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Preface to Second Edition

For this second edition we have retained the
structure and emphasis of the original book: the
text follows a life-cycle approach - from choosing
a suitable well site, through the processes of
designing, constructing, testing and sampling the
well, to monitoring, maintenance and, if required,
rehabilitating or finally abandoning the well. The
target audience for this new edition continues to
be students, professionals in hydrogeology and
engineering and aid workers and other practitioners
involved in well projects.

This second edition contains many updates on
new well guidelines and standards published since
the first edition. We also provide additional text on
several topics, for example: the siting and construc-
tion of wells for economically-disadvantaged
communities; specialist well designs for applications
such as heating, cooling and aquifer recharge;
drilling techniques such as sonic drilling and dual
rotary that are becoming increasingly popular in the
water well industry; new techniques in downhole
geophysical logging; methods for analysing pumping
test data under “non-ideal” conditions; and sampling
wells for stable isotopes and dissolved gases.

Whilst we include some additional guidance on
health and safety issues, we would again like to

stress, as we did in the first edition, that the book is
not intended to be a manual. The reader should
always consult the relevant regulations and
guidance within their own country on these and
other issues relating to water well projects.

We hope readers will enjoy this new edition and
find it useful in their studies and workplace.

Bruce Misstear and David Banks
July 2016

Legal disclaimer

Although the authors and the publisher have used
their best efforts to ensure the accuracy of the
material contained in this book, complete accuracy
cannot be guaranteed. Neither the authors nor the
publisher accept any responsibility for loss or
damage occasioned, or claim to have been occa-
sioned, in part or in full, as a consequence of any
person acting, or refraining from acting. as a
result of matter contained within this publication.
For well construction projects, the services of
experienced and competent professionals should
always be sought.



Preface to First Edition

The Field Guide to Water Wells and Boreholes,
published by Lewis Clark in 1988, was a practical
guide to designing and constructing wells and
boreholes. It was primarily intended to be of use to
field workers involved in implementing groundwa-
ter projects (it was written as one of the Geological
Society of London Professional Handbook Series).
This new book aims to update and expand the
content of the Field Guide. It maintains the practi-
cal emphasis, but it has also been written with
students in mind. The target readership includes:

e final-year undergraduate students in geology
and civil engineering:

e graduate students in hydrogeology. groundwater
engineering, civil engineering and environmen-
tal sciences;

e research students who are involved in using data
from wells as part of their research;

e professionals in hydrogeology, water engineer-
ing, environmental engineering and geotechni-
cal engineering;

¢ aid workers and others involved in well projects.

With its wider target audience, the new book has
a broader scope than the Field Guide. Although it
remains a practical guide, the book introduces
additional theoretical detail on matters relating to
the siting. design, construction, operation and
maintenance of water wells and boreholes. Only a
basic level of mathematical ability is assumed in
the reader: the book includes a number of simple
equations for the analysis of groundwater flow and
well design problems which can be solved manu-
ally using a hand-calculator. Although the use of
computer software is helpful for the longer and

more repetitive computations, the authors are keen
to promote a basic understanding of the issues, and
do not support indiscriminate use of computer
software without an appreciation of the basics.

The main focus of the book is on water wells that
are used for drinking, industry, agriculture or other
supply purpose, although other types of wells and
boreholes are also covered, including boreholes for
monitoring groundwater level and groundwater
quality. Just as the potential car buyer looks for a
certain combination of performance, reliability,
durability, cost (including running cost) and
personal and environmental safety in his or her new
vehicle, the potential water well owner requires
that:

e the well (or group of wells) should have suffi-
cient yield to meet the demand;

e the water quality should be fit for the particular
purpose;

e the well should be reliable, requiring little main-
tenance (although, as with a vehicle, some regu-
lar programme of maintenance will be required);

e the well should be durable, with a design life
suited to its purpose.

e the construction and operating costs should not
be excessive;

e the well should not impact unacceptably on
neighbouring wells or on the environment, and
therefore should not violate local water resources,
planning or environmental legislation.

These principles underpin the guidance given
throughout this text. The book follows a ‘life-cycle’
approach to water wells, from identifying a suitable
well site through to the successful implementation,
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operation and maintenance of the well, to its even- The book is not a driller’'s manual: it does not
tual decommissioning. The structure of the book is describe drilling procedures in detail; nor does it
illustrated in the figure below. deal in detail with issues such as drilling permits,

abstraction licences, or health and safety proce-

Understanding groundwatsr dures in constructing and operating we!ls: readers

occurrence and flow 1 should always consult local country guidance and
l regulations on these issues.

