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“ .. The ocean is a desert with its life underground
and a perfect disguise above . ..”

from “A Horse With No Name,” Dewey Bunnell, 1971
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Preface

This book is about the continued relevance of exploration and discov-
ery in improving the water shortages faced by a thirsty world. While
the popular press seems mesmerized by ethical debates concerning
quantum leaps in our understanding of the human genome and the
worldwide blame-game over global warming, equally significant dis-
coveries in the energy and groundwater fields resulting from modern
geophysical exploration concepts and technologies have been largely
ignored. This is a story of the vital importance of iconoclasm in modern
science—a story of how a few people thinking outside the box can
make important contributions to the world.

No one knows how many unexplored and unexploited aquifers exist,
but the amount of water stored in them is thought to be considerable.
The focus of this book is to help exploration geologists around the
globe to uncover vast stores of water yet undiscovered. Water explo-
ration must tie itself to the many great advances made by the petro-
leum industry, which long ago tied itself to computer technology. Today
we stand on the launching pad to a journey into high technology
groundwater location and development whose foundation has been
laid for us through advances in petroleum and other mineral
explorations.

In a brilliant article by Jonathan Rauch in the January 2001 issue of
Atlantic Monthly (“The New Old Economy: Oil, Computers and the
Reinvention of the Earth”), the author paints a most optimistic picture
of future oil availability. He predicts “that the demand for oil will peter
out well before any serious crimp is felt in the supply” because “some-
thing cheaper and cleaner . . . will come along, and the oil age will end
with large amounts of oil left unwanted in the ground.”

Rauch arrives at this belief because he likens the energy industry to
the computer industry. He says, “Most people understand intuitively
that the essential resource in Silicon Valley is not magnetic particles on
floppy discs or hard drives in servers, or lines of code or bits of data; it
is human ingenuity.” He concludes, ingeniously, that “knowledge, not
petroleum, is becoming the critical resource in the oil business; and
though the supply of oil is fixed, the supply of knowledge is boundless.”

ix



X PREFACE

In every sense except the one that is most literal and least important,
the planet’s resource base is growing larger, not smaller. Every day the
planet becomes less an object and more an idea.

It is difficult to fully understand why groundwater stands alone as a
resource whose cost has risen rather than fallen in the crosshairs of
man’s ingenuity. It may be that water has almost always been controlled
by governments rather than private industry, thereby reducing creative
solutions. It may be that too little research funding was afforded
groundwater because, although water’s intrinsic value was recognized,
its true economic value was, and largely still is, maintained artificially
low through government subsidies. It is also true that the international
hydrology community impeded innovation as much as conformist geol-
ogists resisted plate tectonics only half a century ago.

Whatever the reason, we sincerely hope that the information, the
concepts, the data, and the achievements we present on the following
pages break up the logjam of progress that has held back the opti-
mization of groundwater development the world over.

Robert A. Bisson

Earthwater Technology International, Inc.
www.watermap.com

Jay H. Lehr

The Heartland Institute
www.e3power.com
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Introduction

It was only in the last quarter of the twentieth century that the subject
of groundwater was transformed from its nineteenth century place as
a popular topic of mystical origins to a key economic commodity and
political issue scrutinized by modern exploration scientists. As a con-
sequence, the world in general knows little more now about the nature
and extent of its fresh groundwater resources than it did at the turn of
the nineteenth century. At the same time, governments and the scien-
tific community do today agree on one point—that groundwater can
no longer be considered a resource to be freely and blindly extracted
and subjected to contamination with impunity, but rather must be
“managed” and “protected” as an endangered resource.

The fatal flaw in this well-intentioned action plan is lack of data.
Even basic water-related data, from precipitation to runoff, are sparse
and often inaccurate, and far less is known about the water-related
properties of underground environments. This holds true as much in
developed countries as in the third world. “If you can’t measure water,
you can’t manage it,” observed Arthur Askew, director of hydrology at
the World Meteorological Organization (WMO) in the August 9, 2002,
issue of Science. Unfortunately, while ill-planned and poorly docu-
mented water well-drilling schemes have proliferated worldwide,
governments and international development institutions have not his-
torically supported scientifically designed hydrogeological surveys and
groundwater data logging, and private sector profit incentives to
perform those tasks have been sorely lacking. As a consequence, very
little data-driven published or archival material exists about measured
quantities of global groundwater resources, and critical water-related
decisions are being made behind a curtain of ignorance that adversely
affects the global economy and the lives of all of us.

The coincidence of space-age technological innovations and scien-
tific advancements has opened a window of opportunity to bring the
groundwater knowledge base up to par with other strategic minerals in
the first quarter of the twenty-first century. Governments and financial
institutions are turning fresh water into a market-value commodity by
privatizing water utilities. This being the case, fresh water stored and
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xiv INTRODUCTION

flowing beneath the ground should rightly be classified as an “economic
mineral” and be thoroughly investigated by economic geologists using
modern geologic concepts and all of the space-age exploration tools
that revolutionized the minerals industry over the past forty years.

This book presents readers with solid data supporting a new para-
digm that vastly increases estimates of groundwater balance along with
a description of the modern exploration and development methods
required to measure and access these untapped resources.



1 A Historical Perspective

In humid regions, primitive humans paid little attention to water. It was
always present and, like air, was taken as a matter of course. However,
in semiarid and arid regions, the occurrence of water controlled the
activities of humans. Villages were originally built on perennial streams
or around water holes. Our early movements consisted chiefly of migra-
tions to perennial water in the dry season and ventures into new pas-
tures or hunting grounds in the wet season.

Primitive humans learned to dig for water, possibly by observing
the actions of wild horses and wolves in search of water. As soon as we
learned to domesticate and rear cattle and sheep, the water well
became the most important possession.

