local Knowledge SR - Seismic Refraction
DV - Hater Divining/Dowsing EN - Electromagnetics
61 - Beological Inforsation VL - Very Low Frequency EN
AP - Aerial Photo Interpretation BY - Gravisetry
LS - Landsat [magery N6 - Magnetometry
ES - Earlier Studies BR - Ground Radar
87 - Dther AB - Airborne Sepphysics
Hethods 024

All the respondents answered the guestion concerning the type of siting
methods used in the project by checking one or more of the listed
possibilities. The graph in Figure 7 illustrates the total number of
times each wmethod is used in the different regions and categories and
is based on the information in Table 7. The data for the individual
projects is listed in Appendix 4.4, For most projects it was not
possible to discern whether the listed investigation methods were used
for all or only part of the total number of wells, nor on what bhasis
such a distinction would be made.

Ko Siting

None of the projects indicated that well locations were chosen
absolutely randos. For 4 handpump projects local knowledge was the
main siting criterion, i.e. the local population mainly determined the
location of the well. It is not certain whether this was actually
based on local knowledge of the area’s groundwater presence or mainly
on the basis of convenience <f{walking distance, ownership of plot,
etc. ).
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Figure 7 Application of well siting methods in different regions of
ffrica and for the different Categories

Hydrogeological Investigation

Many projecte take the local preference and the local traditional
krnowledge of groundwater occurrence into consideration and complement
thie by hvdrogeological and oeophysical investigations. Ideallv in
such caszes the site proposed by the lgcal people is first investigated
to confirm its suitability before additional investigations are carried
put elsewhere.

Siy projects have used water diviners (dowsers) to lpcate well sites.
For two of these projects divining was used as the main investigative
method. Three of the projects involved are executed by the sane
grganization, The largest of these was discontinued due to in-
sufficient successful results. A new project replaced the discontinued
project and used geophysical methods.

Geolpgical information was used in most of the Category 1 projects (27
put of 37) and in all the Category 2 and 3 projectsS. Geological
information {without gecphysics) is the primarily method of well siting
in only three projects. It is wften wced in ctonjunction with aerial
photo interpretation (17 out of the 27 projects). Satellite ilLandsat)
imagery is used much less and is mentioned in only 6 projects, in all
tases in combination with aerial photography. The guesticon relating to

3 Dne Cateenrv 2 and four Category 3 questionnaires were returned by a ?eophysical subcontractor who
only lists the qenphzsica] sethods used. It is however likelx that local hydrogeclogical information
was gathered during the fieldwork to assist in the interpretation of the seasurements,
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earlier studies, gave posit:ve answers in o of the 37 handpump (i.e.
{fategory 1} oproiects and were cpecified in two cases az earlier
hydrogeological studies in the area. Three projects listed "other’
investigative methads. In two cases this concerned test hand drilling
and in one case hand digging.

Geophysical Investigations

Geophysical investigations were used 1in 28 of the 37 Category !
projects. Of these 28, 1S projects combined geophysics with the use of
geological information and aerial photo interpretation, 9 combined
geophysics with only geological information and 4 projects combined the
geophysics with onlvy aerial photo interpretation, Az ctated earlier,
it can not be determined if geophysical methods are routinely applied
for all or only part of the total  number of wells within & project.
However, it «can be assumed, in line with common practice, that where
hydrogeological investigation and geophysical investigation methods are
licted together thie implies their combined application for every site,

Table 8 schows the varipus combinations of peophysical technigues which
were applied by the Z8 Category ! projecte {(see Appendix 4.4). It is
clear that the resistivity method ie the most popular investigation
method., It can be used as a depth sounding method {known as vertical
electrical soundings or VES) and as & profiling {traversing or
trenching) method for identification of lateral anomalies along the

measurement line.

Table 8 Application of geophysical methods in Category ! projects

Geophysics

Resistivity, VES only 7
Fesistivity, VES and Profiling 8
Resistivity and EM 4
Resistivity and VLF 3
Resistivity and Seismic Refraction i
Resistivity and Magnetometry 1
Resistivity and Seismic Refraction and VLF i
Resistivity and Seismic Refraction and Magnetometry 1
Seismic Refraction only 1

VLF only i
Subtotal 28

No Geophvsics 9
Total 37

Equipwent 825-027, @38-240, 042

fi wide variety of geophysical equipment 1is used in the all projects.
Table 9 lists the various types of eguipment and the number of projects
in which they are used by the different agencies (see Appendix 4.3).
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The guestion concerning the type of equipment used for geophyeical
measurements was not completed by all projects and many omitted the
cost aspects of the equipment: 807 of all projects which used
geophysics provided {(ccme) informatiaon on egquipment, but only 27% and
29% ancswered the "total cost’ and ‘cost-per-day’ guestions. The cost
figurec shown in Appendix 4.5 are most likely country-, agency- and
project-specific and should probably not be applied to other
situations. More informaticon on eguipment and cost will be given in
Chapter 4.

Table 3 Use of geophysical equipaent

Equipeent Project Category: i A3 fgencies
Resistivity
#BEM S5AS 300 Terrameter (Sweden) 13 10 20
BGS 234 Offset System® (UK} i 4 2
Bodenseewer ke GGA 30 (FRG) | i 2
BAGM Svscal Resistivity iFrancel & { 2
Geska (7} (Czechoslovakia) 0 2 {
Jesse (Netherlands!) 1 iy {
TND-DGV BEA 31 {(Metherlands) 0 ! )
Seismic Refraction
ABEM Trio (Sweden) ! | 2
Bison (550 (USAI t ¢ H
Bison 2350 B {HSA) { i i
EGYE Geometrics £S5 123 {USA) { { {
E646 Geometrics 1210 F {USA) ¢ 1 {
0Y0 NcSeis {160} {Japan) { 1 1
Electromagnetics
APEX Max Min (Canada) i 1 i
Geonics EX 34 {Canadal 3 3 3
§50 Turam Englin (RSR) ¢ 2 |
ULF
BREM Svccal VLF (France) ! {
Geonics EM 14 {(Canada) 2 1 3
EDA-ERA {Lzechoslovakial ¢ i {
Nagnetometry
BRGM Elsec Proton Magn. (France} 2 ) 2
6 816 Proton Magn. (Canadal a { {
Unspecified Proton Mage. i 0 i
Bravity
Worden {USA) & 2 {
Hand drilling
Morogoro (Tanzania/Netheriands) | 0 1
Evkelkamp {Netherlands) { ¢ !

¢ The BBS 0Of¢set Sounding Systes is wused in conjunction with 3
regular resistivity instrusent and consists of a sulticore cable
adaptation for offset Wenner soundings.
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Given the #act that agencies which have returned wmore than one
guestionnaire are likely to use the same equipment in the various
proiecte they have been engaged i1n, & project comparison of geophysical
equipment is complemented by an agency comparisaon of equipment. it is
notable that especially the ABEM Terrameter is a popular instrument and
used by 29 of the 29 agenciec which used the Resistivity method. Second
on the list is the Geonics EM 34 which is used by 5 of the 8 agencies
that apply Electromagnetics, all five using i1t in combination with the
Terrameter {(combining Resistivity spundinge with EM profiling!.

A& number of agencies mentioned that they were able to barrow or rent
equipment instead of purchasing it. Especially for the smaller projects
this alternative, where available, is a good way toc avoid the high
initial investment cost.

The eguipment mentioned =so far primarily <concerns eguipment to carry
out geophysical fieldwork. Other types of equipment ic also mentioned
in the questionnaires:

- For standard stereoscopic aerial phpto interpretation {and certain
tvypes of 8PDT satellite imagery; not Landsat images) a pocket or
desk stereoscope is required.

- For hydrogeological fieldwork in two cases hand drilling sets are
menticned. The Eykelkamp 1¢ a 70 - 100mm lightweight auger set
for test drilling operations and the ‘'Morogoro’ type which is
similar (a heavy duty =set alspo exists for well construction
purposes with diameters up to 300mm or 12 inch).

- Evaluation of the qeophysical measurements usually requires
computation and computerization. This 1is discussed under
Evaluation.

field Crens Q28-083¢

Df the 25 Category | prejects which provided information concerning the
composition of gqeophysical field crews {(see Appendix 4.6), 18 stated
that either a geologist or geophysicist was part of the crew (most
guestionnaires did not indicated which of the two). Two other projects
indicated that both were present and two had geclogical/geophysical
supervision from the project office. OFf the 10 projects which listed
the training background, there were 3 MSc-s and 5 BSc-s with experience
ranging from 3 to I3 vyears fonlv 4 answersi. The geophysical
instrument operatore are mostly trained on-the-job, while labourers are
basically unskilled. Average crew size amounts to & people (1 expert,
{ operator, ! driver and 3 labourers) in a range from 1 {1 geophysicist
with VLF equipment) to a crew of 10 (1 geologist, 1 geophysicist, 2
operators, | driver and 5 casuals for resistivity and magnetometric
surveying). Average crew costs per day amount to $325 in a range of
$20 to $1250, with no correlation between crew sizes and costs.

Geoclogists or geophysicists were used in all but one of the Category 2
and I projects, where the crews consist on average of 7 members at an
average cost of $622 per day, with 3 of the 14 oprojects far over

$1000/day.
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Transport 34, Q32

Most of the crews wused one {(a few two) four-wheel-drive vehicle at an
average cost of $42 per day (il samples, range %20 to $125), euxcept for
the lone VLF geophysicist who used a2 small motorcycle at $3/day.
Profiling technigues are generally light-weight and portable, not
requiring vehicle traneport for movement along the measurement line.

Qutput 33, 034, 041

The output per field crew in terms of gecophysical measurements per site
gives an imprecsion of the extent of investigation per gite, while the
number of sites per time unit shows how guickly the field investigation
is carried out (cee also Appendix 4.4}, Foint measurements, such as
resistivity =zoundings are relatively wunambiguous and easy to compare
hetween projects. The extent of depth penetration, mainly a function
of the chosen maximum spread of the electrodes, van of course influence
the amount of subsurface information cbtained and the speed with which
the sounding 1is carried out. This is, however, not considered when
copparing the projects. Thus a comparisen of the resistivity soundings
is relatively straightforward and shows that 14 Category | projects
averaged 3 soundings per site {2 rather ambiguous ancwers stated that
between 20 and 2T soundings were carried out per site, these were not
included 1n the average). Leaving out 1 extreme 1200 soundings for
only 1 site) and one ambiguous answer, the average Cateqory 2 and 3
projects had & clearlv higher average of 22 spoundings per site (8
projects).

The profiling technigues are wmore difficult to compare, since some
proiects ancwered by giving the number of profile kilometers per cite,
pthers by the number of protile measurements without stating the
station interval {i.e. 50 measurements at unknown intervals) and some
stated the number of profiles per site without mentioning the length of
each profile or the number of measurements per oprofile. The given
lengths of the profiles vary from 120m VLF combined with 200m EM to 4dkm
EM per =site.

The number of sites investigated per time period were mostlvy given in
sites/day and sites/week and some sites/month. Converted to number of
tites per week (based on T workino davs per week and 22 per month),
this vields for 21 handpump proiects an average of 3.3 sites per week
in & range from 1.5 to 15 s/w (8D = 3.3). For 11 non-handpump proiects
this is, qiven the more extensive investigation, about half at 2.7 =/w

[ =4

in & range from 0.5 to 5.5 s/w (5D = 1.7y,

Evaluation @35-041

In most cases the field crew qgeologists and/or geophysicists are the
ones also to evaluate the obtained data. 0f 24 answers 13 handpump
projects used a geologist, 3 projects a ogeophysicist, & both and 2
projects used the cervices of a «consulting engineer, respectively an
on-the-job trained technician {see alsoc Appendix 4.6). Most appear to
bhe university trained {(BSc and MSc). Only very little information was
previded on the daily rates of these specialists. The given figures
range from $10/d  to $850/d  for a double evaluation (initial
interpretation in the project country and reinterpretation in the
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consultant ‘s countrv), Mearly all Category 2 and 3 projects provided
the daily rates which averaged at $238B and $299 respectively,

Sixteen projects used computers to interpret the data, several cof which
did =0 in the field, while others made an initial interpretation in the
project country and re-evaluated the data in the consultant’'s country.
Manual interpretation was also carried out in four cases, one of which
stated that master curves for resistivity soundings were used, while
the others gave the impression that only a gqualitative visual check of
the resistivity graphs was made. Only three handpump projects provided
figures on the total cost of the computer system used, ranging from
$3000 - $17187. Six non-handpump computer systems had an average price
of $#14300, Some projects were able to rent or obtain free computer
arcess. Daily computer cost ig relatively similar for all projects
with an average of $38/day (8D = $23). Software for geophysical
evaluation iz discussed in Chapter 3.

The number of sites evaluated per day for 1! handpump projects is
around 3 per day, tor 3 investigation projects {.2/day, and for 7 high-
yield projects 2.4 sites/day (excluding one proiect where apparently &0
sites/day were evaluated!}.

Costs 243

The total <citing costs are bacically made up of the items discussed
' above, 1.e., siting equipment «cost, crew cost, {ransportatien rosts,

evaluation costs {personnel and equipment? and should include

administrative overheads. Only & few projects provided a +4ull

breakdown of the site investigation ¢osts (cee Appendix 4.7}, but 2t
. Category ! projects which wused peophysics provided the average total

cocst per sgite. Table 10 ligts and Figure 8 illustrates the average

siting cost per site for the three Category ! regions and the averages
' tor the two other project categories.

Table 10 Average investigation cost per site for the
different regions and categories

Project Average: Weli Average:

Category 1
West Africa
East Africa
Southern Africa
Subaverage

1193 1053
429 359
182

208

71 ¥ 608

oy [
o vy

>

Category 2 1938 $ 2119
Category 3 $ 2123 § 2254

Total Average $ 1202 $ 688
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Alsp shown in Table 10 and Figure 8 are the weighted siting costs,
which are averaged per section by taking into account the total number
of wells per proiject and thus lending more weight to the projects with
the higher number of wells. E&conomies of scale would suggest that this
would reduce the average rost, which is to a limited extent the case
for the <Category 1 projects {an average reduction of 14%), but not for
the Category 2 & 3 projects {an average increase of 8%). A likely
gxplanation is that the latter are less constrained by tight budgets
asspciated with the low-cost cemmunity water supply objectives,

1758

1500 -

129

.

SITIHNG COST PER S1ITE <US >
}-

2% 1

Figure 8 Average investigation cost per site

The siting costs for handpump projects in West Africa are much higher
than i1n either Eastern or Southern Africa at an approximate ratioc of
6:2:1. O0f the nine proiects which provided siting cost information in
Western Africa in a range of $103 to $3500, S listed costs above $10Q00,
The extensive involvement of ewpatriate personnel is the most obvious
explanation for the higher costs. In Eastern and Southern Africa it
appears that more local contractors have been used, thus resulting in
lower personnel costs,

A representative breakdown of the total sitipoc costs is not possible
since only 2 handpump projects provided all the rcesting details asked
for {Appendix 4.7). However, a very rough tomparison of the average
values, including the partial answers is shown in Figure 9 {average
sample size per portion of the pie is 9 projecte) for handpump projects
and in Figure 10 {average portion sample size is & projects) for the
investigation and high-vyield projects. Thic demonstrates the weight of
the crew costs (f{probably mainly due to expatriate services) in
tomparison to geophysical and computer eguipment and transport cost.
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FIELD (RN (750) 8

FIELD CREW (52 GEOPHYSICAL EQUIPMENT (14%)

4 INTERPRETATION EQUIPMENT (12)

TRANSPORT (162 EWLUATOR  (84)
GEOPHYSICAL EQUIPMENT (262
TRANSPORT (42}
EWALIATOR (15D
INTERPRETATION EQUIPMENT (30
Figure 9 Siting cost breakdown Figure 10 B8iting cost breakdown
for Category 1 projects for Category 2 & 3 projects
2.6 Well Construction Qis, @17, @22, @23, G44, R47, 048

The relatively good response to the guestions concerning well
construction provides an overview of the total number of constructed
wells, the rate of construction, completion methods, handpump types and
the roste. This data which 15 presented in this section will be used
in the next section to discuss the success and economic justification
of site investigations. The construction data iz presented in Appendix
4,8, Some of the incomplete guestionnaire data has been complemented
where possible by information from available proiect reports.

The «constructed wells on which information was provided by the
Category 1| praoiects are in Appendix 4.8 divided into three sections:

Dug Wells 4917

Machine-drilled Wells 989%

Other Water Ppints 706 +
Total 15511

It should be noted that dug wells are not in all cases dug by hand. At
least one laryge dug-well project mainly used a tractor mounted
excavator, while jack hammers are known to be used in several others.
Most of the wells were machine drilled, with percussion or vrotary and
down-the-hole hammer rigs. Specification of drilling methods was
usually not made in the guestiocnnaires. In two instances the use of
the hand drilling methods was also mentioned, while another project
included a significant amount of spring protections in their water
supply programmes. The 1last two types of construction fall under the
third ('Other’) section. The total number of constructed wells listed
here differs from the number 1listed in Appendix 4.2, where for
incomplete projects the planned number of wells was wused to calculate
the total. in both cases however, where only partial budgets were
given for continuing projects an effort was made to determine the
number of wells cvonstructed for that budget period in order to be able
to give a more accurate average total cocst per well figure,
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Little can be said about the rate of well construction. The speed with
which wells are dug or drilled depends not only on the methods used and
personnel involved, but also on geology, reguired depth, logistics,
community aspects, etc. In some projects with time constraints it may
be important that well siting be carried put as fast or at a faster
rate than the drilling rate of one or more rigs as the time gap between
siting and drilling may be very small.