Locating suitable well and
borehole sites

!

Selecting an appropriate type
of well or borehole, and
designing the installation lﬂ

v

Constructing the well or
borehole and identifying the
borehole geology lﬁ‘

v

Testing the well performance
and determining the
aquifer properties [7

v

Testing the groundwater

quality
v

Monitoring, maintaining and
(if necessary) rehabilitating or
decommissioning the well rg—

!

Keeping well and borehole

ecords
T I_16_

7]

[5]

r Refers to relevant
chapter



Lewis Clark (1937-2004):
An Appreciation

Lewis Clark died in July 2004, when the first edition
of this book was at an early stage of drafting. Lewis
was an inspiration to many hydrogeologists in
Britain and further afield: his co-authors would like
to dedicate this new edition of the book to him, and
to include this short appreciation of his work.
Following a PhD from the University of Leeds
in 1963 (on the subject of metamorphic geology),
Lewis first became involved in hydrogeology
whilst working for the Geological Survey of
Uganda in the 1960s. In 1968 he joined the Hunting
consultancy group where he worked on hydrogeo-
logical projects in many developing countries,
including Sudan, Thailand and Saudi Arabia. He
was part of the talented Hunting Technical Services
and Sir M Macdonald and Partners team (which
also included Wiktor Bakiewicz, Roy Stoner and
the late Don Milne) that worked on a major
groundwater supply project for the Saudi Arabian
capital Riyadh in the early 1970s, a project which
involved the design and construction of a well field
with more than 50 large capacity wells tapping a
deep sandstone aquifer. This and subsequent expe-
rience in the design, drilling and testing of wells

led Lewis to publish his Field Guide to Water Wells
and Boreholes in the 1980s. He also published a
significant and much-quoted paper on step draw-
down tests in the Quarterly Journal of Engineering
Geology in 1977 (Clark, 1977).

In 1976 Lewis Clark joined the Water Research
Centre (now WRc plc) and he soon became
involved in applied research in groundwater
quality and pollution, which is perhaps the work
for which he is best remembered in Britain. He
studied the origins and transport of organic
contaminants including chlorinated solvents and
pesticides, and the resulting research publications
were always insightful and useful. In 1993 he was
appointed Visiting Professor in Hydrogeology at
University College London. He retired from WRc
and set up his own consultancy, Clark Consult, in
1997. During that year, his contribution to
hydrogeology was recognized by his peers in the
award of the prestigious Whitaker medal by the
Geological Society of London. He continued to
work as a consultant hydrogeologist up until his
death, making several visits for UN agencies to
groundwater projects in Africa and central Asia.
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1

Introduction

1.1 Wells and boreholes

Water wells in some form or other have existed for
almost as long a time as people have occupied this
planet. The earliest wells were probably simple
constructions around springs and seeps, or shallow
excavations in dry river beds, but such wells have
not left any traces for archaeologists. One of the
oldest well discoveries is in Cyprus, dating from
7000 to 9000 BC (Fagan, 2011), whilst the earliest
well remains in China have been dated at around
3700 BC (Zhou et al., 2011). Since the first
millennium BC, horizontal wells or ganats have
been widely used for water supply and irrigation in
the Middle East and western Asia, notably Iran,
and continue to be used today (Figure 1.1). In
Europe, the development of many towns and cities
in the middle ages and on through the industrial
period was aided considerably by the abstraction
of relatively pure water supplies from wells and
springs (Figure 1.2). In the nineteenth century,
new drilling technology was used to construct
deep wells to exploit artesian (flowing) aquifers
(see Section 1.2 for explanations of aquifer
terminology). including the Grenelle well in the
Paris basin, which was drilled between 1833 and

1841, and reached a depth of 548 m (Margat er al.,
2013). The first mechanically-drilled well in the
United States dates from 1823, whereas the first
drilled well in the Great Artesian Basin of Australia
was constructed in 1878 (Margat and van der Gun,
2013).

Wells continue to have an important role in
society today. Some 2 billion people obtain their
drinking water supplies directly from drilled or
hand-dug wells (UNICEF and WHO, 2012). A fur-
ther 4 billion people have access to piped water or
public taps, a proportion of which will be sourced
from groundwater, so it is likely that more than 3
billion people worldwide rely on water wells for
their drinking water. Over half the public water
supplies in European Union countries come from
groundwater, ranging from between 20% and 30%
of drinking water supplied in Spain and the United
Kingdom, to nearly 100% in Austria, Lithuania
and Denmark (Hiscock et al., 2002).