The Bible described many incidents illustrating the importance of
groundwater supplies to the tribes of Israel. Abraham and Isaac were
renowned for their success at constructing wells. The Father of Modern
Hydrology, O.E. Meinzer once said that the twenty-sixth chapter of
Genesis read like a water-supply paper. Most people recall from the
Old Testament how the Jews suffered for want of water in their 40 years
of wandering in the deserts. To quell a near revolt by his people, Moses
smote a rock with his rod and a fountain of water burst forth.

The ancient Greeks in the early seventh century Bc told the story of
Tantalus, Zeus’ favorite mortal son who stole the ambrosia and nectar
from the gods that gave the gods endless lives. Tantalus tried to share
the heavenly food with mortals to give humans immortality. Zeus pun-
ished Tantalus by hurling him to Tartarus, a prison of darkness where
Tantalus currently stands, trapped in the pool of water that is chin-
height. He cannot drink it, though, for anytime he lowers his mouth to
take a drink, the water recedes. The ancient Greeks knew the value of
water, for Tantalus was sentenced to an eternal life of thirst, the most
terrible punishment available. Hence, the word, tantalize.

Modern Groundwater Exploration: Discovering New Water Resources in Consolidated
Rocks Using Innovative Hydrogeologic Concepts, Exploration, Drilling, Aquifer
Testing, and Management Methods, by Robert A. Bisson and Jay H. Lehr

ISBN 0-471-06460-2 Copyright © 2004 John Wiley & Sons, Inc.



2 A HISTORICAL PERSPECTIVE

The Romans depended on many shallow wells and springs before
they built their first aqueduct in 312 Bc. The soil was so rich in springs
and underground streams that wells could be sunk successfully at any
point, and the average depth necessary was only about S5m. Such wells
were common from the earliest period, of the Roman Empire Excava-
tions in the Roman forum have uncovered more than 30 wells dating
back to the Republic.

The drilling rather than digging of artesian wells in France and Italy
began in the twelfth century and created considerable popular and sci-
entific interest on the occurrence of underground water. The art of
drilling and casing wells was actually invented, perfected, and exten-
sively practiced by the ancient Chinese. They used bamboo poles and
patience to penetrate hundreds of feet. Wells were started by the grand-
father and completed by the grandson.

The most extraordinary works of ancient humans for collecting
groundwater are the qanats and karezes of the Persians and Afghanies.
The qanats and karezes are tunnels that connect the bottoms of shafts,
which were dug by humans working as moles over long periods of time
and are conspicuous over all the high central valleys of Iran. Thirty six
of these tunnels supplied Teheran and the highly cultivated tributary
agricultural area.

In ancient times, springs were considered the miraculous gifts of
the gods; they wrought miracles and consequently were places where
temples were built. These superstitions continue today with those
who optimistically overestimate the therapeutic value of medicinal
springs.

Prior to the latter part of the seventeenth century, it was generally
assumed that the water discharged by the springs could not be derived
from the rain, first because the rainfall was believed to be inadequate
in quantity and second, because the Earth was believed to be too imper-
vious to permit penetration of the rain water far below the surface. With
these two erroneous postulates lightly assumed, the philosophers
devoted their thought to devising ingenuous hypotheses to account in
some other way for the spring and stream water.

Two main hypotheses were developed: one to the effect that sea
water is conducted through subterranean channels below the moun-
tains and is then purified and raised to the springs and the other to the
effect that in the cold dark cavern under the mountains, the sub-
terranean atmosphere and perhaps the Earth itself are condensed into
the moisture. The sea water hypothesis gave rise to subsidiary ideas to
explain how the sea water is freed from its salt and how it is elevated
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to the altitude of the springs. The removal of the salt was ascribed to
processes of either naturally occurring distillation or filtration.

Beginning with the middle of the sixteenth until the close of the sev-
enteenth century, numerous publications appeared that contained
discussions of groundwater, but the two ancient or classic Greek
hypotheses chiefly occupied the field, although an infiltration theory
was explained in 1580 by Bernard Palissy. In the later part of the sev-
enteenth century, Perrault, Mariotte, and Halley abandoned the theo-
ries of the past and actively undertook experimental work to determine
the source and movements of groundwater, and thus was born the
science of groundwater. Perrault made rainfall measurements during
three years and roughly estimated the area of the drainage basin of the
Seine River above a point in Burgundy and of the runoff from this same
basin. He computed that the quantity of water that fell on the basin as
rain or snow was about six times the quantity discharged by the river.
Crude as his work was, he definitely demonstrated the fallacy of the old
assumption of the inadequacy of the rainfall to account for the dis-
charge of springs and streams.

Mariotte computed the discharge of the Seine at Paris by measuring
its width, depth, and velocity at approximately its mean stage and by
doing so verified Perrault’s results. About the same time, Halley made
crude tests of evaporation and demonstrated that the evaporation from
the sea is sufficient to account for all the water supplied to the springs
and streams, thus removing the need for any other mysterious subter-
ranean channel to conduct the water from the ocean to the springs.

Centuries were required to free scientists from superstition and wild
theories handed down from earlier generations regarding the unseen
subsurface water. To a certain extent, we still live at a time when great
misunderstanding if not superstition exist with regard to the occurrence
and movement of groundwater. The elementary principle that gravity
controls motions of water underground as well as at the surface is still
not appreciated by all engaged in the development of the world’s vast
groundwater supplies.

Many people still believe that the magical forked witch stick is able
to point to underground water streams and will actually twist in the
hands of the operator in its endeavor to do so.

These popular superstitions are examples of the ability to believe
without the foundation of facts, and this peculiar ability exists in the
minds of both educated and uneducated men and women. Inasmuch
as the movements of underground water cannot be observed at the
surface, they have been subject to wild speculation. Even an American
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judge in a court case once ruled that “percolating water moves in a mys-
terious manner in courses unknown and unknowable.”