The success of a well depends not Jjust on the initial location of
adequate supplies of groundwater, but also on the method of well
construction and development to ensure amn  adequate lifetime. Thieg
requires the proper screening and selection of pumping method. Most of
the Categorv ! projects used PVC screens, which a5 a rule are guite
adequate {for handpumped wells, Little information was available on the
used slot sizes and the use of gravel pack to aveid siltation and rapid
wearing down of the pump cylinder.

A large variety of handpumpe are in use, of which the India Mark Il was
the mpst common {i.e. by 12 projects in &all three regions of Africa)l,
followed by the GSWN B0/81 ({4 projects, mainly in East Africal, the
Vergnet (5 projects), and the ABI MN/ASM (4 projects). It could not he
determined which pump was fitted on the largest number of wells, since
within projects often a variety ot pumps are fitted. Other tvpes of
pumps were alsoc used in individual projects and shallow wells were
sometimes fitted with bailers, i.e. bucket and rope.

The varipus costs for handpump well construction is given in Figure 1!,
where (1) the cost of drilling a dry well i1s compared with (Z) the cost
of a successful well {including <casing, screens, gravel pack where
necessary and in come cases testing) and (3) the overall average rost
of a proiect well, by dividing the total budget by the number of wells
constructed (the budgeted cost per well). However, it i1¢ likely that
for a number of projects the coste given for a successful well also
include ctosts +for ziting, the handpump and the write-of+ costs for the
dry wells which were drilled. Appendix 4.8 listc both the given amount
and a modified amount where costs for siting, handpump, dry wells, etc,
have been subtracted i{where possible) from the successful well cost.,

120608 —
10880
3809 —
4000

4088 —

COST PER WELL <US %>

2000 —

8—1

Figure 11 Drilling costs and total costs per well

Broundwater Survey (Kenva) Ltd Yol Inventory of Well Siting Methods




The basic cost of drilling is expressed in terms of drilling the
horehole without the installation of casing, screens and gravel pack
and without development and test pumping. If the well appears to yield
inadeguate amounts of water after the basic drilling is completed, it
is sbandoned at this stage without further spending on casing, screens,
etg. The cost incurred are the costs of drilling a dry well. This
ftigure is used in section 2.7 to cvalculate the effectiveness of well

siting.

The basic drilling cost are much higher in West Africa than in either
East or Southern Africa, but not enough information was available to
tlearly indicate the reason for this difference. There is a big gap
between the stated basic drilling cost and the apparent budgeted cost
per well in East Africa. Two projects are basically responsible for
the high budgeted cost per well FN {7 and 235. The budgets of several
Ezet African projects invelve a number of other development activities
{sanitation, workshops for water management, etc.). This apparently
causes the comparatively high overall «cost per well (i.e. budget
divided by no of wells). On the other hand commercial drilling, well
construction and development costs {compared to the ‘in-hpuse’ drilling
operaticncs of the larger development projects) are often higher than
suggested by the guestionnaires for East Africa and possibly Southern
Africa. Local drilling contractors in Southern Africa are plentiful,
effective and competitive, thus keeping basic drilling pricec
relatively low. The ¢act that the budgeted «cost per well in Southern
f¢rica is lower than the cost for drilling and completing a successful
well of S0m depth can be explained by the fact that the actual drilling
depths per well are on average lese than 50m (see Appendin 4.3).

The basic drilling costs of the Category 2 & 3 projects are not very
different from those of Category 1. A major difference is found in the
costs of well completion and development for the high-vield Category 3
{see Appendix 4.8) which is s multiple of the other categories.

2.7 Success of Site Investigation @45, Q44, 949

The justification for well site investigations is based on the argument
that the application of =site investigation techniques leads {should
lead) to a higher percentage of sugcessful wells, thus reducing the
overall cost of the project by & decrease in the number of
unsuccessful, i.e. "dry’ for caline) wells which are drilled or dug.
Or with the words of one study: "The grouncdwater search technigues are
only justified if they increase the chances of subsequent boreholes
being successful, such that the overall saving in drilling cost, in the
leng run, is greater than the cost of the search” {(Farr et al., 1982).

The criteria for determining a well to be successful differ from
project to project and is mostly given in terms of a certain minimum
vield to be obtained from the well. For 30 handpump projects this
required minimum vield ranges from 9.3 - 5.0 m%/h, with 24 of the
projects at or below 1 m3/h. Twp of the projects in a coastal
environment used primarily salinity criteria to determine the success
of the wells., This meane that the <comparisons discussed below should
pnly be considered as approximations in  the widest sense and not as
reprecsentative statistical values.
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The basic requirement for a proper evaluation of siting methods in
terms of the effect on a project’'s success rate is the availability of
comparable data for the project area concerning well construction
without or with different levels of site ianvestigation. If such data
is available a basic comparison can be made vielding the difference in
drilling ¢and/or digging) success rate. The costs of drilling a well
without and with =site investigations, taking inte actount the
percentage of dry wells can then be compared to the cost of siting to
spe if the application pf siting is etonomical. The relationship can
be put into a simple formula:

5 = C,— - C. = Cd/Rn. - (Cd + C-)/R-

with 8§  as the =avings; C, the overall reduction in drilling cost; Cq
the basic cost of drillino to a depth of 30 meters; R.a the success
rate without the use of well siting; Rs the success rate with the use
of well siting; and C. the cost of the site investigation. Table i
applies this forpula tp the data obtained from the various Category |
projects representing approximately 7600 wells (Appendices 10, 11, 12},

Table 11 Cosparison of basic well costs without and with site investigation

PN La Rna Ra Caffne  Laifla e La Ca/Ra §
i 3944 0,65 0.75 8070 5261 809 1361 1815 -1004
5 11900 0.50° §.78 23800 15256 8544 2250 2885 56599
] 2947 0.50¢ 0.58 19894 1150 2744 126 134 2010
19 9000 0.80 0.95 11250 9474 1776 1300 1368 408
1 12000 0.73* 0.83 16438 141351 2287 800 704 1381
14 12180 0.60 .00 20300 12180 8120 103 103 8017
21 1600 0.83 (.87 1887 1831 38 200 230 - 174
23 1313 0.32 0.78 6374 4247 2124 238 363 1819
27 2000 0.70 .80 2857 2500 357

34 2457 0.40 0.9 389 rASH 1178 &0 67 113t
35 1807 0,85 0.90 2780 2008 172 90 100 6372
37 3200 0.463 0.9¢ 30719 3353 1524 580 b44 880
Average 6088 0.65 0.84 9366 7247 2419 680 784 1333

* R for hydrogeological siting where R., not available
** C. npt available, according to €, 2 maxisus allowable investigation cost of L, & R, = 4283
For explanation of titles see text,

Most of the twelve projects which estimated and in some caces were able
to calculate the increase in drilling success with the use of
geophysical methods are according to Table 11 justified in the use of
geophvsics. The average success rate increase of approximately 20
percent with site investigations results inm an average reduction of
¥ 2119 in drilling costs, nearly three times the amount needed to cover
the average investigation cost f{per sucressful well) of $7Bé&.

Two projects (PN 4 and 21) have a negative savings when comparing the
drilling costs without and with the use ot geophysics. The comparative
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advantage of geophysics is evidently too small to cover the siting
costs of these projects. The reliability of such a cost-benefit
analysis however is very such dependent on the accuracy of the success
rate estimates given by the respondents. Furthermore the formula above
assumes equal drilling depth without and with siting and does not take
into account the possible savings through a reduction in the required
depth of drilling as a result of site investigations, which would
increase the margin favouring the use of geophysics®.

The comparisons wmade in Table 11, while giving a reasenable indication
of the cost-effectiveness of site investigations, is not necessarily
representative for well siting in all types of environments. The
success of site investigations is in addition to the geology of the
project area very much dependent on such local variables as climate,
topography, the presence of major recharge from surface water, etc.
However, the data presented by the respondentc appears to support two
general conclusions:

- Where groundwater is known to be present at shallow depth, such as
in many alluvial aguifers (PN 9) or in areas with zignificant
recharge from rainfall (PN 21, 2B, 29) or surface water sources
(PN 11}, the limited abstraction needs of handpumps require only a
basic hydrogeological investigation. However, in coastal
envirenments where gifferentiation between fresh and =aline
groundwater is important (PN 19, 20), geophysics can provide a
good method of distinguishing between the two {(see Chapter 4.2).

I - Geophysital investigation technigques are especially useful where
the subsurface conditions and therefore geophysical modeling
l requiresents relatively simple. Thie applies to the location of
water-bearing fractures and deeper depressions in the weathered
zone above solid bedrock, In complex formations the resolution
I provided by geophysics is often less than ideal. In practice the
Rasement areas, overlain by weathered material generally conform
well enough to a simple 12 or 3I-layer) model of the subsurface for
geophysics f(especially resistivity and seisemirs) to lead to
I significant improvements in the well-siting success rates (PN 23,
37Y, while in consolidated sediments or in volcarics the
usefulness of geophvsics will be limited. In the latter
I environment detailed hvdrogeological investigations may provide
enough information to locate a drilling site (PN I, 32, 33).

4 The formula for calculating the savings can easily te agapted to include the expected decrease in
grilling depth:

§=0 - Ca= Lo % C8/Rae - Lo x L3/Ra - La/R

with L., as the average required drilling depth for a non-sited borehole, L, as the average required
depth for a sited borehole, C§ as the basic drilling cost per seter, The other variables as 1in the
ariginal forsula.
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The equipment used for site investigations discussed in this chapter
concerns primarily geophysical field equipment and equipment needed for
proceseing and evaluation of field gata. The infaormation ic derived
fram the No. 3 questionnaires which were sent out to manufacturerc and
suppliers of geophysical eguipment and on the documentation which was
received together with the refturned guestionnaires or otherwise made
gvailable. A total of {5 positive replies were received with 9
completed questionnaires from the 27 regquests for information which
were csent out.

3.1 fQuestionnaire No 3

The original guestionnaire is shown in Appendix 2.3 and basically
consists of 11 guestions. WNine of tne respondents answered with a No.
3 guestipnnaire, others mainly sent product documentation. The data is

=

listed in Appendix 3.

Company o1

Six of the respondents to the guestionnaire are manufacturers, one a
major supplier and two are basically consultancy +irms which
manufacture 3 limited range of geophysical equipment, which is mainly
used by themselves, The response represents a significant part of the
total range of geophysical manufacturers and suppliers, and gives some
insight intoc the ideas the manufacturers have on the use of their
equipment.,

Geophysical Equipwent and Cost 82, 03

The only supplier in the list of respondents provides the whole range
of geophysical equipment, the manufacturers and the two consultants
have a more limited range. Of one of the manufatturers only one of the
branches answered concerning the manufacture of borehole lpngging equip-
ment, while another branch 1is inveolved in the manufacture of a wider
range of eguipment. In addition to the information provided by the
supplier, information on resistivity equipment is provided by & of the
guestionnaires, 3 replied on borehole logging equipment, 2 on the
seismic refraction and shallow reflection eguipment, and one on each of
the followino: EM, VLF and G&Ground Radar. Many of the respondents
provided guotations for their eguipment. A& comprehensive list of avail-
able geophysical products for groundwater investigation and approximate
prices is given 1in Appendix & based an product documentation and
gquotations sent along with the guestionnaires and from other sources.
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Cren and Transport a4, 0%

Most of the respondents suggest that the field crew working with their
equipment should be accompanied by a university trained geophysicist or
hydrogeologist with geophysical ewperience. For the resistivity method
the additional «crew members should basically consist of one operator
and two or more labourers. The seismic refraction crew mav need to be
a bit larger with up to ? operators and 2 to &6 labourers, EM requires
a geologist/geophysicist and an operator, while ground radar and
borehole logging similarly reguires two operators, of which one,
according toc one of the two manufacturers =hould be a trained
geologist/qeophysicist. Gravity and magnetometry each can be carried
out by one geologist or geecphvsicist; for the former when np detailed
topographic maps are available the measurements stations need to be
leveled by surveyors. #As one of the consultant respondents points out,
it may not always be necessary to employ profeszsional geophysicists or
geclogicsts in the field crew if a well trained and experienced operator
is available.

Btatfing reguirements suogested by the manufacturer zppear cften to be
superseded, In actual field practice more casual, wunskilled labour is
used which wmost likelvy is a matter of ease rather than necessity,
reflecting the predominantly low cost of such labour.

Evaluation )

Most of the respondentz agree that +for the evaluation professional
skilles are necescsary, but two suggest that non-university trained
personpel can be cspecially trained in the interpretation of the
measurements and that this should be adequate.

Interpretation Hardware and Software g7, a8, @9

For the interpretation of the resictivity measurements a computer,
plotter and/or printer are listed as the main reguirements. Small
portable computers are quite adequate and can often be carried into the
field. Master curves, i.e. model resistivity graphs calculated for a
variety of layers with variable resistivities, can be used for manual
interpretation, while ralculator-based interpretation routines are also
available, Computer interpretation is, however, the quickest and the
most accurate. For the interpretation of seismic refraction results,
interpretation with a small calculator is poscible and relatively easy
although somewhat laborious. Computer oprogrammes can speed up the
protess. Data processing for profiling technigues such as EM, VLF,
Magnometry and GBravity measurements is usually not as complex as the
procedures for HResistivity and Seismic measurement interpretation and
is easily plotted by hand unto maps or profiles, However, computer
aoplications can assist with the plotting. The latter is alsc true of
the interpretation of geophysical borehole logs.

A wide range of software is commenly available for the different
spplications and most manufacturers provide a software package to
accompany their equipment {(see also Appendix &) and in some cases
provide demenstration software. Some also have special arrangements
with computer firms to provide computing equipment.
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Reports on Equipment g10

A few of the respondents made reports available on the application of
genphysical equipment of their manufacture in various water development
projects. These are discussed alongside other reports in Chapter 4.

Testing of Equipment @t

Some of the companies indicated that they had equipment available for
testing. No actual testing under controlled circumstances was however
carried out, but several types of equipment were observed in use by the
various projects which were visited in Kenva in the tourse of the study
as listed in Table (2.

Table 12 Deaonstrated geophysiral equipsent in varipus Kenyan projects

Nodel Nethod fgency, Region

ABEM Terrameter 5AS 300 B Resistivity Broundwater Survey {K} Ltd, Ewbu District

DHV Consulting Engineers/LBDA, Siaya District
ABEM Trio SX 12 Seismic Refraction Ketinco, Bungoma District
ABEN Madi ULF broundwater Survey {K) Ltd, Nairobi
Geonics EM 34-3 Electrumagnetics DHV Consulting Engineers/LBDA, Siaya District

broundwater Survey (Kenya) Ltd, Eebu District
APEX Max Min Electromagnetics Broundwater Survey {K) Ltd/MoWD, Embu District

3.2 Product Documentation

information concerning geophysical equipment for use in well siting has
been sent along with the No. 3 questionpaires by the various
respondents and also obtained from other sources. This information
describes, 1in wmany cases, the theoretical oprinciples on which the
instruments are based, the basic operating principles and a number of
case studies pf the application of the various instruments.

The eguipment cost factor as supplied by the various manufacturers
{Appendix &} is a better reference than the <cost figures supplied by
the consultants and organizations in questionnaire No. 1 (Appendix
4.%)., The actual equipment cost depends on system configuration and
options and whether or not the equipment can be imported free of duty.

In most cases the -equipment 1is technologically sophisticated and
therefore expensive {in the order of $10,000 and above). Conseguently,
its purchase can only be justified when it can be written off against a
relatively large number of sitings in order to keep the cost per site
investigation low. In a few cases (in India, the Netherlands, and
Thailand; documentation reached us anly of the latter) cheap
resistivity equipment has been developed (in the order of $500).
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Many project reports, publications, informal papers, etc, which partly
or wholly concern well siting for community water supplies were
received together with the guestionpaires and +from other sources. A
comprehensive list of these reports, publications and papers is
included in the bibliography. The wmain purpose of the review of the
literature i1is to complement the information obtained from the
questionnaires on the use of site investigation methods. The
literature has also been used extensively to compile the accompanying
introductory volume on well siting. More insight than praovided by the
gquestionnaires into the well siting procedures commonly used, the
cthoice of investigation methods and the economic aspects of well siting
can be obtained from the various project reports,

4.1 Mell Siting Procedures

Identification

Site investigation procedures and crews are usually aonly activated
after an 1initial phase of project and target identification has taken
place. In most of the 1larger projects the work is commissioned by
regional or government agencies who determine the geographic layout cof
the project area and ogeneral project Terms of AReference for the
construction ot wells. HRegional water master plans are often drawn up
to study the availability of water and to provide a plan for the
development of the resources. The next step is the preparation of a
water development programme to provide every viilage with clean and
dependable water supplies within a reasonable walking dicstance
(Finnida, 1984). The implementation of the regional water plans within
the specified criteria is then contracted out. QOther commonly applied
parameters include design vyields, wusers per water opoint, quality
standards, etc. which vary from country to country and even within
tountries. GSuch a set pofé “groundrules’ form for moset oprojects the
basic starting point for all further and more specific well siting
activities,

Comnunity Development

Apart from national guidelines, many projects take the suggestions of
the local «community concerning the preferred location of the proposed
well into account. The extent of local involvement ranges from merely
asking the community leaders to select a few preferred sites, which are
then evaluated hydrogescliogically and/or ogeophysically, to a more
detailed =sociclogical study of the location, involving extensive
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meetings not just with community leaders, but also with regular
community members and in particular with the main potential users’
groups. Hydrotechnica (1988), in the Victoria Province Drouoht Relief
Programme in Iimbabwe., considers that the site chould be chosen
principally on hydrogeclogical {or related geophysical) agrounds, but
states also that "discussions with the local community are absolutely
essential, even though they may reguire considerable time both as a
result af trving to resolve conflicting interests within the community
and as a result of lack of water at the location preferred by the
cammunity.” A report from the Bubu-Tomboli Water Project in Guinea-
Bicssau (DBIS, 1982), a mainly participatory project of well digging and
hand drilling, emphagizes the need to consult with all sections of the
local community f{especially minority groups and women) in addition to
consultations with the community leaders, in order to ensure that the
needs of all groups are met. A Malawi Manuzl <¢or Integrated Proiects
for Rural Groundwater Supplies {Chilton et al., 1982) recommends:
"Maximum involvement of the wvillage in the =selection of their owuwn
waterpoint sites, preferably through the democratic process of an
elected Water Committee to assicst in «creating the sense of waterpoint
punership." This 1s alsc affirmed by several other projects {e.qg.
Finnida, 1984 and South Coast Handpumps Project, 1987). The liaison
with the community 1s sometimes carried out bv a separate 'Community
Development ™ department which seeks to encourage the formation of a
Water Committee to take charge of the proposed well {(operation and
maintenance) and who through its close contact with the community is
able to obtain and forward the suggestions and recommendations to the
siting team {(Kefincto - Kakamega, DHY Consulting Engineers - Kisumu,
Foster Parents Plan - Embu: percsonal commupnications, 1987-1988).