The largest use of groundwater worldwide is for
irrigation (70%), with India, China and the United
States the leading countries in terms of total
groundwater withdrawals (Margat and van der
Gun, 2013). The last 30 years have witnessed a
huge increase in the use of wells for agricultural

Water Wells and Boreholes, Second Edition. Bruce Misstear, David Banks and Lewis Clark.
© 2017 John Wiley & Sons Ltd. Published 2017 by John Wiley & Sons Ltd.



2 Water Wells and Boreholes

Figure 1.1

Open section of falaj (qanat) running through a town in northern Oman. Here, the channel is

divided into three, with two of the channels then rejoining (at the bottom of the picture), in order to produce
a two-thirds: one third split in the flow downstream. This Falaj al Khatmeen is included on the UNESCO list of

World Heritage Sites. Photo by Bruce Misstear

irrigation, especially in Asia (Figure 1.3): in China
54% of irrigation water is supplied from ground-
water while this proportion rises to 89% in India
and 94% in Pakistan. In the United States, ground-
water pumping increased by 144% between 1950
and 1980, with 71% of the annual withdrawal of
111.7km" in 2010 being used for irrigated agricul-
ture (Margat and van der Gun, 2013). According to
the National Ground Water Association, 44% of
the population of the United States depends on

groundwater for its drinking water and there are
about 500000 new private wells constructed each
year for domestic supplies.

Other uses of wells are many and diverse and
include livestock watering (Figure 1.4), industrial
supplies, geothermal energy or ground-source
heating/cooling (Figure 1.5), construction dewa-
tering, brine mining, water injection to oil reser-
voirs, aquifer clean up, river support and artificial
recharge of aquifers. Wells and boreholes are also
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Figure 1.2 Hand-dug well in Brittany, France. Photo by Bruce Misstear

used extensively for monitoring water levels and
groundwater quality.

Wells have long had a religious significance in
many societies. In India, the Holy Vedic Scriptures
dating back to 8000 BC contain references to wells
(Limaye, 2013). In the Bible and Koran, wells and
springs feature prominently, sometimes as places
for meeting and talking and often as metaphors for
paradise. Holy wells remain an important feature
of local culture throughout the Celtic lands in
western Europe, for example, where there may be
as many as 3000 holy wells in Ireland alone

(Logan, 1980; Robins and Misstear, 2000). Many
of these wells are still visited regularly and votive
offerings such as rags, statues and coins are com-
mon (see Box 3.7 in Chapter 3).

Water wells have also been a source of conflict
since Biblical times:

But when Isaac’s servants dug in the valley and
found there a well of springing water, the herds-
men of Gerar quarrelled with Isaac's herdsmen,
sayving “This water is ours”.

Genesis 26:19-20



4 Water Wells and Boreholes

Figure 1.3 A dual purpose irrigation and drainage well in the Indus valley, Pakistan. In this ‘scavenger well’
the outlet pipe in the foreground of the picture is discharging fresh groundwater from the upper part of the
well, whereas the pipe to the right is discharging saline water from the lower section of the well, thus preventing
the saline water from moving upwards and contaminating the good quality water. The good quality water is
used for irrigation whilst the saline water is diverted to the drainage system. Photo by Bruce Misstear

They remain so today. A major point of conten-
tion in the Middle East is the control of the ground-
water resources in the region (Shuval and Dweik,
2007; Younger, 2012).

Water wells come in many forms, orientations
and sizes. Traditionally most water wells were
excavated by hand as shallow, large diameter,
shafts; nowadays, the majority are constructed
from relatively small diameter boreholes drilled by
machine, sometimes to great depths. Water wells
are typically vertical but can be horizontal (infil-
tration gallery), a combination of vertical and hori-
zontal well (radial collector well), or occasionally
inclined (Figure 1.6). The water may be abstracted

by hand-operated or motorized pumps, or it may
flow to the surface naturally under positive upward
pressure (artesian well; Figure 1.7) or by gravity
drainage (ganat or falaj). This book deals mainly
with drilled wells (often called boreholes), since
readers are likely to encounter these most often,
but other types of wells are also covered.

Water well terminology is not standard through-
out the world, and different names are commonly
applied to identical constructions. The terms used
in this book are explained in Box I.1. Further
details of the different types of wells and bore-
holes, and their component parts, are included in
Chapter 3.