Little by little in the last decades of the twentieth century, ground-
water hydrologists dragged the water supply fraternity and the public
at large kicking and screaming into a twenty-first century. Now ground-
water resources are appropriately valued as often the best hope for
enabling society and commerce to move forward unhindered by water
shortages. Forty-seven percent of the U.S. population now depends on
groundwater for its drinking water. In the Asia-Pacific region, 32% of
the population is groundwater dependent; in Europe, 75%; in Latin
America, 29% and in Australia, 15%.

The authors of this book played their role of ardent enthusiastic
scientists during this period battling ever-present opposition to belief
that significant quantities of groundwater supply could be sustained.
Although we approached success in our efforts, it was still a small
victory as our intent has been to reveal to the world the vast quantities
of groundwater yet hidden deep within the Earth, often beneath arid
lands. Thus far, there has been little confidence in our conceptual model
or paradigm.

We have long believed that a planet whose surface is covered by
water should not be facing water shortages. Admittedly, 97% of the
Earth’s water is too salty for humans and agriculture, and glaciers and
ice caps put another significant portion out of reach. But we have long
believed that a significant portion thought to be out of reach under the
ground is not.

Energy-intensive desalting of seawater is currently too expensive
except in wealthy but dry areas near seacoasts. Our fresh surface water
has been allocated in most of the developed world, with Canada being
a rare exception.

Although humans have learned well over the past century to con-
serve water in such that water use per person has actually declined, the
addition of the final two billion people on the planet in the next 40
years before its population stabilizes (in accordance with most sound
demographic projections) will require considerable additional water
supplies. If we fail to develop additional water supplies, international
strife will remain. Half of our continental land lies within river basins
shared by more than one country. Multinational water claims have not
and likely will not provoke war, but local and regional conflicts have
occurred over inequitable allocation and use of water resources. Inter-
national diplomacy commonly encourages opposing countries to coop-
erate, but not always before lives are lost. Most recently, apartheid
battles in South Africa in 1990, Iranian and Iraqi disputes in 1991,
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and intrastate conflicts in India in the mid 1990s cost thousands of
lives.

There has been an explosive development of groundwater in several
major deserts of the world in the last half of the twentieth century. Pre-
liminary results of activity in the Sahara and throughout the Arabian
Peninsula substantiate the occurrence of vast amounts of water stored
beneath desert lands. This development is due to efforts of groundwater
geologists and engineers, well construction crews, and political leaders
who had the courage to launch the investigations against accepted
water resources paradigms.

Several factors make water development programs in arid regions
feasible:

(1) The deserts offer uncrowded space
(2) Favorable climate for nearly year-round crop growth

(3) Large areas of reasonably good soils and food-fiber require-
ments for persons in mineral and petroleum resource industries
in desert areas.

Throughout most of the world, aquifers have not been regarded as
true water resource reservoirs. Rather, they are simply viewed as
holding tanks for annual contributions of what is unfortunately thought
of as safe yield. The annual increment of groundwater is skimmed off
the top when the basin below is depleted in any significant way. But in
fact, the surface-water reservoir that remains full is obviously as poorly
managed as that which remains empty; so too is the groundwater reser-
voir poorly managed when it is not allowed to rise and fall in contrast
to the vagaries of the natural cycle and the demands of the human
population.

Good water management is the optimum manipulation of the avail-
able water resource to serve the greatest common good. It includes the
coordination of both the natural aspects of the hydraulic cycle and
every artificial operation that can be performed upon it, save, in most
cases, the drastically expensive and uneconomic interbasin transfer of
surface water.

The concept of the hydrologic cycle has become so generally
accepted that it is difficult to appreciate the long history that lies back
of its development and demonstration, from the dawn of history until
comparatively recent times, barely a quarter of a century ago. The
central concept in the science of hydrology is the hydrologic cycle, a
convenient term to denote the circulation of the water from the sea,
through the atmosphere, to the land and thence with numerous delays
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back to the sea by overland and underground routes and in part
through re-evaporation and transpiration from vegetation, lakes, and
streams. It involves the measurement of the quantities and rates of
movement of water at all times and at every stage of its course through
multiple reservoirs, from a height of 15km above the ground to a depth
of some Skm beneath it. The reservoirs include atmospheric moisture,
oceans, rivers, lakes, icecaps, soil, and groundwater. The transport mech-
anism from one physical state or aquifier to another is either gravity or
solar energy over periods that range from hours to thousands of years.

The pioneer of intensive groundwater investigations was Germany’s
Adolph Theim who introduced field methods for making tests of the
flow of groundwater and applied the laws of flow in developing water
supplies. Under his influence, Germany became the leading country in
supplying its cities with groundwater, and it still derives over 80% of
its needs from wells.

Because we can see surface waters and because such tremendous
amounts of money have been spent in building visible dams, levees, arti-
ficial reservoirs, aqueducts, and irrigation canals involving surface
water, it is openly natural that we tend to think of that water as the
major source of the world’s needs. Actually less than 3% of unfrozen
fresh water available at any given moment on our planet Earth occurs
in streams and lakes. The other more than 97%, estimated at eight tril-
lion acre-feet, is underground.

The total amount of water on our planet has almost certainly not
changed since geological times. Water can be polluted, abused, and
misused, but it is neither created nor destroyed; it only migrates.

Groundwater is tracked by remote sensing and tracer techniques, but
the water movement is exceedingly difficult to follow. It is known that
groundwater migrates slowly. Sometimes groundwater moves only a
few millimeters a day, although occasionally it is a few meters per day.
Near the water table, the average cycling time of water may be a year
or less, whereas in deep aquifers, it may be as long as thousands of years.
It is easier to measure water tables. Through test wells and controlled
pumping, it is not difficult to measure the recharge rate and flow behav-
ior around a particular site. The difficulty comes in sensing movement
in the aquifer as a whole. Water can be stored in the pores of rocks, but
it can also be stored in cracks and fractures, and sometimes these fis-
sures can provide conduits to allow water to travel quickly and over
great distances.