Kydrogeological Reconmnaissance

The tommon approach to the selection of individual sites involves a
preliminary desk study of available materials such as geclogical maps,
topographic maps, climatic data, borehole records, aerial photographs
and sometimes satellite imagerv. This information is then used ac a
background for hydrogeological assessment in the field of the community
proposed sites and the project locatior as a whale (Hydrotechnica,
198%; MacDonald, 198B6; Chilton et al., 1982; Norcopnsult, 1983b; GBK,
1987h8). 4When the hydrogeological data is considered inadequate for
individual <cite =selection, geophysical measurements are generally
recommended and carried out.

In many large projects the hydrogeological study is divided into two
separate stages, First a general hydrogeological reconnaissance of the
project area before engaging in gpecific site investigations.
Sometimes such a general investigation is directly connected to the
obiect of rural water supply and sometimes the ogeneral regional
investigative study is meant as a general basis from which other,
smaller water supply projects can proceed. The 1nvestigative studies
mentioned under Category 2 in Chapter 2 are basically of this nature.
The government of Kenya is for example engaged in & systematic study of
the water resources of in the various regions of Kenya which indicate
the potential for groundwater abstraction for the local needs (WRAFP,
1984a/h, 1987a/b}. Norconsult {1983a) 1in such a study of Turkana
Bistrict in Kenya produced a hydrogeological map and & groundwater
‘guide’, to assist in the further development of groundwater rescurces
for individual water supplies. The guide 1s shown in Appendix 7. It
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illustrates very well the ageneral procedures and hierarchy of data
collection which are generally followed by professional consultants in
site investigations, A qeneral impression of aquifer characteristics
{the right~hand column in the guide} «can, even when test drilling is
too expensive, often be obtained from existing boreheles in the area.
Thug it 1is possible to gain some information on the drilling
requirements and possible cost of a proposed water supply programme.

4,2 Choice of Beophysical Siting Method

Ko Siting

1t may not alwavse be necessary to use geophysics for the final
celection of well =sites, MacDonald (1984) describes how in a
cedimentary area 1n northern HNigeria with low rainfall (<750mm) enough
hvdrogeological evidence was available ({significant recharge from a
major river system) to suggest that application of geophysice was not
necessary, Alternatively, two publications (DHV, 1978 and Blankwaardt,
1984) both baced o8n projects in Tanzania recommend the use of hand
drilling as a cheaper alternative to the use o0of geophvsics 1in areas
where the water table 1s relatively <ehallow and the soil firm but
unconsolidated. A light set of hand drilling eguipment is easier to
uze and cheaper than mpst geophvsical instruments, while soil sample
interpretation ics relatively straightforward and water capacity can be
determined through pump testing. Where hand drilling is poseible, hand
digging or drilling for the production well is also possible, further
reducing the overall cost of the well., Test hand drilling is however
impossible in rocky areas,

Chilton and Smith-Carington 11983, 1984) point out that in Malawi the
use of geaphysics for borehole siting is gquite unnecessary for handpump
wells in the weathered zone of the Basement Complew where the saturated
layer generaliv oprovides an adequate yield. Only when higher vields
are reguired with a greater capital 1investment in the wells, such as
for small urban, reticulated supplies or irrigation, is & fuller range
of ewploration technigues justified.

The NCA Water Project in southern Sudan {(Sundnecss et al., 1985) ie an
gxample of & situation where very little hydrogeological and no
geophysical well siting was wused to the detriment of the drilling
programme, In the predominantly BHasement Complex and Sedimentary area
abpout &44% of the boreholes proved unsuccessful without any siting,
decreasing to 41% unsuccessful when a hydrogeologist carried cut the
siting <{without geophysice), The financial consequentes of this
approach will be discussed in section 4,3,

Resistivity

An early and excellent description of the use of electrical resistivity
saunding and profiling techniques for groundwater exploration in 29
projects in {0 West African countries comes from Mathiez and Hout
{1948)}. The initial experimental, but neverthelese 1in most cases
successful, application of the resistivity method for general water
resources assessaent, urban and rural water supply is described in sonme

Groundwater Survey (Kenya) Ltd 38 Inventory of Well Siting Methods



10000

detail for wvarious types of Hasement, Sedimentary and Alluvial
environments, The report stresses the importance of a close
cooperation betwsen the hydrogeoclogist and geophysicist leading to a
better wunderstanding of the wuses and limitations of geophysics in
groundwater investigations. . Figure 1Z 1llustrates a resistivity survey
carried out in Bascsari, Togo which resulted i1n the successful drilling
of three boreholes (A, B, C) which each continued to yield more than 40
m>/day at the end of the dry seasen from crushed and altered schists

T

overlying sound rock at respectively &, Z35 and 48Bm below ground level.
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Figure 12 Resistivity survey layout and sample soundings at Bassari,
Togo (Mathiez and Huot, 1948)

Another hydrogeclogical situation in which the resistivity method
excels is where frech/caline-water contact zones need to be mapped.
Mathie: and Huot describe =everal cases of this nature. Figure I3
illucstratez one example in Senegal, where it was poscible te give an
ectimate of the fresh/ csaline interface position.

A similar situation ics described in the report of a project carried cut
by Groundwater Survey (K} Ltd at the Kenyan coast (G5K, 19B87a, see also
FN S0). Fresh water primarily concentrated in karstified fossil roral
reefe provided a clear resistivity vcontrast with the underlying and
surrounding salipe groundwater, Several exploratory boreholes were
drilled and geclogically and geophysically logged +for calibration
purposes,
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Figure 13 The resistivity method in a fresh/saline-water environment in
Senegal (Mathiez and Huot, 1948)
While the 5chlumberger electrode array is usually considered ac the
superiocr resistivity sounding technique, the relatively recently
developec Offset Wenner technigque has been used in a number of projects
{Hydrotechnica, 1985; keale, {786) as a more accurate measuring cystem,
being lesc sensitive to near surface lateral inhomogeneities, which
sometimes invalidate the traditional resistivity soundings (Barker,
1781, 1983). A recently developed tombined sounding/profiling
technigue {the Campus Multiprocessor controlled resistivity traversing
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"MRT’ system), with electrodes connected by a multicore cable and a
microprotessor to a resistivity meter, is also based on the Wenner
array and provides regular guantifiable resistivity data at almost the
speed of carrying out the EM measurements (Griffiths & Turnbull, 1985).
An example of such a profile is shown in Figure 14, The lachk of
conductance through very dry near-surface layers is the main drawback,
over which the EM & VLF systems have the advantage of not requiring
surtace contact.
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Figure 14 MRT profile with interpretation across a weathered basement
channel in Zimbabwe (G6riffiths and Turnbull, 1985)

Seiswmic Refraction

Information was available for a only few projects in which the seismic
refraction 1is the solely used method of groundwater investigation.
Kefinco in Western Kenya, one of the respondents to questionnaire no 1
(FN 21), wuses seismic refraction as the only methed of investigation
for locating borehole sites. Ovaskainen {n.d.) rationalizes the use of
the method as opposed to not wusing any method based on the early
drilling results of the project. While the seismic refraction method
1s clearly wuseful and very effective in optimising the well location,
s is pointed cut vearlier, there is some doubt on the current cost-
effectiveness of cseismic refraction under the generally favourable
conditions of the project area. This is described in more detail in
the chapter with case studies in VYolume 2 of this study. Ovaskainern
(1985} aleo reports on a pilot study of the seismic refraction methoo
in Sudan to improve drilling conditions in the South Kordofan area an¢
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suggests that seismic refraction will most probably lead to larger
vields and a higher success rate.

Resistivity & EN

Many different geophysical investigation techniques are available when
the hydrogeclogical data is not considered sufficient to select a well
site. However, as the responces {from questionnaire No. 1) already
indicated i{see Table 7 and figure 7}, the resistivity method is very
popular, while the combination of resistivity soundings, profiling and
electromagnetic profiling is acclaimed as a very successful geophysical
tool by & number of the larger projects (WRAP, 1984a/b. 1987a/b, Sir
MacDonald & Fartners, 1985; Hydrotechnica, 1983; BReale, 1986; van
tisgsa, 19871, As Carruthers (1985} points out a3 hetter interpretation
can often be wmade 1f different geophveical technigues are used
gimultaneocusly In & survev area.

Datas obtained with several opeophyeical methods often complement each
I other and provide a clearer understanding ot the geology.
Hydrotechnica {(198%) those the resistivitv/EM combination after
considering a number of different options csuch as Magnetics, Seismic
Refraction and Shear Wave Refraction. It considered the resistivity
l and EM techpigues considerably faster and cheaper than any seismic
technique, while the EM technipue was found to give comparable recsults
to a magnometer, after which the latter was cut out of the project. In
l combination with the resistivity technique the EM profiles are used as
an initial and fast reconnaissance togl, followed by more detailed EM
and resistivity profiles and soundings in areas of specific interest.
' The same approach was followed by MacDonald in northern Nigeria, while
the svetematic inventorv of Kenva's grounduwater rescurces by WRAF is
also bazed on the application of the Resistivity/ EM combination,
occasionally supplemented by other technigques, and has proven to be
l very useful for fast large~scale reconnaissance,.

Palacky et =21, (1981) for a survey area in Burkina Faso confirm the
advantages of £M over resistivity profiling as a faster and cheaper
method and providing "data of a guality at least equal to resistivity
profiling.” The VLF method waz also applied and was alsec found to be
useful, but limited by the availability of VLF stations. They suggest
that the EM profiling technigue should replace traditional resistivity
protiling {cee comparison of methods in Figure 135).

A simple VLF/Recictivity combination provided by the Geonics YLF-EM 16R
instrument has also proven succeseful in mapping the  weathered
overburden for groundwater investigations in Andhra Pradesh, southern
India, as documented by Poddar and Rathor (1983). However in both of
the latter caces recsistivity soundinge or drilling of test holes were
rnecessary to calibrate and confirm the attempt at guantitative
interpretation, Another YLF instrument, the ABEM Wadi, has recently
been introduced by the manufacturers of the successful ABEM Terrameter,
but no results have been publicshed to date to substantiate the claims
on the instrument’'s sensitivity, especially in light of the weak
transmitter signals inp Sub-8aharan Africa.
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Figure {5 Comparison of EM, VLF and resistivity profiles
- {Palacky et al., 1981)

Resistivity and Seismic Refraction

The resistivity technigque has also been combined with the seismic
refraction technigue for groundWater investigations in several projects
in Kenya, Tanzania and Sudan {Pulawski & Klitten, 19773 Luonsi &
Lappalainen, 1981; van QOvermeeren, 1981}, Mathiezr and Huot (1968} also
report the use of the ceismic refraction method in some of the MWest

fifrican projects they describe. The Kenyan project was specifically
aimed at studying the correlation in the +indings between the two
methods, in the <second project in Tanzania a general distinction was

made between the areag in which resistivity and seismics were used
ieedimentary and bacement, respectivelyl), but complementary resistivity
spungings were mage in the seismic areas in order to obtain information
on water guality. The third project used the cseismic refraction
technigue to calibrate the resistivity soundings in order to overcome
the problem of equivalent interpretationsz.

In the Kenvan project the recsistivity curves were on purpose inter-
preted without taking the seismirc data into account, in order to
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compare the individual data obtained by the two technigues in  the came
basement and wvolcanlc areas, table I3 gives a baslc overview of the
recults, The report concludes that because the two tethnioues provide
two different cete of inforsation, they may supplement each other but
cannot substitute each other. The iack of boreholes at most sites to
confirm the resulits of either technique and czeveral other limitations
in the set-up of the comparisons unfortunately result in rather
unsatisfactory conclusions.

Table 13 Resistivity and seismic refraction survey, cosparison of results {after Pulawski & Klitten, 1977)

Accordance * Hoth sethods indicate the Both sethods indicate rather Both methods provide
sase geological and hydro-  sisilar conditions from a contradictory results
gesiogital conditions hvdrogeciogical point of view,

but differ earkedly in the
guantitative results
Site;

Bacement Ares
In manv caces the resistivity
survey indicates greater depth
t - - - tg the firm rock than does the ---

seispic survey. Both indicate
the case =ites as prospective

tar groundwater

Resistivity sarvev: Positive

243 - - - - - groundwater conditions
Seismic survey: Megative
conditions

4, 5% Both methods accord in

indicating & thick - - - - - -
weathering profile

7 .- . - - Mo accordance

Resistivity survey: Positive
groundwater conditions
B - -~-- Seismic survey: Negative
tonditions. However, wells
drilled here are successful
Accordance in the
9 estimate of the depth to --- ---
the firs rock

Volcanic frea
The seismic survey does not provide usable data
10 - 12 The resistivity survey is indicative

A clear case study of the usefulness of limited seismic investigations
is given by the SBudan project (Van Overmeeren, 198%1). In this praoject
gravity measurements were used to provide an initial rapid overview of
the basement structure in the areas, which however was inadeguate tp
provide the detailed depth-to-bedrock information. Resistivity
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soundings were carried out to provide additional oqguantitative data,
while limited seismic refraction 1investigations provided a cost-
peffective way to accurately calibrate the resistivity measurements,
The results were confirmed by subsequent test drilling,

Seismic Refraction and Gravity

The seismic refraction technigque is op its owh guite & comprehenczive
investigation technique which provides both qualitative and
guantitative information in terms o©f the basic structure of the
subsurface layers and the depth or thickness of the layers, Van
Overmeeren (1975, 1984) and Al: (1987) describe respectively two
projects in Chili {(Alluvium/Hasement and Yolcanics) and one in Sudan
{Voleanics/Sediment/Basement) where seismics were relied on for the
detailed information, while qravity measurements were used as a
secondary 2id to trece the general structures of the areas. The
gravity method proved very useful and economic in flat terrain for
gualitative interpretation. Due to velocity inversion in Sudan project
the geismic meacurements were not able to pick wup the sandstone
formation wunderlying the basalts and Ali suggests that in such
situations other methods should be use top delineate the basaltic flows.

Other Methods

A number of ogeophysical technigues are newcomers in  the field of
groundwater exploration and have not been reported on by anv of the
proiects., However, a2t it 15 likely that some of these new developments
will start to play a wmore prominent role in this area they are
mentipned here chortlv bazed on reports and publications from more or
lecss experimental applications.

Seismic Reflection

Dobecki and FRomig (1983) in an overview give the reason for the late
entry of seicsmic reflection in the groundwater exploration scene as the
high cost of complex data processing and tailoring to the deep
penetration, necessary for oil exploration. Recently with the advent
of powerful micro computers data processing has come within reach of
the low-budget groundwater applications, while develcopments 1in field
practice and eguipment (high freguency impact with special geophones
and recording equipment to wminimize the lower f{requencies, signal
stacking and automatic gain control) make shallow reflection survevs
feasible for low-cocst applications,

Hunter et al. (1982, 1984), and Haeni {198&) report a number of
successful experiments in shallow groundwater investigations ({see
Figure 16), while Birkelo (1987) describes a seismic study based on the
reflection off the groundwater table during a pumping test. While
Dobecki and Romig suggest that shallow reflection survevs will replace
refraction =surveys as the most common teel for fenrgineering and)
groundwater studies within five years, they concsider that some further
testing iz nececsarv before the technigue can be accepted as a standard
surveying tool. Mest current seismic refraction hardware alsoc supports
the shallow reflection aoption.
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Figure 16 Reflection section showing sub-surface bedrock topography
from 70 to 90m below surface and other shallow layers
{Hunter et al., 1984)

Transient Electromagnetics

Ancther method considered to become an important tool for groundwater

tions 1n *h& negar  fatur iz the trancient electromagnetic
time-duma EM  (TDEMY techrigue, Unlike the commonly used
frequency gomain EH methud {(such as the Geonics EM 34), the TEM can bhe
used for carrying out guantitative depth soundings much like a
recistivity sounding. There is however no need for changing the
distance between the transmitter and receiver coils as with resistivity
coundings to achieve deeper penetration. TEM is more sensitive to
conductive zones than the resistivity method, thus has less problems
with csuppression of small conductive lavers at depth. The method is
described by Patra and Shastri {(1983), Fitterman and Steward (1984) and
Fitterman ¢1987) for shallow groundwater investigatione., GSome problems
still 1limit +the application of the TEM method, such as resclution
problems at very shallow depths, equivalent interpretation solutions
similar to resistivity interpretations, limited development of
interpretation routines and rather expensive equipment,

o

Nagnetotellurics

The magretotelluric method (MT) ic an electromagnetic technique which
uses natural electrical and magnetic fields for determining the
electrical propertiesz of the earth at great depths. Bazinet and
Legault {(198&) describe the adaptation of this method to groundwater
exploration in the form of & portable scalar audic-magretotelluric
incstrument {EDA Instruments Inc.}, which they claim as providing
greater penetration than freguency comain EM and VLF methods and being
less sensitive to near-surface effects f{such as clay layers which
gisturb regular EM measurements), and because no transmitter has to be
carried around the method 1s less expensive and less heavy as
controlled source MT. The field examples used bty Bazinet and Legault
however do not include a study of groundwater sources just beyond the
range of the conventional EM/VLF techniques (30-100m) which could be of
interest to gite 1investigations for CWS projects and no other
publications describing the application of MT to shallow groundwater
problems were available.
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Ground Radar

fround Radar i¢ a technique also based on electromagnetic principles,
It is not really a new system to shallow groundwater studies, but hasg
not been reported on for CWS investigations. Bub-surface penetration
is generally in the order of 3-10 meter= and under ideal conditions up
to 20m, depending on the conductivity of the spil. An experimental
survey for a well-digging project, carried out in Turkana District,
Kenva. proves quite successful in mapping the groundwater tasble and
subsurface bedrock topography of sand rivers. Hopwever, in areas with a
very conductive overburden, caused {for example by clavey soiics, the
limited penetration makes ground radar virtually useless, Dobecki and
Romig (1985), Fenner (1985 and Wright et al., (n.d.} describe it as a
very preclee and rapid site surveving wmethod showing subsurface
structures and the groundwater table. it iz oenerally used for
engineering studies and is of limited use for low-cost groundwater
investigations.