No one knows how many unexplored and unexploited aquifers exist,
but the amount of water stored in them is thought to be considerable.
This is the focus of this book, to help exploration geologists around the
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globe to uncover vast stores of water yet undiscovered. Water explo-
ration companies have not yet made a major impact on the stock
markets of developed countries, but they would not be a bad bet for
adventurous investors.

Water exploration must tie itself to the many great advances made
by the petroleum industry, which long ago tied itself to computer tech-
nology. The petroleum industries need for processing power is insa-
tiable, and it has resulted in many computer technology advances.
Today we stand on the launching pad to a journey into high technol-
ogy groundwater location and development whose foundation has
been laid for us through advances in petroleum and other mineral
explorations. The oil industry itself has been a driving force in the com-
puter industry where Texas Instruments began as a company in 1930
known as Geophysical Service. Seismic imaging now available for
groundwater studies led to the development of computer programs to
assess sound waves generated in rock to infer the nature and location
of rock layers capable of trapping oil. From initial two-dimensional
images, computers ultimately were taught to process gigabytes of data
that would result in three-dimensional images.

In 1985, more than a day of computing time was required to analyze
a square kilometer of subsurface structure; by 1995, computers could
do it in 10 minutes, and the cost to survey 10km* dropped from mil-
lions of dollars to tens of thousands of dollars.

Concurrently, computer-assisted drilling technology advances
include saw drill bits that have direct sensing tools to evaluate physi-
cal channels, and electrical characteristics of what they were drilling
through while transmitting their exact location to the surface and
enabling the implementation of immediate course corrections. In some
ways, it is truly amazing that this book is only being written at the begin-
ning of the twenty-first century. Advances to be described in the fol-
lowing chapters regarding groundwater development were recognized
in the parallel fields of geologic science and engineering, more than two
decades ago. This is why, with the exception of water every mineral
resource on Earth has become less and less expensive than it was in
our youth. Technologic- and knowledge-based advances have reduced
the costs of location, development, and refinement of every other
mineral in the Earth, without exception.

Mines and oil fields once abandoned have been reopened for rede-
velopment of formerly uneconomic resources. Groundwater, however,
has been saddled with a century old paradigm. We place a straw in only
the upper portion of our water-filled glass (or aquifer) ignoring its
deeper regions because of our inability to discern deeper rock struc-
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tures. Or we are misguided by beliefs that recharge could not continu-
ously replenish the deeper portions of that or any aquifer. So leave it
there lest we become dependent on a nonrenewable resource. A similar
philosophy would have left us in the Stone Age, never to develop an
Iron Age or use any other minerals in the Earth’s crust.

At the same time, commitments are being made by the United States
and other governments that could severely damage independent efforts
to discover the realities of deep groundwater environments. For
example, in recent years, the U.S. Environmental Protection Agency
and similar agencies worldwide not only missed an ideal opportunity
to advance the understanding of deep groundwater resources, but
delayed its advancement by demanding instant competence of an
unprepared scientific community. In addition, U.S. EPA spent billions
of dollars on groundwater “cleanup” and “protection” without first per-
forming the due diligence required to critically evaluate the actual
knowledge base. The origins of this unfortunate situation are of recent
vintage. In the 1980s, it was disconcerting for exploration scientists to
observe the U.S. Congress balk at a request from the world’s pre-
eminent institution of basic geological research and knowledge, the
U.S. Geological Survey, for modest funding to update decades-old, low-
resolution, pre-space-age geological maps (upon which groundwater
studies are usually based); and it was even more bewildering in the
1990s to witness Congress funding a multi-billion-dollar nationwide
groundwater cleanup effort without benefit of the requisite knowledge
base they failed to develop a decade before.

Spending those billions of dollars have not only failed to advance
the knowledge base about deep groundwater, but also have induced a
surfeit of numerical models largely based on anachronistic concepts of
groundwater occurrence. Such elegant, but ill-conceived models have
been combined with sophisticated computer visualization programs
and published as factual representations of global groundwater occur-
rence in professional journals and the popular press, leading engineers,
economists, and political leaders to premature and erroneous conclu-
sions regarding groundwater balance and the Earth’s fresh water
balance as well.



2 Megawatersheds—
A New Paradigm

ALEXANDER RAYMOND LOVE

Founding Executive Director, Partnership to Cut Hunger and Poverty in
Africa

“The originator of a new concept . . . finds, as a rule, that it is much more
difficult to find out why other people do not understand him than it was
to discover the new truths.”

—Herman von Helmholtz

In 1875, a 17-year-old German student had just graduated from Gym-
nasium and was about to enter University. Intrigued with his early
studies of physics, he had decided to pursue it as a career. He thus
approached the head of the physics department at the university
for advice. The professor was not encouraging. “Physics is a branch
of knowledge that is just about complete. The important discoveries,
all of them, have been made. It is hardly worth entering physics
anymore.”

The attitude of the professor was probably representative of the
prevailing wisdom in “Newtonian or Classical” physics in 1875. It rep-
resented a plateau of knowledge that had been reached in the nearly
two centuries since the early discoveries of Sir Isaac Newton. Little did
the professor realize that the field of physics was on the verge of a
major new age of discovery and development, one that would reshape
the study of physics and profoundly impact on world development.