A recent development, called the ARGUS, s & radar technigue using a
continuous wave transmission. f celected number of +{regquencies is
swept and emitted into the ground, By recording amplitude and phase at
all emitted frequencies subeurface reflectors can be detected. The
svatem rcarn be operated 4from the ground, but also from aircratt or
helicopter. The manufacturer «claims that penetration is an order of
magnitude larger than opulsed radar svetems. B5till, the oenetration
syetem ig severely reduced in areas where conductive spils occur.

Good examples are not yvet available.

or o Groundwater in coastal aquifer.

A Shates and Aquifer

B Sand:. Fresh Water Aquiter
C  Limentone Rest — Salt Water Aquiter

Figure 17 Coastal Aguifer identified by AEM, with apparent resistivity
contours in ohm.m (Gepsurvey Int. Ltd)

Broundwater Survey (Kenya) Lid 47 Inventory of Well Siting Methods



-----------&

Airborne Geophysics

The Rirborne Electrosagnetic Method (REM) is the most cosmon airborne
geophysical technique and has primarily been used for amineral
prospecting. Application to groundwater investigations has becoae
possible  due to recent developments  and improvements in
instrumentation, wmaking detection and identification of subsurface
conductive zones possible to a depth of 200 meters (Palacky, 1781;
Paterson and Bosschart, 1987)., Figure 17 on the previous page shows an
example of an AEM investigation of the saline/fresh-water interface on
the Kenya toast, where the {resh-water aguifer clearly stands out, The
main drawback which presently keeps the use of AEM out of the CWS realm
is the high cost of flying the surveys f{e.g. Beoterrex, 1984) and the
subsequent need for geophysical follow-up on the ground.

Kater Divining

A perhaps rather unusual siting methpd to be included in this review of
geophysits is MWater Divining. However, it is a method that according
to the questionnaires i¢ opccasionally applied in relatively ilarge
projects, while other evidence suggests that especially for the
individual sitings water divining is commonly practiced. Walking with
a forked <ctick, hand angles or other implements is probably the oldest
nethod of well siting. #As was shown in Chapter 2, divining continues
to be practiced. Jne proiect report from Sri Lanka reports a nearly
100 percent success rate for the location of 600 wells and claims 1t 1s
superior to the resistivity technique which was alsoc used in the
project, although the need +for hydrogeological knowledae i1e¢  not
discounted (Schleberger, 1986):

.-.the success of a dowser does not only depend on his
general ability to handle the dowsing-rod, but alsc on his
understanding of geological and hydro-geological features
cf the area where survevs are conducted. The most
suitable person to be trained in the water divining method
would have been a hydro-geclogist.

While many are skepticasl of the wmethpd and the practical results in
other projects often leave much to be desired (cf. projects 13 and 19
in Chapter 2), a recent article in the New Scientist (Williamson, 1987)
propeses a number of scientific explanations for the dowsing technique.
Like homing pigeons, bees and whales, humans may have ultra-sensitive
magnetic sensors which change their orientation when changes are
detected in the magnetic field of the earth. Such rchanges, caused for
example by subsurface ore bodies, conductive fault and fracture zones,
stee]l pipelines and electricity cables, trigger an unconscious response
in a magnetically sensitive person in the farm of small muscle
tontractions which are amplified by any implement held loosely in one’s
hands, Geophysical experiments carried out in the Netherlands, Saudi
Arabia and the Soviet Union (Mijne, n.d.) correlated with test drilling
appear to have resulted 1in significant and repeatable resuilts,
prcasicnally surpassing geophysical methods in the same area.
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4.3 Cost-Effectiveness

The issue cost-effectiveness has already been discussed in secticn 2.7
with reference to the information given by the guestignnaires., A&
number of project reports and publications take up the i1ssue of the
cost-effectiveness of well siting in more detail. The overall need for
and the issues invplved in determining the cost-effectiveness of well
siting is oprobably wmost clearly put by Farr et al. {1982), who
demonstrate for 2 commercial ranching enterprise in Botswana the
criteria involved in the method and extent of borehole site
investigations, The parameters involved are similar to those of many
community water supply projects, whether or not the actual well
construction costs are borne by the local community or, more likely,
subsidized by external sources. The model used in Chapter 2.7 is based
prn the same principles as described by Farr et al. Carruthers (1983),
however, rightly oppints cut the difficulty in evaluating the increase
in drilling success at the different 1levels and with the different
methods of site investigation over the basic ‘wildcat’ success rate.

In the pilot phasze of large projects & number of wells mav be drilled
without any special investigationsz and some based ogn various types of
investigation technigues in order to compare the cost-effectiveness of
the alternative investigation approaches. Ovaskainen f{n.d.) describes
the results of the pilot phese of the large Kefinco project in western
Kenva and cencludes that while the survey coste are about 10% of the
basic drilling ctosts per well the success rate is increased by 30-4D%.
Furthermore the investigated wells proved to be better, having a higher
specific crapacity and @& lesser drawdown, reducing the reguired
pperating energy and wear of the pump. Comparative success rates were
given by the Rural Domestic Water Supply and Sanitatien Programse (van
Lisga et al., {987) using data from earlier borehcoles drilled in the
project area without the benefit of modern search technigues. Van
Lisza demonstrates that a 26% ingrease in the success rate, combined
with a decrease in the required drilling depth of nearly 3¢ percent,
reduced the basic drilling cost to nearly one third of the earlier
boreholes. This covers the cost of extensive siting by a large marg:in.
White (17B4} after an analysie of the cost of drilling and siting in
the VYictoria Drought Felief Froject in Ilimbabwe concludes that enough
savings in drilling cost were made by the geophysical invectigations to
have warranted a csecond investigation team to carry out geophysical
siting at all sites, which was not possible with one team due to tinme
limitations. 1f the NCA MWater Project in Sudan (Sundnes et al., 1983)
would have made a similar calculation of the cost of their drilling
programme snd used hydrogeological siting throughout and even proper
gecphvsical investigations, considerable savings {(30-40%) could have
been effected, brinping down the average tost of one well from $7000 to
$6010, including pump and excluding overheads, (Mote: inclyding
overheads the average cost per well was almost $20,000).

Other references to the savings effected by the use of geophysical
investigation methode are often less specific. Palacky et al. {1981
compare the average cost of resistivity surveys at $91! per mile {(1978)
tv that of EM surveye at %239 per amile. Mathiez and Huot (1968}
referring to a large number of projects carried ocut in Western Africa
state that the costs of geophysical investigations range from $400 to
nearly $6000 per site, but iz usually well justified given increases in
drilling cuccess rates from 20% withput site investigations to as much
as 907 with site investigations.

Groundwater Survey {Kenya) Lid 49 Inventory of Well Siting Methods



The information on well =site investigations presented in the previous
chapters is but a limited collection of current experiences 1in the
realm of groundwater investigation technigues for low-cost community
water supply projects. Verv little information was obtained from
projects outside the African continent., 1In & context similar to that
of Sub-Saharan Africa, the euperiences with well siting in for example
the Indian sub-continent, where oprofessional well siting is almost a
tradition, would have been vervy useful and relevant to this study.
However, as it is, the data <collected concerns mainly Africa, but is
not evpected to be wholly unlike practices elsewhere in the developing
world.

While the collected data cannot be concidered statistically
representative due to the primarily gualitative nature of the guestian-
naires, the data does give a wide overview of current well site
investigation practice in CWS oprojects in Africa. Although a large
variety in the application of these methods is evident, a number of
common trends are visible ipn the approach to the survey, field
technigues, cost effectiveness ang applications wunder different
geclogical conditions. Thus this study provides not onlv a range of
intformation on current practices, bBut can even indicate or recommend
useful approaches to well site investigations, which is undertaken in
the accompanying volume to this study,

5.1 Suitability of Well Siting

Based on the findings described in the previous chapters answers can be
given to the questions posed in the introduction of this report
concerning the suitability ot hydrogeclogical and geophysical
investigation techniques for low-cost water supplies,

Are hydrogeological and geophysical investigations vreally needed for
well site location?

Without doubt +the answer to this oguestion is ‘Yes'. The need for a
hydrogeclogical understanding of the project area is essential for the
proper location of a well. The amount of special investigation efforts
required, however, depende entirely on the local geological and
climatological conditions.

Hhich methods are the most suitable under given circusstances?

It has become common opractice to start the investigation with a basic
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hydrogeological reconnaissance survey, in which available topo-
graphical, geological, climatological and other relevant information is
collected and aerial photos are studied. Hydrogepological fieldwork is
then carried out to confirm and expand on the desk study data. The
extent to which this is carried out mainly depends on the complexity of
the project area and the detail of available data. The importance of
carrying out a proper hydrogeological investigation is emphasized by
many proiects,

Whether or npot the next step of ogepophysical investigations are
necessary depends again on the prevailing hydrogeclogical conditions.

A number of projects base the need for geophysics on the preliminary
hydrogeological study and only selectively apply the chosen methods.
The larger projects often base their investigation approach on a pilot
phase in which the suitability of one or more geophycical methods are
tested. The anslysis o©of available hydrogeological data and hydro-
geological fieldwork generally will provide adequate grounds to
determine where hydrogeological investigations will suffice and where
additional geophysical exploration is necessary.

In ArEas with unconsolidated cediments and abundant rainfall,
groundwater 1z usually shallow. In =such gases it is rather obvious
that no special investigation will be necessary for determining precise
well sites, A number of projects have basically followed this approach
and have allowed the local population to select practically all the
well sites,

Geophveicral measurements are however certainly viable in unconsolidated
sediments, although not always the most appropriate method of
investigation as a number of projects and publictations have peinted
out. Test drilling with hand augers has been used by several projects
and are ctonsidered more economical while at the came time providing
more uceful information concerning the potential aguifer through simple
test pumping, soil and water-guality sampling.

Geaphysical measurements are used most successfully in Rasement Complex
areas, where water is found in either the weathered or fissured zone
above the bedrock or in fractured zones in the bedrock. Fractured
zonee and variations in depth to bedrock surface are traced by
profiling technigues (EM, Resistivity or VLF), while depth measurements
are made by resistivity or seismic refraction sounding techpigues.

In wvolcanic and consolidated sedimentary formations, geophysical
techniques can also be applied successfully. However, probless
sometimes arise when encountering a complex succession of sedimentary
or volcanict layers which make 1t difficult to identify potential
aquifers. # good geological understanding of sedimentary and volcanic
regions appears to be the key to determining whether or not geophysical
investigations will contribute significantly to the identification of
suitable aguifers.

The popularity of the resistivity method has already been noted,
ecpecially using the ABEM Terrameter. The resistivity method is one of
the earliest geophysital methods to be  applied for ogroundwater
investigations and therefore more known than come of the more recently
developed methods. It it aleo cheaper and less cumberzome in terms of
safety precautions and logistics than for example the seismic
refraction method with explosives. The inventory of projects revealed
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that the resistivity method 1is applied in virtually all kinds of
hydrogeological environments.

In spite of a number of drawbacks (e.g. suppression and eguivalence
problems, contact problems in dry surface layers, 'noise’ from lateral
inhomogeneities), the recistivity method is a versatile geophysical
tool, which when uced alongside a proper hydrogeolegical investigation
can often provide wery useful additional information on potestial
groundwater occurrence in many different environments, An important
aspect o0f the resistivity method is its capability to provide
information on both lithology and groundwater quality, With recent
developments such as the Offset Sounding System and the MRT profiling
system the resistivity method will probably hold on to its popularity.

In the last 10 years the electromagnetic (EM) and YLF profiling methods
have gained much in popularity, especially with the easv-to-use Geonics
EM 34 equipment. These methods have proven to be extremely useful asg
rapid profiling techniques and are often used for 1initial geophysical
reconnaissance, followine and confirming aerial phpto interpretation
resulte and providing guai.tative data about relatively shallow lateral
inhomogeneities such as fractures and deprescsione in the fresh bedrock
surface or contact zones betweer different types of rock. fnce an
interesting anomaly thas been located a number of resistivity soundings
are carried out to provide more gquantitative information, The EM/VLF
methods appear therefore most useful where lateral anomalies can be
correlated to potential aguifers. Where the geological conditions
primerily vary in vertical direction the EM/YLF methods are lesc useful
than resistivity soundings., Thie would be the case in sedimentary
bssine and in volcanic areas with little tectonic disturbarnce.

Many projects combine a profiling/reconnaigsance technique with a
sgunding technique (VYLF or EM and Resistivity; Bravity or Magnetometry
and Seismic Refraction), whith has proven itself a verv useful
approach.

Bravity and magnetometric investigations are used in a few projects for
similar reasons as the EM/VLF methods, as a preliminary reconnaissance
tool to be followed by more detailed guantitative investigations. For
surveying large areas such point or grid measurements are considered
very useful.

The seismic refraction technique could well be a superior method for
project areas with weathered bazement. While like the resistivity
method the interpretation is based on a simplified wmodel of the true
sub~surface situation, the interpretation itself is less complex and
usually less ambiguous. The time in which the measurements can be
carried osut is roughly equal to resistivity spundings, but on certain
conditions it provides gqualitative and guantitative information along
the whole geophone spread, unlike the single point data provided by a
recistivity sounding, The need for explosives and the high cost of the
ecuipment have always been the main obstacles to a wider application of
the seismic refraction method. However, with low-cost seismographs such
as the EBYE 1223, having the facility of signal stacking, non-
explosive weight-drop methods become & suitable alternative. The
seismic refraztion method might well become a serioug competitor for
the resistivity method.
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How much field investigation Is needed per wnell?

The preparatory aerial photograph interpretation and hydrogeologicsl
fieldwork are ecscential to narrow down the size of the investigated
area and thus the amount of geophysical fieldwork. How much profiling
needs to be done and how many socundings need to be carried out depends
mostly on the complexity of the 1local geoloogy. The length of line
profiles can range from several hundred meters to a few kilometers and
the resistivity soundinge or selsmic spreads from 2 to 3 per proposed
well site. Such geophveical fieldwork should under normal
circumstances not reguire more than one te two days per site, usually
with an extra day being allotted earlier in the schedule for the
preliminary hvdrogeclogical study. This however again depends very
much on local conditions.

A number of oprojects have developed & standard appreoach or routine
which is applied at practically all szites which are considered to need
geophysics., Thics has the zdvantage that an initially non-skilled field
crew can  become familiar with the routine and after some experience
proceed without the conetant supervision of the expert. Occasionally
this will result in extra work where it was probabiy not necessarvy, but
ag & whole it can speed wup field operations and reduce costs
considerably. The geophysicist/hvdrogeclogist iz of course still
needed initially to cselect the =ites reguiring gpeephysics and
preferably alsoc for the layout of the measurements, as well acs for the
interpretation of the data.

Hhat are the costs?

The average «cost #figures as obtained by the present survey seems 2
reasonable indicator of approximate cost of investigation per well site
in the three regions of Adrica, 1i.e. approximately $110¢, $350, %150
respectively for West, East and Southern Africa, Since these figures
are primarily derived from large development prejects {economies of
scale) it can be expected that the investigation costs +or smaller
praojects will lead to somewhat bhigher unit prices.

The major portion of +the cost of site invecstigationg are the calary
tosts, i.e. mainly the salary of the hydrogeologist and/or
geophysicist. The second most important cost item is the geophysical
eguipment, The proper application of geophysical wmethods under
practically all circumstances require the services of university
trained experts. Expensive expatriates can only be replaced when local
expertise is becoming available to fill the local demand, which will
result in a reduction of personnel costs. Initial investment in
geophvsical equipment is high ranging from approximately $3000 for VLF,
gravity and magnetometry to upwards of $15,000 for most resistivity, EM
and ceisgmic equipment {these will be bazic costs, which can drastically
increase depending on accessory options, and on the tax and duty
policies of the project ctountryl. Using two systems, e.g. EM and
resistivity, would cost more than $30,000. For low-cost well siting
thic can only be justified when written off against a large number of
wells., For the c=maller projects such costis will usually be
prohibitive, unless the equipment can be rented. A better option is
that the complete siting protess be contracted out to & guaslified,
preferably 1iocal groundwater investigation agency to aveoid the high
investment costs,
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What skills and equipment are required?

For the initial =tage of a hydrogeological reconpaissance, which
involves inventory of existing hydrogeological data of the project
arez, aerial photo interpretation and hydropgeological fieldwork it is
necessary that a person with proven hydrogeolegical expertise is
employed. Similarly for the application of geophysical wmethods it is
not recommended that this be attempted without the supervision of a
geophysicist or a hydrogeologist with geophysical experience.

A wide range of commercially produced equipment is available; the most
current being listed in Appendix 6. It 1&g clear that recent
develppments, especially the application of micro-electronics, have
done much to change and simplify geophysical field practice, making the
measurements, data processing and interpretation faster, more reliable
and more applicable to groundwater investigations, When written of¥
against a substantial number of surveys, groundwater investigations are
in many hydrogeological environments a healthy commercial enterprise.
[t follows that investment in advanced equipment is warranted and that
facilitating importation and making credit facilities available fpr the
purchase of such equipment ic a more viable option than to return to
guesswork and accepting a high percentage of "dry" wells.

ls the application of hydrogeological and  geophysical site
investigation techniques justified through a higher success rate of dug
and drilled wmells?

This guestion 13 the financial counterpart of the first question posed
above and will for many proiects with limited financing be the central
guesztion. The answer is referred to in sections 2.7 and 4.3 and can be
summarized as follows: When hydrogeological and geophysical site
investigations are highly likely to increase the drilling success rate
so that the overall cost per well is reduced beyond the cost of the
investigation it makes good economic sense tp engage ip well siting.
Determining the exact extent of investigations needed to bring about a
certain ipcrease in the drilling success rate 1s in most tases rather
uncertain and needs to be evaluated against all available information.
The information c¢olliected in the present study shows, however, that in
most rases the reduction in drilling cost is significantly higher than
the investigation costs.

5.2 Other Considerations

Geophysical field vperations, data processing and interpretation
routines are with continual technological developments becoming more
and mpre simple to apply. However, there is a danger of putting top
much emphasis on the application of sophisticated technology and too
little on the incight intp the underlying assumptions and principles on
which the technical operations are based. 8kill in operating the
instruments and producing computer readouts based on mathematical and
physical reductions and simplifications does not necessarily mean egual
hydrogeological knowledge of the area of interest. The geophysical
practice should be seen as a servant of the hydrogeological discipline.
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Abbreviations
Add Additional ML Multilateral Agency
AER firborne Electrosagnetics HP Notor Pung
AB firborne Geophysics o NAT National Bovernment Agency
AR Aerial Photograph Interpretation NEG Negative
Asst Assistant N0 Nusber
AVE fverage NS No Siting
BHL Borehole Logging 0 Open Hole
B Bilateral Agenty g-3-7 On-the-Job Training
£ Concrete PER Dgeratur
C fost a7 (ther
L+T Crew plus Transport (Costs) g Portable
£/D Cost per Daz LT Plotter
L8 fating and Screens PN Project Nusber
N Categcrz 1 Pas Positive
caL Lalculator Prel Preliminary
CAT | Category | AT Printer ‘
CH Charity Oroanization g Buality {in EC)
o Comsercial Agency 83 duestion No 32
CoN Coaputer RIBS Drilling Rige
£587/D Cost per Day [ Radiometrics
L5T/kM  Cost per Kilipaeter RFP Resistivity Profiling {Traverzing)
DRIV Driver RS Resistivity Soundings i= VES)
bus Dug #ells RWSH Rural Mater Supply Handpumps
w Divining g Steel
EA Fast Africa 3 Site
EC Electrizal Conductivity 8/ Site per Day
En Electromagnetic Protiling 8/ Site per Week
EQUIP Equipaent 5a Southern Africa
£8 Earlier Studies 58 Seisaic Refraction
EVAL Evaluator/Evaluation SRa Seisaic Refractian
EVC/D Evaluation Cost per Day SRe Seicmic Reflection
Exp Experience 35 Stainless Steel
EXPAT Expatriate SUBAVZ  Sub-Average Level 2
6/6pP {Hydro)Geologist or Geophysicist SUBTGT  Sub-Total
BEOL {Hydro)Benlogist succ Successéul
GEOP Geufhysicist S Static {or Rest) Water Level
61 Geological Information 7-HD Total Number
6P teophysical Siting 10 Total Depth
6R Ground (Penetrating) Radar TDEM Tise-Dosain Electromagnetics
8V Graviletrr Tech Technician
H-DR Hand Drilled TEN Trancient Electrosagnetics
HB Hydrugeulegical Siting 107 Total
INEL Inclu ina 107-C Total Cost
IP Induced Polerization TOT-EV  Total Evaluatien {Cost)
K Kiloseter TRANS Transport
KShe Kenya Shillings TRN Training
LAB Labourers/Casuals UNIV University
LX Local Knowledge uS/cs sicro Siesens per centimeter
LS Landsat Isagery VES Vertical Electrical Soundings {= R5)
¥ Neter VL Verg Low Frequency EM
¥-DR Hachine Drilled w107 Nuaber of Nells aultipl. Total Cpst
HAN Nanual WA West Africa
H6 Hagnetotetry WP Nind Pusp
MILL Hillion y Yield
KN Minimus 424 Four Wheel Drive Vehicle
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.

Groundwater Survey (Kenya) Lid A3

FRGJZCT IDENTIFICATION
1.1 Title of Froject:

Well Siting for Low-Cost Water Supplies
1,2 [aplementatiom

Groundwater Survey (K} Lid,
{Fister B.van Dangen}

1.3 [Duration of Project:

b mopths; .
commencing: Jdanuary 1387
cogpletion: July 1987

P.4 Costs of project:

g . B N N F e 3 N TL]
KZShs 3:J,U’Jk—‘/' '.-Dh.ﬁ’i,kv,su}

OBJECTIVES

The aim of the study is to endertake 2 cosprehensive inventory
of the experience cblained by & large nusper of rural maber
supply programmes on the application of hydrogeelegical ang gee-
physical investigation technigues for the siting of drilied and
dug welis.

In addition, information will be ggthered on the current state-
of-the-art techniques and availabie eguipment for well sits
investigations.

BACKGROUND

When planning & low-cost rural water supply prograsse, through

development of groundwater through dug or  drilied welle fitted

with handpubps, the executing agency is usually faced with the

‘ollcwing ques{zons as far az hydrogeelogical site investiga-

tinns are Concerned:

- do we need investigztions to locate sites for wells?

- if =0, which asthod or cosbination of eethods is the most
suitable for the prevailing conditions in the area?

- how such fisld investigation de we need per well?

- how much does it cost per well?

- what level of ckill is required?

- what kind of equipsent is reguired and what 15 availabie ir
the market?

- what tools for interpretstion are available?

- is the use of hydrogeological and geophysical setheds
justified through a higher success rate of dug and drilied

walle?

JUSTIFICATION

At present no consensus exists on the aost suitable method {34
at all) for siting of & water well under given hvdrogeoiogical
conditions. Seen against the background of keeping the cost of a
water point as low as ﬁossibie, an analysis of experience with
tite investigation technigues 1c sost re{evant.

The central question 1s: Are the costs involved with siting
technigues justified through a higher surcess rate?

The propesed study sims to provide answers to the above quest-
ions in the fors of a substantial report, which gives guidelines
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to planners and  sanagers of low-tost  water supplr

programses. This publication will be intended for non-technica

gersunnel and will not assuse prior  kncwledge of  these
echnigues.

ACTIVITIES

The study will involve the following activities:

1. Cosprehensive inventory and review of availabie literature,
2. hssessaent of erperience with well siting obtained in
progranaes carried out in the region at present or com-
pleted in the recent past. o this end coagrehensive

guestionnaires will be prepared and sent out
projetts.

o current

3. Field visits tp pro?ranles being undertaken at present in
Kenya and possibly eisewhere in the region,

4. A comprehensive study and evaluation of available eguip-
sent, their cost, suitability and technical specific-
ations. Some field testing might be involved.

3. Evaluation and reporting. After evaluation of the
collected data, & draft final re?art will be precented,
which after review will ultimately be publiched as a
Technical Note of the Project.

PLANNING

Activity JAN FEB HAR ‘QB?PR HAY  JUN

. Freparation =z

2. Inventor
“Titerature =2 =z

-equipaent == aF

3. Enguir
-dratting =
-mailing
~resinders ¥ ¥
-prel.eval, a=2
-add. enquiries ==
-final eval. ===

4, Field Visits == ==

5. Equipaent
~inventory ==
-inquir
-field Zests z=2
-analysis of data

7. Evaluation &

Reportin {1573} (13/3)
-Frogress = = {1317}
-{Draft) Final ===z

Personnel

boa b 3 n
O ™

i
Sr.Geoph. (9w} 2
dr Hydrog, (Bw) !
Assistan% {Tw} 1

Ratrobl, 18717870

[Ty
[l T
— b
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duestionnalre No
duestionnaire No
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] kY +=
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Questionnaire No 1 UNBP/Wor1d Bank
Well Siting for Low-Cost Water Supplies

Flease complete this form as cosplete as possible and return
to: Rural Mater Supnly Handpusps Froject, UNDP/World Bank
P,0.Box 30577, Nairobi, Kenya
Att. Mr. Pieter G.van 6ongen

81 Country:

82  Nase of project:

83 Executing agency:

B4  Sponsoring agency:

o FRegion/District:

86 Froject area {sizeh: ka?
7 Objectives of project:

e e e e e e e T ke P P ey B

88 Year started: Year completed:
8%  Budget (total) : U5 $ i per year: US § B0
Local component: US $ ; per vear: US 4§

B12 Tvpe of aquifers:  ailuval 3
sedimentary i
veloanic 1
batement cystem, weathered |1
fractured X
@13 Nusber of watering points planned: per year: 814
815 of which Groundwater %1 ; and Surface water i
816 No. of Groundwater Wells dug: (total); and {per year} 817
drilied: {total); and {per year)
KELLS alluvial cedieent wvolcanic bacesent
@18 average depth {al i ! ;
819 av. water rest levell(al ' ; ;
820 average yield {#3/hr) : ; i
g7t water quality {EC) i i !
weil completion
@22 -casing, SCFEENS
823 -handpumps, {typel other

824 Which sethods are used for locating well sites?

0 - none

0 - local knowledge

8 - divining rods

0 - geological inforsation

0 - aerial phote's

0 - Landsat images

§ - earlier studies, if so, which
D - geophysical sethods

i - other {which?)

Geophysical sethods applied

§ - resistivity seundings

0 - resistivity profiling

0 - seismic refraction

0 - electromagnetic profiling (which aethod?)
0 - YLF prefiling

0 - gravity

0 - wagnetosetry

oroundwater Survey {kenya) Ltd As Invertory of Well Siting Methods
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G - atrborpe geuphysics
0 - ground ragar
0 -~ other {ehich?)

§25 What type of equipsent is used? d16 @27
pake: $ t¥pe: 3 costs f cost/day:
pake: ;7 type: ; costs cest/days

§28 Composition of field crewic): lindicate level of 029

_ training and experience)
g- Geogcfist/gecph sicist
i - fAzcistant/operator
§ - Briveris)
b - Labourers

830 What is the running cost/day per crew?

@31 HMeans of transport:

832 Cost/day or /km:

G373 How many seasuresents per site (average:

834 Dutput per field crew: citpc per day or per meek

835 Who dees evaluation of field dats

834 {indicate level of training! cost/day 837

@38 What aids are used for interpretation f{competer, plotter, etc)

839 total costs rost/day gag

041 How many sitec are evaluated per day?

BaZ Coet of interpretation per day:

843 Total Cect of well cite investigation,
per site faveragel: U5 §

G44 How many weils are constructed per aonth?

dug: drilled:

045 At which yield de you consider a well successéul: 23 /h,

045 How many are successful: 1

@47 #hat is the total cost of driliing a well of S0 7

048 How auch ic the cost of drilling 2 dry well?

049 Can you ingicate {or estimate) by which percentage the use of
cite invectigation sethods increases the sucresc rate of
drilling or digging of wells:

- geolpgical infén, aerial photo's i
- one geophysical method 1
- combination of aethode 1
B50 Have the results of the hydrogeclogical and geophysizal site
been written down in reports? Yes/No
PR
We would highly appreciate 1f you possiblz could make available
{come of) these reports for the present study,
IR
Full acknowledgesent will be made to all who have contributed
to the study,
EEE
Broundwater Survey (Kenya) Ltd a7
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fuestionnaire No 2 UNDF/Horld Hank

Weil Siting For Low-Cost Water Supplies

Flease conﬂiete this form as fullz as possible and return

tor Rural Water Supglv Handpumps Froject, UNDP/World Bank
P.D.Box 30577, Nairobi, Kenya

t, Wr. Pieter B.van 5unqen

Nage of crganizalion/agency:
fAddrece:
Country:
Telephone: Teley:

1 tes is roeptzaticnsagency active {or has
In which countries iz your oroepizaticniegency active lor b
been! mith the execution or sponsering of low-cost water supply
prograsses?

Can you provide us with relsvant background inforsation,
reports or publications on thece proorassec?

e are particularly interested in contacting the executing
agencies who might Be in 2 position te provide us with reisvant
inforaztion on the applied site investigaticn technigues.

We would very such appreciate if you could provide us with

nasez and adfresces, ice ceparate sheet if necessaryi

In czse oyou have been yourself engaged in the execution
these prograsees, could you please Leﬂpxete attache
nuestionnaire {one set for each prograzse),

Can you indicate ior estimate} by which percentage the use of
site ;.v:s’xgat;an methods increases the success rate of
drilling or gigging of wells:

t:'

- geological info, aerial phote's
- one gecfhysxcal sethod
- cosbinaticn of aethods

o

Have the results of the hydrogeslogical and qeoph;szcal site
inyestigations been written down in reporte?

e would be very 2ratefu1 1 oyou

L] could possibly sake available some FEd
copies of these reports for the
present study,

Are you prepared to answer additional guestions, if these
arise from your answers to the above guestions? Yes/No

L3 2 1

Full acknowiedgesent will be made to ail wha have contributed
to the study.

Groundwater Survey !‘Kenyal ils A8 Inventory of #ell Siting Methods
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fuestionnaire No 3 UNDP/¥orld Bank

¥ell Siting For Low-fost Water Supplies

Please complete this form as fu]lz as poscible and return
to: Rural Water Supﬁly Handpumps Froject, UNDP/World Bank
P.0.Box 30577, Natrobi, Kenya
Att. ¥r. Pieter 6. van Dongen

Naee of the Company:

Addrese:

Country:

Tejephene! Telex:

Rase of person whe is tospieting this guestionnaire:

Which types of geophysical {or other! equipsent that can be used
in groundwater investigations are manufactured by your company?

- resistivity
- IF
- seicait refraction
- chaliom reflection
- glectromagnetic (which sethod?)

I IO T CIICI

(4o B
1

" " T I»" AL ?
athers imhitn?i

€arl
]

ipiease attach catalogs, technical descriptions, manuels, etc!
Couic you pleaze include quotations for the equipment that is
used for groundwater drill site investigations?

What 1s in your opinion the necessary coapasition of field
cremis; for the gdifferent eguipment supplied:
iindicate level of training and experiencel

- FResist. Geissic i3 Bther
- Geologist/qeophzsxcxst i i ; i
- Ascictant/operator ; ! i '
- gthers | i : :

Means of transpori required:
- recictivity

cerspic refraction

EM/VLF

other

What is required for the evaluation of the field data?
{indicate level of training)

What aids are necessary for interpretation {cosputer, plotter,
etr}

Do you supply these?

inventory of Well Siting Methods
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Do you supply software for data interpretation?
Which prograsc?

LR Is it gosa;ble to send us L
degonstration program{s}?

fe vou have resuits of hvdrugeulq?ical and geophysical test
investigations, and are these written down ip reports? Yes/No

We would highly aﬁpreciate 1f vou

L4 poseibly couid sake available LK
1some of] these reperts for the
present study.

Is there a possibility thal vou could aake
LI sose of your eguipeent available duripg ¢ ¢ &

a short period for testing under

figld ronditions?

Are you prepared to antwer additional guestions, 1¢ these
arize from your answers to above guestions? Yes/No

Full acknowledgesent will be sade to ali who have contributed
to the study.
e
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Respondents:

fddizon & Bazter Ltd (UK}

gt @2 83 B PN
I
Advies Bureau v Beofysica iNetherlands) o

Alta Beophysics (LK) i1 39, 52, 54, %, 54
Atlas Copto Rbem RE iKenval 1

Bison Instruments Inc {Usf] P

Bodenceenerk BGeczystes Sabh W Gersany) oo

HRGM {France) 5 3, 4, 7, 8, 13
Eritish Geological Survey (UK 2 o3, b

Caspus Geophysical Instrument Ltd (UK) i 1

CCEx iﬁenaarli 1 25

Christian Care iZisbabue) I 34

COWiconeeit {Denmari) i 46

danida (Kenyal { 12

DRV Consulting Engineers (Kenva) 1 i 23

Diocese of Marsabit {Kenyal Pt | 24

Direccao Nacional de Aguas {Mozambigue! H 33

EDA Instruments Inc (Ugﬁ) !

EEXD Geometricc Mt Sopris Division (USA} 1 !