The professor, of course, also had no way of knowing that the
student, Max Planck, would ignore his advice and go on to become a
world famous physicist. Planck would introduce the quantum theory
and help usher in the new age of physics with the publication of his

Modern Groundwater Exploration: Discovering New Water Resources in Consolidated
Rocks Using Innovative Hydrogeologic Concepts, Exploration, Drilling, Aquifer
Testing, and Management Methods, by Robert A. Bisson and Jay H. Lehr

ISBN 0-471-06460-2 Copyright © 2004 John Wiley & Sons, Inc.
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work on black body radiation at the beginning of the twentieth century.
Albert Einstein, then 21 years old, would eventually build on Planck’s
work and further refine the quantum theory, eventually to supplement
it with his new theory of relativity.

The quote by Herman von Helmholtz and the story of young Max
Planck are both from Barbara Lovett Cline’s 1965 book Men Who
Made A New Physics. I have read the book many times and continue
to marvel at the process of rapid technological change that took place
over such a relatively short period of history. It was indeed a true par-
adigm shift. To a layman, it seems not so much that Newtonian physics
was wrong, as it was incomplete. Physicists continued to find unex-
plained phenomenon and inconsistencies with classical physics. Pursuit
of these questions eventually opened new fields of opportunity in
physics.

There are two key themes embodied in these excerpts from Cline’s
book that are pertinent to the telling of the story on megawatersheds.
The first is reflected in the story of Max Planck. Here we see a leading
expert in a field of technology, the professor of physics, defending the
status quo base of knowledge and rejecting the hypothesis that new
discoveries might usher in a new era. In this book, the reader will
encounter numerous examples of this principle. In many cases, this
inherent resistance to change has led to erroneous assessments of water
availability and flawed investment decisions or recommendations. This
was graphically illustrated in the cases of the Trinidad and Tobago
water development programs discussed in Chapters 5 and 6.

More importantly, however, the general failure of the world at
large to take advantage of the potential of the new megawatershed
technology has curtailed the development of additional available
water resources. This failure can have major economic, political, and
developmental implications for future development of our world’s
water resources.

The second principle is closely related and is reflected in von
Helmholtz’s quote. It reflects his apparent frustration with the difficulty
of convincing his colleagues of the validity of his new discoveries. Such
is the case with the megawatershed paradigm. Skepticism remains
strong among members of the technical community. This contributes to
hesitation associated with risk aversion among technical experts,
investors, and public bureaucrats alike. This book attempts to address
these concerns in two ways. First, the telling of the successful case
studies such as Sudan, Trinidad and Tobago, Somalia, and so on, serve
to help prove the principles of megawatersheds by real-world example.
Secondly the book discusses and illustrates how risk-sharing models
can be used to shift the risk to technically knowledgeable entrepre-
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neurial investors who operate in a different risk/benefit framework
than the public sector. Both approaches must be followed if scepticism
is to be overcome and a more rapid application of the megawatershed
concept is to be achieved.

GLOBAL IMPLICATIONS

The premise of this book is that the megawatershed model can open
up access to substantial quantities of water either not known to exist
or thought to be fossil, nonrenewable, or inaccessible. In the introduc-
tion to this book, Robert Bisson indicates from results of several case
studies that “ten times more fresh water than previously calculated may
be in active groundwater circulation under drought plagued cities and
villages across America, Asia, and Africa.” To put this contention in per-
spective, we will review the global distribution of water availability.
Most, of course, is in the oceans: 1.33 trillion km® or 96.5%. With an
additional nearly 1% in saline/brackish groundwater or salt-water lakes
[Shiklomanov, 1993]. Only 2.5% or 35 million km? is fresh water, and
70% of this is tied up in glaciers and permanent snow cover. Fresh
groundwater accounts for 10.5 million km® or the bulk of the balance.
This far exceeds the 0.091 million km® in freshwater lakes and the 2.1
million km” in rivers.

Given the relative magnitude of these figures, it seems apparent that
any technological advance that offers greater access to the predomi-
nant source of fresh water (groundwater) should be welcomed with
open arms. But the real significance probably lies in local application
of the megawatershed principles in those locations where the economic
and environmental costs of traditional technology and documented
water availability fail to meet the needs of the local population. The
case examples in this book highlight a number of such instances.

There are a number of overlapping themes woven throughout these
case studies that can be reviewed as a prelude to the review of the cases
themselves. They are as follows:

Megawatersheds and Economic Development: The Millennium
Development Goals

Megawatersheds and Food Production

Megawatersheds and Environmental Needs

Megawatersheds and the Water Needs of Refugees and Drought
Victims

Megawatersheds and Commercial/Industrial Use
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Megawatersheds and International Political Challenges
Megawatersheds, Skepticism, and Risk Reduction

Finally, it is the review on increasing the application of the megawa-
tershed concept to address some of the world’s looming water
shortages.

Megawatersheds and Economic Development:
The Millennium Development Goals

The concept of megawatersheds, of course, applies to all of the inhab-
ited continents of the Earth and many small island states, developed
and underdeveloped (SIDS). However, the major unmet needs for
water supply are in the developing world. It is there that both the quan-
tity and quality of water supply are most inadequate and the cost of
large surface water development schemes is prohibitive. A good place
to start the analysis of water’s key role in development is with the exist-
ing global compact for development reached at the United Nations. The
UN millennium Declaration, “Development and Poverty Eradication,”
approved in 2000, set forth 8 development goals and 18 specific targets
to be achieved by 2015. A number of these are directly related to ade-
quate water supply. Access to clean water and sanitation is at the top
of the list. But water is also key to the goals of reducing poverty and
hunger by 2015 because of its critical role in agriculture and agricul-
ture’s key role in poverty reduction. Water is also critical to achieving
overall goals in the environmental arena. Related goals in the health
area such as reducing infant and child mortality are further dependent
on water supply.

Drought and famine were not specifically targeted in the Millennium
compact. However, drought and famine will require new approaches
for providing water to drought victims and refugees. Ewan Anderson
points this out elsewhere in this book. The UN and the development
community have been negligent in not directly including elimination of
manmade and natural disasters as key objectives in the overall program
to reduce poverty. Such exclusion belies the reality of the development
challenge in areas like Afghanistan and Sub-Saharan Africa today.