EWNCA lEthiogia} ! 1 16

Foeter Parents Plan (Kenyal 201 1 ig
techydraulique {France) 2 t, 2
gecicgical Survey and Mines {Swazilznd) 1 4

Geonics Lio (Canada) _ i
Beophysital Survey Syctess inc (USA}

b R pts Rt e ke

Geotechnisches Huro (W Germany) 7 7, 13, 14, 30, 43, 47, 48, 49, 33
oroundmater Development Consuitants {UK) Z 11, o
Groundmater Survey (K} Ltd {Kemya) { 3
BTI-FAS Lamu {Kenyal 2 18, 20
Heaker {Netheriands) !
Hope Internaticnal {fthiopial 1 17
szrotechnica (UK} 2 1 37, b
ICCO iNetherlands) tod 34
Idromin SAL {italyl 3 64 12, 38
Interconsult A/S (Zimbabwel 2 35, 3
Ivrea {Italy) i {
Iwaco fBurkina Faso) i 1 3
kefinco {Kenvaj i 2
Min. doc Recurcsps Maturais (buines Biscaw) 1
Norconzult 85 {Norway! t 7
Aerwegizn Church Aid (Normayi i i
tyo Corporation iJaean) 1 i
Preuscag (W Germany) | 1 1o
Scintrex {Canada) |
Strojexport (Czechoslovakial 2 1 42, &
Tampere University of Technolegy {Finland) }
Terraplan Ltd {Finlang) 1 1 26
INO-DBY {Netheriands) { i ]
Unesco/Ipal Kenva) ! §0
Unicet findial !
Unicef {bganda) 3 1 28, 29
WRAP (Kenya) 1 ! 41

8 7 9 32
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Negative Reply:

Actionaid {Kenya), British MNater International (UK}, Care {Kenyal, Carl Bro Int A5
{Denmark}, Carl Bro (Swaziland), CIDA (Kenya), Civil b Planning Partnership {lisbabue)

Cnnlunueafth Develngnent Corporation (Kenxa) Biocese of Lodwar (Kenya), Dioccese ul
Nachakos tKenya), Delegate of ghe £EC {Kenya), Fercconsalt {Netherlands}, Geological Surveg
{Botswana), bepainco (Hunaary), Groundwater Data Systess (Netherlands) oughbnruu?
University of Technology (UK), Norad {Kenyal, Regxena! Reaote Sensxn? Lentre {Kenya) |
Rwegarulira Water Resources Institute (Tanzanial, TANS (USA), UNEP {Kenyal, Napros {Indial,

No Reply:

Airlai Services Inc {(USA}, Aeref ikenya), Androtex Ltd {Canadal, Agua Tech (Botswanal, (I
Geanetics Inc {USA), Bidex (Bhanai, Bish International {Kemyal, BKH Consulting En?ineers
{Nether 1ands) Chidfey (UK}, Cowater (Canada), Departsent of Water Affairs {Botswanal, DEIS
{Kenya), DHV Lonsultin Engineers iNetherlands), Diocese of Kisii {Kenya), Ecosystess itd
{kenya}, Edton Inc {USA),” EEXG Geosetrics CA (USA), Enplan GBroup iNigeria), FIA {italy},
Finnida (Kenza), Finnida (Tarzania), OGeophysical Microcosputer Applications {(Canadal,
Geosurvey International Ltd (UK}, feoterrer Ltd {Canada), BTI (W geriany), Huntec Ltd
{Canadal, Hunting Genlngy k Senphrsxcs Ltd {UK), Hunting Surveys & Consultants Ltd (USA)
IRC (Netherlands), ITL {Netherlands), Iwacoc (Netherlande), Kenting Earth Sciences Lt
{Canada}, Kruger Ab (Denmark), LaCoste & Rosberg Inc {USA), Louis Berger Inc {Kenya), Louis
Berger International Inc iﬁSA), Mawa iXenya), HMcPhar Beophysics {Canadal, Machakos
Integrated Developaent Programse iKenya), HMinistry of lands, Water, Housing and Urban
Developaent {Tanzania), Ministry of Water, Energy and Minerals, Geophysics ang Exploration
Section {Tanzanial), Ministry of Later Deveinpnen¥ {kenya), Ministry of Water Resources
{Zishbabwel, Ministry of Horks and Sugplies {Malawi}, Mooney {USA), Morogoro Shallow Weils
Froject (*anzania), Nedeco (Metherlands), |Norconsuit AS  {Kenyal ﬂrganizatiun of
Netherlands volunteerz (Kenya)l, Ox+ze iKenya), Phoenix Beophysics Lid (Ué&), rakla-Seiskos
A6 (W Geraany), Rockview (France}, Sercel (Uéh), SIDA (Kenyal, Sudan Countil of Churthes
{Sudan}, Cwedish Geclogical Company i{Zweden), Turkana Rehabilitation Pre%raaﬁe (Kenra)
UNCHS iKenya), UNDP {Kenya), UNHCR {Kenya) uhICEF {Sudan), UNICEF (W Africa), Viax A
{Sweden)  Water Resources Research Inctifute {6hana), Wellfield Consulting Services
{fustralial, Wellfield Consulting Services {Botswana), Worid Bank {Ivory Coastl, Horld
Vision iKenya), Zonge Engineering & Research Org (U5A).

Groundwater Survey (Kenya) Ltd Al Inventory of Mell Siting Rethods



Appendix 4 Data Questionnaire No 1

Groundwater Survey {Kenya) Ltd

L N N e T L
L L . T Y

Ld R

g~ L

Responese te duestionnaire

Froject Execution, Sponsoring & Budget
Geology, Aguifers & MWell Characteristics
Well Siting Methods

Beophysical Eguipment

Field Crews, Transport & Evaluaticn
Coste

Well Constructicn

Wweil Siting Succress

Atd Inventory of Well Siting Methods



Appendix 4.1

QUESTIONS PN 1 2 3 4 5 5 7 8 ¢ 10 11 12 3 M4 13 6 17 1B 19
'} COUNTRY + + T o+ o+ % ot v 4 + o+ o+ ¢
02 PROJECT NAME + + + + + + + + + + + + + + + + +
23 EXECUTING AGENGY + o+ 4 T A T T N T
@4 SPONSORING AGENCY + + + + ¢ T T T T + Ot 4 + +
@5  REGION/DISTRICY " T T Y S o+t
2é PROJECT AREA 4 + T | v+ + 0+ + + + o+
a7 OBJECTIVES L L L L T T I ) T
B8 YEAR STARTED/ENDED + + I I + ot T | + 4 + + 4
Q9 BUDGET TOTAL + + + + + + + + + + + + + +

g10 BUDGET/YEAR + + )

an GEOLOBY P T T T Y Y S SRR SR S S S S o+ 4

Bz AQUIFER TYPES + + + + + + + + + + + + + + + + + + +

013 PLANNED POINTS + + + + + + + + + + + + + + + +

a4 PLANNED/YEAR + o+ 4 + P +

215 GROUND/SURFACE WATER L R | + o+ 4 + + O+t + +

B16 POINTS CONSTRUCTED + + + + v+t T T S T S

@17 CONSYRUCTION/YEAR + + + v+ 3 v+ +

g18 MEAN WELL DEPTH + + + + + + + + + + + + + + + + +

219 MEAN SHL + + + + + + + 0+ + + + + + + + + +

020 MEAN YIELD + + + + + + + + + + + + + + +

221 MEAN EC + 4 + + + 4 +

@22  CASING/SCREENS o+ o+ 4 o+ o+ o+ O+t o+

223 HANDPUNP TYPE F N T T + P T T T T

@24  SITING METHODS TR 2 T T S SR S S S SR S T T T T |

@25 SITING EQUIPMENT N T T T P Y + o+t

@26 TOTAL EQUIPMENT COST + + +

Q27  EQUIP COST/DAY + + o+ +

028  CREW LOMPOSITION I T T e T N 2

29 CREW TRAINING + 4 + +

a3 CREW COST/DAY + + + + 4 O L

Q31 TRANGPORT + + + + + + + + + + + + +

@32  TRANSPORT COST + + o+ P

@33  MEASUREMENTS/SITE T + o+ 4 o+ 4 + 4 +

234 OuTPUT + + o+ 4+ + + + + + + + +

Q35 EVALUATOR + + + + + + + + + + + + + + +

234 TRAINING + 4 + +

a37 COST/DAY + o+ + ¢ + 4

Q38 INTERPRETATION EQUIP + + o+ 4 o+t + o+ o+t

239 TOTAL COST 4 + 4

240  EQUIP COST/DAY + + 4 + o+

041 SITE EVAL/DAY + 4 + + ot

042 EVAL COST/DAY o+ + 4 + o+

@43 SITING COST/SITE I R I +r O L T T T S

044  CONSTRUCTION/MONTH I N P T

Q45  SUCCESSFUL YIELD 6+t T T | T A )

044 SUCCESS PERCENTAGE + O+ o+ 4 + 0+ o+t 4 F O O S T

@47  COST OF SUCC WELL L 0+ + 4 N

@48 COST OF DRY MELL + 4 + o+ + 4 + 4

@49 SUCCESSRATE INCREASE + + 4 + + +

@50 REPORT + o+ O+ &+ 4 + 0+ 4+ o+ o+ o+ 4

ANSNERED QUESTIONS: 20 32 33 36 39 18 38 33 26 45 47 20 31 3 34 31 45 3 2

PERCENTAGE ANSMERED:40.0%64,0%64.0172,0178,0136,0174.0%66. 0152.0%90. 0794, 0740, 0%62, 0172, 01568, 0162, 0290, 0262, 0742, 01
WEIGHTED % ANSWERED:62,51 78.8% 43.81 63, 6%

Groundwater Survey (Kenya) Ltd AtS Inventory of Well Siting Methods
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fppendix 4.1

ANSHERED INCONPLETENOT ANSWERED TOTAL
{1) {1) 1

QUESTAT 44 45 46 47 48 49 50 31 52 53 54 95 56

I L e S L 2 T S 96 100,02 0.0% 0.07 36
@2 + ¢ o+ o+ F o+ v+ F A E 4 33 9461 1 LLBL 2 L6l 56
B + ¢ o+ o+ o+ 4+ o+ 4+t o+ 4t 53 94.61 0.0y 3 5.4 56
1 S S S Y T T T + + 4 48 B5.7Y 1 LB 7 12,51 36
g3+ o+ 4 L I B S 5 89,33 t 181 5 B.9L 56
G6 + + + L T B T LI T T A5 80.47 & 1077 9 BT G
87 + + & 0+ o+ o+ 4+t o+ bt 4k 54 9b.4) 0,00 2 l.6% 36
[1]: JE ST ST S S ST ST T T T T T S T 33 94,61 0,07 3 5417 b
29 P + 39 62,50 1 1.BL 20 3577 56
210 + + 12 2.4 0.00 44 7R,6%L 5b
Y O T D N R S e e T o ol 1 Ll 4 7.1 S
Q12+ L B | L I B ) + + 30 89.31 1 LB 5 8.97 56
@13 ¢+ o+ ¢ T T + + 4 73.2% 0.0L 15 26.8% 36
gy + o+ 4 L + + 26 A0.6% 0,00 3 WA T
g5 + o+ 4 T + + 39 69.4% 0,04 17 3J0.4% 356
pls + o+ 4 L A ) + + M 7% 2 et 13 232 Sb
017 o+ 4 + T 26 44.4% 1 1.81 29 51.B% 96
g8 + 4 L B + + 44 78,67 2 .6 10 17.91 56
g1y + + + 0t + + 3B 47,9% 7 36T 16 2B.6L Db
P20 T A T + + 3 6967 3 547 14 25,01 G6
921 + L T A + + 24 42,91 1b 28.b1 16 2B.6Y 56
422 + + + + + 33 88.91 16 12,97 13 2324 56
823 + I + 4 73.2% 1 1.B% 14 25,00 56
24 + + o+ + I + 4 + t o+ % 36 100.0% 0.0% 0,01 54
25 + + o+ & ¢ T T 39 69.6% 2 361 15 26.81 S8
Q26 + + + 13 3.24 0.00 43 74,81 96
p27 + + + + o+ {4 25.0% 2 1.6% 40 Ti.4% 56
g28 + + o+ o+ o+ o+ 4+ o+ o+ o+ b+ 4 43 76,87 4 T.12 9 L&Y 36
29 + o+ ¢ L I I B I A 29 51,87 % B9 22 39.3  S5h
830 T T S N T T ) O+ o+ o+ 30 93.6% 6 10.7% 20 3n.7Y 56
5 R S R T S S SN S SN SN SN SN S S 4 73.2% 1 1.8 14 25,01 56
B3? v+ O 20 37,57 5 B 30 536 54
833 L S D S 2 S ZE S S 39 &2.5% 2 L.6h 19 33.9% 56
B3+ LN T L + + 34 60,70 1 L@ N 3.5L %6
B35 + 0+ o+ o+ 4+ 0+ o+ F o+ b+t 4 43 76,81 3 S.4L 10 17.9%7 96
g ¢ o+ ¢ R L T T S S S SR ) 26 46,40 4 T.1% 26 64 36
B37 + 4+ o+ o+ 4t 4 4 + O+ bt 25 461 1 LLBL 30 53.61 56
38 + + o+ 4+ o+ o+ o+ o+ o+ ¢ LA B ) 37 66,17 1 1,81 18 32,11 56
239 + 4 P 12 20.8% 1 1,BL 43 76.B% 36
p40 + + o+ 12 21,47 1 18] 43 76.8L G4
A1+ + + + + + + + + 23 L1 2 Ll 31 5541 96
Q42 ¢+ + + o+ 16 28,67 5 B.9% 35 42,50 36
043 + + + + + + 4 + + + 38 67,91 2 L6 1b 2B.61 Gb
g o+ o+ v 4 + 4 + + 8 67.97 31 541 13 26.81 G
M5+ o+ o+ o+ o+ + + 43 76,80 1 5.4% 10 7.9 S
QA+ + 4+ F A+ 4 + + 45 B804 2 361 9 a1 86
047 4+ 4 4 30 S3.61 5 891 24 3I.5% 5é
048 P + 4 26 4605 7 12,5 W3 MLOSb
B49 + + o+ o+ o+ o+ 4 + + . 30 93,61 3 541 3 ML 56
050 + + o+ o+ o+ o+ FF O d R4 A8 85.7% 0,00 8 14,31 34

33 044 43 31 40 44 42 4 35 18 37 20 22 36 1799 64,21 120 430 882 3151 2801

6£6.0188,0185, 0162, 0780, 0%88. 0284. 0192, 0170. 0236, 0474. 0240, 0144, 0172.0% :3 g%

Groundwater Survey (Kenya) Ltd Al7 Inventory of Mell Siting Methods



I Appendix 4.2
PR EXECUTION SPONSORING BUDGET ~ PERIOD WELL  AREA
l N0 CW NAT BL ML [H_ NAT BL ML H ABENCY NILL USSSTART END LENGIN NO x_ng
{1001 81 941 EDF 5.20 1982 1985 3.0 305 39000
2 1001 201 801 NADB .95 1984 1987 3.0 130 8200
I 1001 101 901 LCCE, FAC S.A4 1983 1984 1.0 420 32000
1001 1001 Fic 2.00 1981 1983 2.0 218 30000
5 501 50 2981 0615 22.00 1980 CONT 10.0 1300 34000
b 1983 1984 4.0 30 40000
7 1001 n 981 CCCE 8,76 1983 1965 2.0 378 70000
l 8 1001 1001 CECE 1030 1981 1983 2.0 1000 40000
9 1001 101 901 SAUDI ARABIA 1.20 1984 1986 2.0 350
10 1001 1001 KADUNA STATE BOV'T  15.00 1982 NOT 15000
1 1001 251 751 WORLD BANK 22.00 1983 1986 3.0 1200 43000 -
l 12 : 1980 1981 1.0 50 5000
13 1001 1001 BNl 2.00 1981 NOT 400
1 1001 161 84y KfN 4.40 1986 CONT 2.0 320
15 1001 : 3 71 USAID, FAC, EOF  7.70 1981 1984 3.0 700 25000
NAAVE 51 120 231 01 0L 151 361 491 oy 8.23 2.7 500 34267
14 1001 1001 UNICEF
17 1001 131 871 HOPE INTERNATIONAL 2,00 1985 CONT 2.0 24
18 1001 1001 FOSTER PARENTS 1986 CONT 2572
19 BNl CONT 2% 100
I 20 BNl CONT 189 225
2t sor 5o 1l &n FINNIDA 7.00 1983 CONT 2.0 550 3654
2 501 501 71 8N DANIDA 3.00 1982 CONT 6.0 500 10000
23 501 508 51 951 DG1S 4,17 1984 CONT 5.0 750 12500
I U 1001 501 SOINORAD, CEBENO, CELIN 1969 CONT
25 501 501 11991 DANIDA 36.00 1983 CONT 6.0 3000 177000
2% 1001 01 59 311 FINNIDA, ODA, UNICEF 13.45 1978 1984 7.0 1B45 140000
21 501 So% NORAD 1981 CONT? 70000
28 501 501 101 901 UNICEF 5,00 1964 1987 1.0 500 12000
29 501 501 131 8 UNJCEF 5.00 1983 1986 3.0 800
EAAVE 211 461 61 81 171 121 91 281 WM 3.58 4.0 817 44805
30 100 1002 GR DE BANQUE SUISSE 1985 CONT 3.0 150
3t 501 501 ! 861 iFAD 0.43 1982 1986 4.0 233 320
l 2 501 501 181 821 DANIDA, ODA, UNICEF  0.42 198) 1983 3.0 244 180
33 501 501 1001 SWiSS'GOVERNMENT 4,07 1981 CONT 7.0 854 83000
3 1001 101 901 CHRISTIAN CARE 0.30 1985 CONT 4.0 300 4000
35 S0 S01 1001 NORAD 1984 CONT 150000
l W 501 %01 1001 NORAD 0.84 1984 1985 1.0 420
3700 291 m EDF 1.40 1983 1984 1.0 700 750
SAAVE 381 311 13t 01 191 211 38T 301 111 1.27 3.3 M4 39708
C1 TOT 14007 9501 5001 1001 3501 4951 L1971 11811 3271 191,18 90.0 18069 1097501
CLAVE 421 291 151 32 11 151 370 311 108 7.08 1.2 583 345
38 1983 1983 1.0 40 20000
19 1980 1980 0.3
10 1003 1001 BNl 11.50 1976 CONT 1.0 22500
A S0 o1 1001 DGIS 1.00 1982 1984 2.0 30 10000
l 2 1001 KADUNA STATE 1977 1980 3.0 200 16000
3 1001 1001 NAT WATER CORP 1970 1977 7.0 52 180000
" 1001 BT M CIDA 7.80 1986 CONT 5.0 500 10000
£2 70T SOX 1501 2001 1003 01 1231 21714 o0F o1 20.30 29.3 842 258500
l C2AVE 101 301 401 201 01 311 491 01 0 677 4.2 148 43083
5 1001 1001 N of Ener“&hter 5,40 1975 1976 1.0 40
% S 50 201 Bt panida 15.00 1979 1987 8.0 1300
&7 st 501 1001 Bov't of RSA 0.02 1972 1973 1.0 400
W 100 1001 ] 1.60 1977 1978 1.0 20 200
9 1001 1001 KiN 0.90 19771978 1.0 20 500
S0 1001 1001 &1 0.02 1987 1987 0.5 10 00
51 1001 1001 Ninistry of Works 1981 1983 2.0 200 10000
$2 1002 1983 1983 0.1 0
l 53 S0 501 1001 Bov't of RSA 0.03 1973 1974 1.0 100
S 1001 1987 1987 0.1 12
55 001 1984 1985 0.7 o
56 1001 1001 Municipal Council 1980 1981 1.0 7 800
C3 70T 10501 1001 501 01 0% 4201 480r O  OI 23.98 1.4 317 IR
C3AVE @81 61 41 01 O 41 N1 ol al 3.43 1.5 53 1308
TOTAL 25001 12001 7501 2001 3501 10381 19541 11811 327 ToTAL:  235.46 136.7 19228 1370393
AVERAGE 501 241 (51 41 71 231 43 Wt 71 AVERAGE:  6.36 2.9 458 30453
I Groundwater Survey (Kenya) Ltd AlB Inventory of Nell Siting Methods



Appendix 4.3

PROJECT AVERABES

PN NO OF ALLUVIAL SEDIMENTARY VOLCANIC BASENENT
MELLS 1 TD S Y @ S Y 1 Y @ 1 W s Y @
{3120 671 79.4 26,0 3.5 331 52.8 15.0 2.5
2 180 1001 79.0 21.5 3.6 3
3 49 1001 1.0 27.5 1.0
A 219 il 1.3 981 49.7 25.0 3.0 250
2 1;3 "9’8% 60.0 25.0 2.0 800
7 378 3129.5 12,0 3.0 500 4B 54,0 17.0 3.4 48O 191 49.0 12.0 2.4 450 71 50.0 18.0 2.5 530
8 1079 501 58.4 25.0 3.0 501 40,0 4.0 1.7
9 350 1001 5.0 3.0 0.2 700
10 450 5% 30,0 2.0 2.4 10 90.0 B.0 3.6 851 60.0 8.0 1.8
11 1120 457 48,0 23.0 8.3 270 552 45.6 14.5 3.9 240
1250 501 351
13 - 20 1002 10.0 9.0 0.2 400
14 140 1002 15.0 10.0 0.3 400
13 1044 201 85.0 B.5 4.8 1500 801 45.0 7.0 4.5 750
16 450 421 60,0 45,0 10.8 351150.0 120.0 75.2 231 50.0 25.0 5.4
17 8 15250,0 20.0 4,0 700 1513000 200.0 4.0 902 40,0 20.0 10.0 1000 201 40.0 40.0 4.0 1000
18 20 551 20,0 15.0 12.0 451 90.0 33.0 9.0
1 9 1001 10.1 9.6 4283
20 169 100t 9.1 7.9 1999
%% ggg 231 51,4 133 2,8 300 221 55.1 21.0 2.3 300 55 50.4 10.0 1.7 300
%3 140 5112,0 5.0 201500 51 151 65.0 20.0 14.0 800 751 40,0 20.0 5.0 1000
25 1350 101 ' 30112, 8.5 2.0 601 12.5 8.5 2,0
26 1845 101 101 51 451
27 300 101 102 801 40.0 12.0 1.1 900
28 500 1007 49.0 25.0 3.4
29 800 51100.0 50.0 3.6 951 70.0 26.0 2.7
30 1001
398 1001 26.0 10,2 1,2 2500
2 1 1001 23.8 7.4 2.8 3125
I3 854 51 50 Lo 2.0 201 7.5 5.5 2.0 751 35,0 25.0 3.0
o230 1001 10.0 7.0 1.5 1000
35 450 101 50.0 15.0 1.5 J02100.0 20,0 4.0 801 40.0 10.0 1.8
36 420 201 801 40.0
31 20 1001 45,0 4.0 0.7 450
gg 60 402 401
40 0 301 401 101 201
4 30 15T 43.0 10.0 22,0 1500 251 80.0 31,0 2.8 201 55.0 20.0 10.0 1000 401 $2.0 1{7.5 1.4 1000
2 200 351 76.0 9.0 651 33.0 1.8
TR Vi 851 151
M2 ! n 151 802 94.8 15.0 4.4 1800
45 1002 40.0 20.0
4 101 101 oz 3.5
a7 20 1001 0.0 40.0 50.0
8 2 1001120, 0 20.0 600
N 20 401 50,0 §0.0 500
50 10 51 951 30.0 15.0 20.0 350
gé 153 202 44.0 3.1 8.6 160 40L 43.0 2.8 20.f 30
53 12 1002120.0 100.0 350,0
54
b3
S 28 1002100.0 10.0 160.0 500
A 401 7.3 20,5 5.7 1.9 400 27.31 44.0 20.2 5.1 750 4.47 69.5 10.0 3.0 660 41.0% 46.3 15.7 2.1 481
EA 518 4.11 31,0 12,5 3.0 1100 34,81 70.4 43.7 5.9 2194 14,11 80.0 42,8 12.1 700 45.31 54.0 20.8 3.2 800
54 351 0.67 5.0 3.0 2.0 0 4. 3128.8 10.3 1.8 0 3.81100.0 20,0 4.0 O 89.4% 31.4 (0.9 1.8 1119
CAT 1 434 4,71 21,9 1.5 2.3 850 25.21 62.8 30.7 5.0 1472 7.71 79.9 31.8B 0.8 490 62.4Y 44.4 6.2 2.4 13
CAT 2 77 20.2% 43.0 10.0 22.0 1500 36.91 78.0 31.0 5.9 0 7,31 %5.0 20.0 10.0 1000 35.62 43.9 16,3 2.4 1400
CAT 3 38 4.21 44,0 3.1 8.6 140 33,91 44,3 19.3 30.0 3460 16.71 90.0 0.0 50.0 550 45.2% 93.3 55.0 133.4 500
TOTAL 332 6.8 29.8 7.3 5.5 843 28,21 1.6 29.0 8.0 1194 9.21 79.5 30.4 14.4 4694 56.11 51.0 18.9 18.8 797

Broundwater Survey (Kenya) Ltd
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Appendix 4.3

WEIGHTED (WELL) AVERAGES

SEDIMENTARY VOLCANIC BASENENT
i1 T St ¥ R D SNl ] i1 TD SNL y 8
214 17023 5374 750 106 5576 1584 244
180 14220 3870 448
459 27999 12623 459
2 14 215 10047 S366  bAA 53655
1%; 10500 4375 350 140000
257 13880 4370 874 123379 72 3519 Be2 172 47401 26 1323 476 b6 14024
540 31307 13488 1619 540 32370 7833 W7
45 4030 340 162 I3 22950 3040 689
Sgg 24192 11592 4183 134080 8 616 28090 8932 2402 147840
20 200 180 4 8000
140 2100 1400 42 54000
209 13572 {775 1420 313200 835 317384 GBAL 3758 424400
273 16380 12285 2948 228 34125 27300 45733 130 7475 3738 807
1 340 240 5 4 160 80 40 4000 2 % M 6 1500
11 220 185 132 ? B0 297 B
2 W3 778 124207
169 1545 1342 337831
97 4945 1285 270 28980 92 5091 1940 213 27720 231 11642 2310 393 49300
7 21 1385 420 294 16800 105 4300 2100 525 105000
405 5063 3447 810 B10 10125 4BBS 1620
738 92 830
30 240 14400 2880 254 216000
500 34500 12500 1BOO
40 4000 2000 144 760 53200 19760 2052
98 2548 1000 118 245000
134 3189 992 375 43530
171 1281 939 342 641 22418 14013 1922
230 2300 1610 3AS 230000
45 2250 475 6B 135 13500 2700 540 270 10800 2700  4Bh
B4 336 13440
270 12150 1620 189 175500
2%
8 600 233 2 B 330 120 40 6000 12 7M. 210 1T 12000
12 5320 630 138 4290 234
A 18 97 9370 1452 443 {74240
20 1200 80O 1000
20 2800 400 12000
B 480 440 4000
10 285 143 190 3325
122 5263 343 2460 45288
12 1440 1200 A200
28 2800 280 4480 14000
321 59,2 A0 4% 90 2,21 847 10.4 2.7 458 59,11 51.0 146 2,7 5lb
28.91 32,9 21,1 5.4 1664 7.21117.4 B49 1B.0 398 58,21 0.5 22.1 L3 478
12,21 163 7.5 L.9 5.91100.0 20.0 4.0 80,67 33.8 146 2.1 948
27,51 47.9 20.1 4.8 BAl  4.91103.3 56,0 1.9 494 52,31 494 167 2.8 819
30.81 75.9 29.1 8.3 5.01 §5.0 20,0 10.0 1000 350.9%1 40.3 15.2 2.9 {1709
60,57 44,4 8,5 74,0 368 11,21102.9 3.1 871 15.9%106.0 37.0 217.0 500
20011 48,4 19.2 5.8 796 5.02102.9 55.7 13.0 §17 45,21 30.7 7.0 3.9 o7i
A20 Inventory of Well Siting Methods
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PN

{ 320

2 180

I A59

4 219

3 175

5 30

7 38

B 1079

9 150 +
10 430

S Vi) +
12 50

13 20

14 140 +
15 1084

16 450

17 8 +
18 20

19 29

2 169 +
21 590 +
22 300 +
23 140

24 +
25 350 +
26 1845 +
27 300 +
28 500 +
2% 800 +
30 0 +
K| 233 +
32 244 +
33 +
34 220 +
35 450
36 A2
37 210
8 &0
19
0 2% +
) 30
2 200
3 952
M 121
45 80 +
b
4 20
8 20 +
49 20 +
50 10
9l 153
52
33 12
34
59
96 7

TOT WA 6014 Q0 3
TOT EA S211 0 10
TOT 54 1837 0 5

107 C1 13712 0 18
TOT C2 489 ¢ !
TOTC3 302 0 3

TOTAL 14503 0 22

firoundwater Survey (Kenya) Ltd
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fAppendix 4.3

! 2
GEOPHYSICAL EQUIPMENT PN: 1234567890123 456789012345347859

10T COST COST/DAY
RESISTIVITY Uss uss
ABEM SAS 300(B) TERRANETER 10300 26,3 + +44 AR R
BES 256 MULTICORE SYSTENM
BODENSEEWERKE 66 30 19000 33 +
BRGN 5YSCAL 4t t+ +
GESKA (N
JESSE 200 +
TND GEA 51
UNKNOWN + +

SEISMIC REFRACTION
ABEX TRI1O
BISON 1550 13000 +
BISON 2340 B 2000 13 +
EGLE GEOMETRICS 1210 F 35000 130

E646 GEOMETRICS ES 125 +
0YD MCSEIS 1407 24000 12 +

ELECTROMAGNETICS
APEX MAX MIN 20000 220 +
GEONICS EM 34 20000 11.5 +
650 TURAM ENSLIN

VERY LOW FREQUENCY
BRGM SYSCAL +
EDA-ERA
GEONICS EM 16 3000 ] + 4+

MAGNETOMETRY
BREM ELSEC PROTON MAGN. +
6 816 PROTON NAGN.
UNSPECIFIED 3000 +

GRAVITY
WORDEN

HAND DRILLING

EYKELKANP
NOROGORD 2000 +

Groundwater Survey (Kenya) Ltd A2 Inventory of Well Siting Nethods



Appendix L3

3 4 ]
GEOPHYSICAL EQUIPMENT PN: 01 234567890123456789012345% TOTALS
WA ER SA CI C2 L3 70T
RESISTIVITY

ABEN SAS 300(B) TERRAMETER + LIRS A A L + 4 413 623
BGS 256 MULTICORE SYSTEM t ¢
BODENSEENERKE 66A 30 +
BREN SYSCAL

GESKA (7] + 4+
JESSE

TNO GEA 31 +
UNKNDWN +

SEISMIC REFRACTION
ABER TRIO +
BISON 1550
BISON 2340 B
EGAG GEOMETRICS 1210 F +
EBY6 GEOMETRILS ES 125
0Y0 MCSEIS 160? +

ELECTROMAGNETICS
APEX MAX MIN +
GEONICS EM 34 + + + + +
650 TURAM ENSLIN + +

VERY LOW FREQUENCY
BREM SYSCAL
EDA-ERA +
GEONICS EN 16 +

MAGNETOMETRY
BRGM ELSEC PROTON MAGN. +
§ B14 PROTON MAGN, t
UNSPECIFIED

GRAVITY
NORDEN + ¢ 000020 2

HAND DRILLING
EYKELKANP + 0 0
NOROGORO 0 1

- +
- -
- -

A
8
0
0
0
0
0
0
9

I O e DO e D
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P O e S O o e
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no geophysical
no geophysical

1
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3
b
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2

no geophysica

14 ? 1
13
16
17
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22 ne geophysical
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2 1
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28 no geophysical
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33 no geophysical

-]
o
—p—

F
~
— bt s N

wn
-
bt Bk o bt

N —
ol B P ORI

1
l

aen
P
a—

e Ll e 03 O Gl

15

SUN SUH SUM SUN SUN SUM AVE AVE SuM SU

Broundwater Survey (Kenya) Ltd

O HODOO

AL O D T

10
18

siting

siting

siting

l
siting
siting
sitin

i q

1
siting

siting
1

siting
siting

l

R Pl 3, L Y

—
b=l — 2 - E--T oy - - ]

—

[ SN ]

15

10
10

10

10

-0 o Ao~ -0

Appendix 4.6

PN GEOPHYSICAL FIELD CRENS
GEDL GEOP PhD MSc BSc EXPAT EXP OPER UNIV 0-T-J EXP DRIV LAR T-NO COST TRANS CST/D CST/KM TOT-C

—— T bk e P ] e

I P -

-

F —— D gt e L O~ s s NI ——

B s o) B v o3 e

—Cad

~d e P e e D €D

2
2
0
i
1
!
)
N

A2

ML LN e

4

TRANSPORTATION

4 6 200 i
1 & 8 2
1 & 8 2
I 2 500 1 125
12 5 |
1§ 10 %00 1 3
P39
? Ho 1
2 3 8B 430 1
1 2 4 350 I 2
? 123
1 428 M.C, 3
1 3 300 2 3
1 2 5 30 {28
? 100 T
2 7 30 1
z 7 17 2
t 2 10 75 P30
2 4
12 4 10 {40
r 7 !
I T !
1 3 3 120 |
t 4 |
2 3 N t 30
2 {
2 3 1
3 6 1
1 100 H
2 4 7 100 2 30
? 2 ?
7 ?
I 7 17 500 3200
2 & 10 1700 t %0
? 2 430 1
it 4 7 9 !
2 2 B 2300 1 45
2 2 & 2100 b 45
1 4 7 & 1
i 1 A {
1 4 7 130 1
1 2 130 1
1 3 5 130 1
3 & 150
10 & 7 420 13 48
0 2 5 24 10 3
t 3 4 2 30
23 & I 27 M
7 4 11 23 ¥ 12
13 3 7 M9 11 &0
4 3 523 &1 b
SUM  AVE AVE AVE  SUM  AVE