The UN has also declared access to water to be both a “right” and
a “basic need”: “The human right to water is indispensable for leading
a life in human dignity. It is a prerequisite for the realization of other
human rights.”

It is clear from the UN documentation and related studies that
water is critical to achieving many of the agreed economic and social
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objectives in the Developing World. Yet, as the World Panel on Financ-
ing Water Infrastructure points out “water has been underemphasized
and neglected in the past, compared to other sectors.” “The costs of
neglect . . . are cumulative,” as the report rightly points out. The panel’s
report “Financing Water for All” provides a comprehensive look at the
challenges to financing water projects. It does not attempt to address
new technological approaches to overcoming drinking water shortages.
It does, however, provide a good overview of who owns, who manages,
and who finances water systems. This perspective is of great importance
to the discussion of megawatershed technology and the associated
concept of risk reduction discussed later.

In this framework, the introduction of a new technical approach, e.g.,
the megawatershed concept, can have a far-reaching impact on a devel-
oping country’s progress in reducing poverty, improving health,
preserving the environment, and contributing to new approaches for
dealing with drought and refugees.

A compelling argument exists today for moving megawatershed’s
exploration up on the priority list on the world’s development agenda.
In the following sections, we will touch on some of these specific devel-
opment challenges in more detail.

Megawatersheds and Food Production

In 2002, the International Food Policy Institute and the International
Water Management Institute published a comprehensive volume
entitled World Water and Food to 2025, which analyzes the challenges
to international food security posed by competition for water sources
and water scarcity. The first chapter sets the stage for the premise of
the book by stating, “The story of food security in the 21* century is
likely to be closely linked to the story of water security. In coming
decades, the world’s farmers will need to produce enough food to
feed many millions more people, yet there are virtually no untapped,
cost-effective sources of water for them to draw on as they face this
challenge. Moreover, farmers will face heavy competition for this
water from households, industries, and environmentalists.” (Emphasis
added.)

The book highlights the fact that nearly 250 million hectares of land
are under irrigation today, five times the amount under irrigation at the
beginning of the twentieth century. Moreover, much of the successful
increases in food production were associated with the technological
breakthroughs in plant technology that came to be known as the Green
Revolution. It is well to remember that the achievements of the Green
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Revolution were closely associated with the increase in irrigation as
well as the increased use of fertilizers. But the Green Revolution has
had much less success in the arid and semi-arid areas of Asia and Africa
where many of the world’s poorest and most malnourished people or
citizens reside. Irrigated agriculture uses 80% of global water supply
and 86% of developing country water [IFPRI].

J.A. Allen in his book, The Middle East Water Question/Hydropoli-
tics and the Global Economy, highlights this heavy demand for food
production by comparing the components of individual water use per
year:

Drinking: 1m’ per year
Other domestic uses: 50 to 100m’ per year

Embedded in food: 1000m’ per year, either from naturally occurring
soil water or from irrigation systems.

The pursuit of greater food production will thus be closely associated
with the competition for water. Already it is clear that major new
infrastructure projects, such as storage dams, will be subject to greater
scrutiny and in some cases blocked from implementation, as happened
with the proposed dam on the White Nile in 2003. Moreover, existing
irrigation schemes are subject to waterlogging and salinity problems
that require costly new drainage schemes to maintain production levels.
Rapid urbanization is adding to the competition with agriculture for
water. The environmental community is actively competing for water
to support “environmental” needs, including the maintenance of
wetlands, natural forest reserves, aquatic species, and so on.

What does the megawatershed paradigm offer to meet this chal-
lenge? First, there is a need to better understand the character of
groundwater resources in areas already irrigated with groundwater. In
many cases, megawatershed principles could help better understand the
source, character, and sustainability of existing systems and allow more
effective long-term use. Secondly, there are major known aquifers (e.g.,
North Africa’s Nubian Sandstones) that are underutilized because of
the prevailing “fossil” groundwater model that does not recognize
active recharge to these vast groundwater systems. A better under-
standing of these aquifers might open up new resources that would help
minimize competition with agriculture. Third, much of the problem in
food security centers on the populations in arid and semi-arid areas.
The inability to generate income from erratic agriculture as well as food
shortage is at the root of the problem. Supplemental water from new
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strategically developed megawatersheds could help meet food needs,
especially during periods of drought when crops fail. This is closely
related to drought/refugee issues. It is also closely related to the
complex factors that motivate urban migration, e.g., the lack of ade-
quate income opportunities in rural areas where agriculture and related
off-farm employment have declined.

Afghanistan presents a promising case study on the application of
megawatershed theory to increase agriculture development. Tradition-
ally, the Afghans have tapped surface water and shallow aquifers to
supplement rain-fed agriculture. The use of traditional kerezes attests
to the commitment and ingenuity of the Afghans in searching for addi-
tional agriculture water. The kerezes are ingenious tunnel systems
extending into the mountains to tap groundwater sources, some of
which are reportedly 20 miles long.

Today, amidst the devastation of decades of war, restoring agricul-
ture has become a top priority; water supply from traditional ground-
water sources is proving inadequate, and new sources must be found.
The heavily faulted, fractured, and mountainous physiography and
high-elevation snow pack and precipitation of Afghanistan provides
conditions conducive to locating substantial additional groundwater
through the application of megawatershed technology.

Discussions are currently underway regarding the initiation of a
countrywide megawatershed assessment of Afghanistan to locate large
sources of additional groundwater.

Before we leave the subject of food production, let us take another
look at the phenomenon called the “Green Revolution.” The phrase
Green Revolution refers to the breakthrough in agriculture that took
place in the 1960s. At that time, the major agriculture research stations
at Los Banos in the Philippines, the International Rice Research Insti-
tute (IRRI), and the International Maize and Wheat Improvement
Center (CIMMYT) in Mexico developed new high-yielding varieties of
rice, wheat, and maize. These three cereal crops are the basic food
staples for a large percentage of the world’s population. This is espe-
cially true in the developing world. Before the technological break-
through, there was a growing consensus that the world’s burgeoning
population would outstrip food production in a Few decades and
growing famine would follow.

The development of new cereal varieties associated with improve-
ments in fertilizer use, pesticides, and water control ushered in a true
paradigm shift in the world’s food production. Today, nearly 40 years
later, the world still produces enough food for a substantially larger
population. Famines in South Asia are no longer a common occurrence.
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In most cases, hunger in today’s world is a function of food distribution
and lack of economic purchasing power. The exceptions relate to
droughts and refugee problems, which are discussed later.

There are some key observations related to the Green Revolution
that bear on the discussion of the megawatershed potential. First, there
would certainly not have been a Green Revolution in the 1960s was it
not for the foresight of pioneers in the Ford and Rockefeller Founda-
tions who funded the initial research stations as a public need and a
potential public good. The individual researchers would never have
achieved their breakthroughs without foundation help. The foundation
role emphasizes the potential key role for public support for research
to help accelerate development and adoption of new technology.
In the case of early megawatershed research and development, the
funding came from public and private sources such as USAID, British
Petroleum, and private investors. More support is badly needed to help
accelerate the adoption of the megawatershed concept on a broader
scale, as we will discuss further at the end of this chapter.

Second, the Green Revolution technology was highly dependent on
the availability of adequate, controlled water sources. The explosion in
use of water for irrigation, highlighted in the IFPRI study, is partially
due to this basic requirement. The Green Revolution, therefore, has
greatly added to the pressure on the world’s water resources. Much of
the agriculture research in the large Consultative Group for Interna-
tional Research (CGIAR) network of research stations is focused on
the problem of increasing food production in the face of water short-
ages. Dryland crop research on sorghum, millet, and other arid climate
crops continues, but with far less promising results. Work is also being
done with growing crops such as rice in brackish water conditions. The
fact remains, however, that the major beneficiaries of the Green Rev-
olution are concentrated in areas with adequate water resources, either
from rainfall or water control systems. The application of the mega-
watershed principals may help make the application of new technolo-
gies, including biotechnology, feasible in arid regions (e.g. Somalia and
Sudan) and erratic or heavily polluted rainfall runoff in high rainfall
areas such as Trinidad and Tobago, providing year-round clean water
for domestic use and food production.

Megawatersheds and Environmental Needs

There are a number of areas where the megawatershed concept and
broad environmental concerns interface. We will touch on two of the
key targets included in the UN Millennium Declaration, both of which
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are included under development goal No. 7, “Ensure Environmental
Sustainability.” The two targets are No. 9, “Integrate the principles of
sustainable development...and reverse the loss of environmental
resources” and No. 10, “Halve by 2015 the proportion of people without
sustainable access to safe drinking water.”

Target 9, megawatershed’s contribution to preserving the natural
environment, and the related issue of preserving biodiversity, are well
illustrated in this book. In the case of Tobago, there was a determina-
tion by one of the world’s leading engineering firms, using traditional
hydrogeological methods, that there was no prospect of developing
adequate water supply on Tobago through groundwater development.
The only viable option presented was to dam the Richmond River in
the Western Hemisphere’s oldest protected natural rain forest. This
park is the oldest natural preserve in the Caribbean and a source of
important biodiversity. Developing the dam would have substantially
impacted this reserve. An important related aspect is that the cost of
the dam was substantial at $60 million. The development period was
six years. The best water scientists in the world had spoken based on
existing groundwater models and technologies.

Enter the megawatershed concept. As Chapter 5 demonstrates, the
same quantity of water was developed and eight times more water was
identified in one year than would have been possible even with full
development of the dam in six to eight years, and the megawatershed
development approach cost one-tenth as much as the dam with no
adverse environmental impact. A bonus was the fact that the mega-
watershed approach allowed for private sector participation and financ-
ing. The dam as planned would have required all public financing.

In the context of this chapter, it is important to address Southern
Africa, which was also extensively surveyed by Bisson and his team in
the 1980s and 1990s, but it is not included as a full case study elsewhere
in the book. The first regional deep groundwater study of Botswana
and South Africa was undertaken by Bisson’s firm BCI-Geonetics
under contract with British Petroleum Southern Africa (BPSA) in
1985, followed by privately financed investigations of Zimbabwe and
Mozambique and a USTDA-supported geophysical survey of the Sabe
River Basin. In 1992, USAID engaged Bisson Exploration Services
Company to assist the Agency in building a drought management strat-
egy by following up on prior megawatershed’s projects in Botswana.
All three studies have regional implications for all of the SADCC
states.

In these novel studies, attention was given to regional hydrological
implications of underlying geological structure in Southern Africa as
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related to its major river systems, from the trans-African Zambezi to
the Okavango and its remarkable desert delta. The Okavango Delta is
one of the world’s best known and loved wildlife preserves. Yet it is one
of the few sources of fresh water in a country that is essentially a desert,
albeit rich with diamonds. Many eyes are on the Okavango water. The
delta catchment basin covers three countries: Angola, Namibia, and
Botswana. Nearly 95% of the river inflows originate in Angola through
the Okavango’s two main tributaries, the Cubango and the Cuito rivers.
Annual surface recharge to the Okavango Delta from Angola’s High-
land rains exceeds 10 billion m?, with another 6 billion m® from local
rainfall, all of which is channeled by the many faults and fracture
systems that define the geographic expression of the Delta, from the
arrow-straight and fault-confined Okavango panhandle, through the
Delta to its truncating Thamalakane fault. Along the route from
the Panhandle, 95% of that vast river recharge disappears from sight.
Traditional hydrological models assume nearly all of that water evap-
orates, whereas the conclusion from Bisson’s 1992 application of The
Megawatershed Paradigm to the Okavango is that a large fraction of
the annual Okavango flood contributes to groundwater recharge.