0.3

0.3

0.45

0,35

0.3

AVE

1000
1000
423

720 INCL BEOPH
915

120
n

411
333

75
150

175
105
50

250

30

670
100

150

700
17%0

4543
2145

AVE

INCL GEDPH

Inventory of Well Siting Methods



Appendix 4.6

PN BEDPHYSICAL OUTPUT EVALUATOR

Broundwater Survey {Kenya) Ltd A25 Inventory of Well Siting Methods

EQUIPMENT

R5/5 RP/5 5R/5 EN/S VL/S MG6/5 S/D S/W  GEDL GEOP OTHER TRN C/D MAN CAL CORM PRT PLY TOT C C/D S/D EVL/D SC/S
1 i
2 223 3 Eng
3 21KM 4 { 1 1 1027
4 1.25 LKM A i i 1 1381 |
i} 5 { UNIV 500 | 1 100 4 2250
b 21 1.5 1 300 1 3500
7 1 2KN 2 0,75 1.8+ 1 i 1 424
g 1 . 2KN 12KN 2 10+ 1 |
10 15 50 50 b { i NS¢ 830 1 14000 40 2.5 3500 1300 l
i1 { AKN i 5t 1 NS¢ 275 | 1 1.5 600 .
12 27 1 t
13
14 3 2 10 1 NS 3 103
13 2 i i i 170
16 i 5¢ 1 UNIV 10 | 1 10 1256
17 2 1 30 1 1 30 500
18 3 t BS5c i 3 75
19
20
%i 2 i 5 1 M5c 3000 i 200
AT 1 2 {1 5+ | BSc 19 b 1187 14 1.8 6 238 I
4 781
gg 2 3 { Tech UNIV 4 100
27 { HSc 1
28
2% 4 L 7.5 ¢ { i
0 2 2 10+ 1 NSc | | { 400 428
H 100
32 . W0
3 Tach 75
4 5 1 5% Asst 0-T-J 10 1 1 &0
%.2 2 3.3 { BSc H 3.5 130 l
37 2 « 9KN I 15¢ i NSt O S | 380
B 23 ? 1 100 1
Ez 200 { HSc 105 i )
) 2 2 M/BSc320 1 i 0 1.5 100 1250 l
42 1 1 PhD 200 1 1000 20 1 200 3000
43 1 1 PhD 200 i 1 200 3000
44 2 BSc 300 i 15000 W00
5 1 {1 5% HSc 500 i 124000 30 40 30 770 '
4 2.3 { 400 { 1 3000
7 10 1 3¢ 1 BSc &0 | | 95
A9 0.5 2.5 ¢ 1 MSc 800 i 115000 40 5 700 9000
9 3 1 NS¢ BOO { 115000 40 5 700
50 13 1 1 1 HSc &0 1 1 7500 25 0.5 85 2200
51 2.4 .5KM 1.1 5.5¢% | NSc | 4
32 9BKN 1 HSc 1
33 0.5 2.5+ { BS¢c 90 120
% 5 { MSc 80 { l
5% 982 25KN 1 NSc 80 i
56 8 BKM 1 NS¢ 120 1 0.2 800

t inferred

WA B 1.4 5.2 0 7 481 1 0 10 0 {14000 70 3.8 500 1193
EA 3 1.3 5.1 7 2 263 0 5 1 210094 14 2,7 117 472
9 3 2.0 7.8 2 0 0 2 ¢ 1 1 1 0 0 3.3 18
C1 4 1.5 5.5 19 9 24 6 0 16 2 41139 51 3,2 161 815
€z 112 0.0 1.5 3 5 28 0 0 & 0 113000 25 1.2 167 1938
i3 2 0.8 1.4 1 & 299 1 1 % t T ISTIS 34 9.6 379 2284
L 19 1.3 446 % 0 27 7 + 3 3 B 13521 I/ 5.2 229 1155

AVE AVE AVE  SuM Sim AVE SUM SUM SUM SUN SUN AVE AVE AVE AVE AVE
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PN EQUIP CREW

420

80
]

S P At ke B o b ek ot o
~O 00 = O LT B ] P e £ D OO~k O LY e L L e

23 8

4t 70

45 150

50 210

L 178
Ea 2
54 38
CAT | 106
CAT 2 720
CAT 3 180
TOTAL 191

200

300
8%0

430
350

214
296

30
300
100

175

13
20

163
625

b0
20

300

1700
2250

000
1050
390

260

a3
189

276
300
2106
789

Eroundwater Survey (Kenya) Ltd

TRANSP  C+T1

125
3

10
20

1.5

25
150

b))
80

30

150

90

90
23

1300
1464

2880

2010

1882
0

0
1882
2010

1914

fippendix 4.7

EVAL

125

340
100

20
30

10
200
200

80
400

160
160
120

144
3|

157
143
123

EQUIP TOT-EV TOTAL MELLS

A26

29

L
0

14

30
20

300

100
200
200

170

300

170
167
170
168

1027

200

238
780
100

628
100

60
%0

380

1250
3000
3000
500
70
3000

9000
1600
2200

320
180
439
221

0
378
1079
330
430
1120
a0
20
140
1044
630
8
20
14
149
1200
150
1000

Inventory of Well Siting Methods

WETOT

471393
300781

ISgO 2925000

1035000
161028

383000
672000

14420
177480
346000

240000
238000
35000

94200
23300

13800
81000

214600

1053
389
182

2119
2254
688

{12.3)
5142

3228
{50)
{75)

1883

207



BUDGET TOTAL CONSTR. RATE PER MONTH
PN (mill §) DUG OTHER M-DR DUG H-DR M-DR RIGS DRY SUCCESSF +DTHER

1 520
2 A%
3 LM
4 2.0
5 22,00
b
7 47
g8 10.30
9 L2
10 15.00
11 22,00
12
13200
14 4.8
15 7.70
16
17 2,00
18
19
20
21 T.00
22 3.00
23 AN
24
23 36,00
26 13.45
27
28 600
29 5.00
30
3t 0.43
LYSR
3 4.0
34 0.30
35
36 0.8
37 L
38
39
A0 1150
4 2,00
42
43
# 7.80
4 &4
4 15.00
47 0.02
B 140
49 0.9
30 0.02
it
92
a3 0.03
34
75
36

Sroundwater Survey (Kenya) Ltd

2
430

8
350

20
20

400

13
169
363

130
Ll

1143

135

720
150

600

173
126
333
278

0

0
278

189 210
100

350
342 60
300
500
800

98

134

90 M
80

730

§20

In

28

0 34
26b  2bb
90 27t
207 377
o 10t
0 8
207 217

12

15

4

13
30

12

oL ooLn

LN OO e OO

i~
~1 non ~S@Donuo- R

13
8

pL Ry
27 37

21

1327
60 6

19
30 2

14
42
20

g

Appendix 4.8

COST S0m DRILLING COMPLETION
C& PUNP

3830
4200

3944
11900

9947
7993

9000
12000
12180

4166

2000

2500

1600

333

2000
3500
3300

1750

850
3000
2137
1807

3200

6000

1230
20800

1500

1500

7918

" 2630

2127
4798
3629
7933
5050

§o13
12225

9982
13500

11905
8061

13000
18200

13743
6542

3000
4063

1875

3813
3750

2763
3000
4000
4000

4500
3000
4000
2807
33

3800

8000

106000
12500

1374
3363
3903
6697
8000

9230

10497

A27

11630
13900
13408
12075

14210
11565

11514
24154

93000
37000

12903
24154

0
14310
0

65000
20448

PVC
PVC
PVC

PVC

pvC v

ASM/ABI-MENGIN
ASH/ABI-MENSIN
ABI-MN

VERGNET
VOLANTA

ABI/VERGNET
ERGNET
INDIA MK I1/BAILER

§/85 MONO

pvC

PVC
5/0
5
5
£/0
¢/
PVC

L
PVC

CONSALLEN/VERGNET

BAILER

PREUSSAG

VERGNET 4C

INDIA MK 2/MONO/HMOYNQ

MOND/NOYND

éualgan 2/MONOLIFT/NILE INVESTMENTS
SWN 81/PREUSSAG/DEMPSTER

INDIA MK 2/NIRA

BAILER

SN B0/81

SWN 80

CIPVCISSINDIA MK2/NIRA

PV

PvC
PVC

L

INDIA MK 2/5WN 80/81

U2/INDIA MK 2

U2/INDIA KK 2

INDIA MK 2

MALDEV/MALANI/WELL PUMP/MK 4
CONSALLEN/INDTA MK 2/MALANI/AFRIDEV

BUSH PUMP/MOND

0/PVC BUSH PUMP

PveC

5
§

INDIA MK2/SHN Bt

PV/SE WP

§

C/PYC INDIA MK 2/NIRA/INALSO/NATIONAL PUNP l

e

Inventory of Well Siting Methods
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Appendix 4.9

ALLUVIUN SEDIMENT VOLCANICS BASEMENT SUCCESS RATE INCREASE
1 METHOD SUCCESS 1  METHOD SUCCESS X  METHOD SUCCESS 1  METHOD SUCCESS NS W6 16P COMB
67.00 HE  88.51 .01 HE 7ML
100.0% HG/EP 80, 0%
100,07 HG/GP 78.0%
1.0% 98.0% HB/6P 75.0% 45,01 75,01
138.8% HG/GP 78,01 50.0% 43,07 78.0%
3.01 68.01 HB/GP 77,01 19.01 HG/6P 52.0% 7.001 HG/GP 47,07 50.01 98,07
50.0% HG/6P 83.0% 50.0% HG/6P B3.0%
100,01 NS 100,01 100,01
5.01 10,01 85.0%1 HE/GP 95.0% 80.0% §3.0%
4500 HE  99.21 55.01 H6/6P 84.81 7301 84EY
50, 0% 35.01
160,01 DV 150,01
100.0%1 HG/6P 100.0% 30.0% 60.0% 80.0%100.01
20,01 80.01 HG/6P 47.01
42,01 HE  B5.0% 35.01 M6  B3.0% 23.00 HE  85.0%
15.01 15.01 50.01 HE/6P 73,01 20.0%
55.04DV/H6/6P 75,01 45,0%DV/HB/BP 75.0%
10000 DV 40.01
100,00 NS 42,01
S 80.01 23.00 6P 94,9% 22,07 6P  79,5% 55.00 6P  8B.0% B4.8Y B7.44
5.0% 5.01 15.0% HB/BP 78.0% 75.0% HB/6P 76.01 52,01 18.0%
10,01 30.01 HE  95.0% 60,01 HB  95.0%
10,01 40.0%7 HE  50.07 S5.01 45,00 HB  50.0%
10,0% 10. 0% 80.01 HG6/6P B0.0% 70.0% B0.0%
100.00 N5 93.0%
5.01 95.0% 6P 92.0%
100.0%
100.0% HG/6P B9.0%
100,07 HE 92,01
5.01 20,0% 75.01 HE 90,01
100,07 HB/BP 90,02 50.0% 60.0% 75.0% 90.0%
10.0% 30,01 60.01 HG/GP 90.0% 45,0% 65.0% 85.0% 90.0%
20,0% 80.01 82,01
100,01 HG/BP 76,0% 50.0% 63,07 84.0% 90.01
60.01 80.01
30.0% 40.0% 10.0% 20,01
15,02 23,01 20.01 40,07 HB/GP  70.0% 50,07 60,07 65,01 70.0%
35.0% 65.0% HB/6P B86.0% 20,07 30.0% 40.0% 80.0%
85,01 He/6P 79.01 15.01 20.0% 40.0% 40,07 80.01%
20, 0% 3.01 15.01 80.0% HG6/BP 75,01 45,01 75,08
100.01 HB/GP 80,07 10.0% 30,01 70,01
10.0% 10.01 80.0% HG/6P 50.0%
100.01 HG/6P 100,01 0.01 40.0% 90.0%
100,01 HG/6P 30.0% 10,0% 10,0% 40.0% 60.0%
60.01 HG/6P 70,01 40,01 H6/6P 70.0% 80.0% 100,0%
5.01 95.0% HB/6P 80.0%
20,01 B0.07 HG/6P 70.0% 40.0% 75,01
100,07 HG/EP 100,01 0.0% 20.01 40.0%100.01
100.0% HG/GP 85.0%
7.31 100,01 27.31 85.51 4.41 32,01 61,01 73.91 6B.81 38,37 72.51 B1.8%
4,11 80.01 34,81 7461 14,11 78,51 45.3% 82.61 68,97 0,01 83.7% 78.01
0.41 0.01 4,31 0.01 3.81 0.0% 689,47 87.0% 48.3% 42,71 B1.3T 90.0%
71 0.01 25.2% 79.1% N 74,17 62.4% Bi.0% 62.7% 60.1% 79.5% B83.9%
20.21 0.01 36.91 79.00 .3 0.0% 35.61 77,01 33.81 43,32 61,71 76.3%
L2 70,07 33.91 83.3% 16.7% 50,01 43.21 79.0% 20.0% 28,01 68,01 78,31
4,61 83.31 28.21 79.91 .22 68.1% 36.11 80,47 45.47 46,11 72,17 61.12
A8 Inventory of Well Siting Methods
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QUESTION
QUESTION 2 EQUIPMENT
RS 4
IP
SRa
SRe

-}
<
PPN I ST Sy

QUESTION 3 DUU;gTION

A% B ADV BUREAU
UK NETHERLANDS

+

YES

QUESTIONA/S CREW Y TRANSPORT
RS B/BP 1

OPERATOR 1
LABOURERS -
TRANSPORT
SRa /6P 1
OPERATOR t
LABDURERS 4
TRANSPORT L
EN G/GP
OPERATOR
LABOURERS
TRANSPORT
6V 6/6P
OPERATOR
LABOURERS

MG B/6P 1

LABOURERS
TRANSPORT

6R B/GP

OPERATOR
LABOURERS
TRANSPORT
BHL &/6P
OPERATORS
LABOURERS
TRANSPORT

QUESTION & EVALgsTDR

R
»¢
o O~

2 survey

1
2
x4

BISON  BODENSEE  CAMPUS EGLE
Usa ¥ GERMANY UK USA
+ + +
+
+
+
+
YES YES YES YES
1 1 1
1-2 1
2
g p x4
1-2
p

BAS G/6P 6/6P 6P

QUESTION 7 EVALUATION EQUIPMENT & SUPPLY

Con/pL

BUESTION 8 SOFTWARE L SU
MOSY

QUESTION 10 REPORTS OF THE USE OF EQUIPMENT
ND PERHAPS ND ND

QUESTION 11 FIELDTESTING OF EQUIPMENT
NO YES N0

Groundwater Survey (Kenya) Ltd

NC/COM/PL CALL/COM CON con

PPLY
RE/SR

QUESTION 9 DEMONSTRATION PROGRAMMES
SOME YES

RS/SR RS RS ND
NO ND
YES ND

A30

CALC/CON  MAN/COM

YES PERHAPS  PERHAPS

SEONICS 1) i] TND-DBY
CANADA JAPAN  NETHERLAND
+ +
+
+
+
+
+
+ +
YES YES NO
1 i
1 1
2 2
caqlp x4
2
i
car
1
1
p
B 0-1-J 6/6P
CON/PL  COM/PR/PL
EN RS/SR/GR  RS/EM
YES ND YES
YES NO YES

YES

Inventory of Well Siting Methods



Appendix & Geophysical Equipment, Software & Prices
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fippendix &

Geophysical Equipsent

Resistivity cost® rental®
ABEX Terraseter SAS 300B 10400 230
Adviesburo vopr Beofysica” 4075
Bison Model 2350 B 4085
Bison Nodel 2390 9435
Bison (#fset Sounding SéStEl {B0SS)" A
Bodenseewerk Geosystem BBA 30 14570

BBA 3t 22845
Caspus Beophysical Instrusents BBS 25461° 27657 83
EDA Instruments R-Flus 14500
DYD McOha 155460

- INE Institute of BGeostience GEA 51 9575

Seismics
ABER Terraloc Mark 3 {12 Channel!} 45219
ABER Trip S%-12 {12 Channel} o/p
Bicgn 570 C {1 Channel) 4875
Bizon Geofro 8012 A 112 Channel}

EGLE Geometrics ES-175 {1 Channel) 182
E5-1210 F {12 Channel)
E5-1225 {12 Channel) 13000 367
0Y0 McSeis 160 112 Channel} 1891¢

Electromagnetics
Apex Kax Min a/F 473
beantcs EM 31 DL 945 322

N 34-3 . 14500 437 -
EM 34-3 XL 15950 547 :

Swedish beclogical Co SBAB Slingras

VLF
AREN Wadi 4770
EDA Instruments OMNI-YLF 8050
Geonics EX & 4400 146
Nagnetosetry
EDA Instrusents OMNI 1V Nagnetoseter 6350
EGYE Recording Proton Nagnetometer G-846 3500
6-856 6385 232
6-866 11320
Swedish Geolegical Co 6SM-8 Proton Kagnetoneter
Bravity
LaCoste & Rosberg Land Gravity Meter & 976
Microgal Bravity Meter D 1361
Sedin Prospector 100 519
Prospector 200 354

% Cost in US dellarc ex-factory, including basic arcessories; quotations early 1987 unless
otherwise ipdicated

4  Rental cost per month, bazed on 5 year ters, by Addisen % Baxter Ltd (UK). I Pound Sterling =
1.842 US Dolgar.

excluding cables and electrodes
®  {excluding resistivity seter)

¥ price 1985

Groundwater Survey {Kenya) Ltd A3l Inventory of Well Siting Methods



Appendix &
Bround Radar
Beophysical Survey Systems SIR Systes-3 17900 608
0Y0 Georadar | 49950
Heil Logging
ABEM EZAS lug 200 13025
EGLE Mount Sopris 1000 C 23000 549
0YD Beologger 3030 37740

Swedish Geological Co Boremac A2D

Software
Resistivity
AREN Super-VES 1700
Adviesburo voor Geofysica {Schiusberger) 793
Rison HOBS & Resist 114
EDA Instruments Resix 650
orcsoft INRES 475
Heaker (Schiusberger) 338
Hydrotecknica Sondage (Offset Wenner) 1610
00 Brivel-F{ 714
IND Institute for Secscience VES 4300
Seismics

RBEM Sextette 1700
Adviesburc voor Geofysical'® 475
Bison Refract 573
Bisen T2 - (2 (Retlection)

EGkD Geometrics Seisview free *
0Y0 Refraction Seismic [nterpretation?? 794
0YD Reflection Velocity Analysis 794

1% Plus-minug sethod
1 with purchase of seismic eguipaent
Broundwater Survey (Kenya) Ltd #33 Inventory of Well Siting Hethods



Appendix 7 Groundwater Investigation Guide

{from Norconsult, 1983h)

Groundwater Survey {Kenya) Ltd A4 Inventory of Well Siting Methods
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DATA AND INFORMATION REQUIRED
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Geophysical Survey
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AQUIFERS OF THE MAIN GEOLOGICAL =ORMATIONS

e —— ——

IN TURKANA

Fracturas/ Fouilts

Joints and Faults

Thickness of tormation

Qid prrmeable soH swtaces

Faults and fractures

Bassment system roeks Sedimaentary rocks Volcamcs Unconsolidated materil
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- o u
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fr-1 '] w etc Qunes rock debrix
I _ 1
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