The megawatershed model presents an open-ended underground
hydraulic system defined by the tectonically induced fracture fabric of
Botswana and environs. Bisson postulated that the low-head, wave-like
overland flow of the annual flood inexorably exerts downward pressure
on the water table, activating a nine-month per year hydraulic pump of
regional proportions. When new water is added to the top of that
incompressible groundwater system, there are only two routes for the
new water to take. If impermeable barriers surrounded the Delta’s
existing groundwater (the “bathtub” model), then the new incoming
surface water would continue flowing overland, with far more water
reaching Maun than is currently observed and with vast quantities of
salt saturating the Delta’s surface waters.

One current popular hypothesis is that 300,000 tons per year of
solutes are captured by “Solute-Sink Islands,” which, over thousands of
years, have somehow collected and conducted hundreds of cubic kilo-
meters of salts into deep storage in underlying aquifers. Although the
fact that there are “solute sinks” scattered about the Delta is not
surprising, the theory that tens of thousands of years of salt deposition
amounting to thousands of cubic kilometers of accumulated salt can
somehow be transferred and stored under the Okavango in such a
manner seems implausible.

However, geological evidence clearly demonstrates that the ground-
water of the Okavango Delta resides in highly permeable deltaic
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sediments underlain by wide-open, water-conducting fault and fracture
systems that extend throughout the Delta and far out under the
surrounding deserts. The megawatershed model, therefore, presents a
hydraulically conductive Okavango groundwater system that responds
to annual flooding according the laws of physics. As the flood surges
add pressure to the top of the water table, the entire groundwater
column is pressed downward by an amount equal to the pressure head
added to the system at any given time (sometimes several meters). The
incompressible groundwater pervading the Delta’s conductive sands
and bedrock fractures must then move along downward and outward
along routes of least resistance, creating a low-head hydraulic network
that follows bedrock fracture channels until directed upward by local
bedrock structures to eventually evaporate (often without human
detection) directly from solar-depressed subsurface water tables. In
other venues, evaporating groundwater will leave its salt burden behind
as evidence of its passing through.

Ironically, many saltpans in the Kalahari classified as lacustrine evap-
orates by hydrologists may be artefacts primarily of groundwater evap-
oration rather than surface water. Bisson posits that the Makgadikgadi
and Sua Pans, which straddle a series of major, SW-striking faults could
overlie massive groundwater discharge zones caused by fault-diverted
upward water flows from regional deep groundwater within megawa-
tersheds. The great distances from active recharge and huge salt quan-
tities contained in these giant pans are quite feasible given the
hydraulic power of a variable low-head (1-10m), high-volume (8+ km?
per year) hydraulic pump like the Okavango River.

It is clear that there will be competition for the water both in the
source rivers and within the confines of the Delta itself. This is well dis-
cussed by Peter Ashton in his chapter of the United Nations’ Univer-
sity publication, “International Waters in Southern Africa,” published
in 2003. The mining industry needs additional water. The capitol of
Namibia, Windhoeck, also badly needs supplemental city water supply.
Water is also short in other regions of Namibia. The rural populations
along the Okavango River and around the Delta itself are already
beginning to divert water, albeit in small quantities, for small-scale
irrigation.

The mining industry has been eyeing the Delta itself. Windhoek is
targeting the Okavango River that feeds the Delta. Clearly, there will
be continuing efforts to tap into the Okavango water supply unless
alternative sources are found. With the War ended in Angola, this will
eventually include use of the resources of the Cuito and Cubango
Rivers.
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Based on the two Botswana megawatershed studies by Bisson (1985
and 1992), it is probable that adequate groundwater can be developed
in the region using the megawatershed approach to meet the industrial
needs of the mines, water supply for Windhoek, and other needs in
Botswana without disturbing the ecology of the Okavango Delta. The
second-stage water development phase proposed in the original study
would be a major step in ultimately proving this potential. It is unfor-
tunate that the studies have languished on the shelves for over a
decade.

A third case example describes the megawatershed model as applied
to the Sud in Southern Sudan. The traditional hydrological theory is
that the White Nile flows into the Sud, overflowing its banks and flood-
ing the area. The overflow is believed to have created this great wet-
lands area, the second largest wetland in Africa. French engineers
began a major dredging of the White Nile in 1978 to create the Jonglei
canal, expecting the canal to enhance the flow of the Nile. The current
overflow of the Nile would then be reduced along with the associated
evaporation losses in the Sud; it would therefore be possible to recap-
ture water that was formerly “lost” in the Sud. It was estimated that
the first phase of the project would boost the annual flow of the White
Nile by 4km® and the second phase by an additional 4km?. This recap-
tured water would then be used for the benefit of downstream Sudan
and Egypt.

Given the history of the Nile and its importance to Sudan and Egypt,
this was, at the time, an appealing concept to both countries, which
agreed to share the costs and benefits of such projects in the 1959 Nile
Waters Agreement [Allen and Tauris, 2002]. The 260-km canal would
also have potential transport benefits by substantially reducing the dis-
tance through the Sud. However, in retrospect, it may be that the only
constructive outcome of the horrendous war in southern Sudan in 1984
is that the dredging had to be abandoned, permitting the development
of a new, comprehensive hydrogeological model that was applied in a
1987 USAID contractor’s study.

The study, carried out by BCI-Genomics, Inc. (Bisson, et al. 1987)
reported that the Sud was formed by groundwater discharge caused by
an intersection of two major bedrock structural systems related to Nile
and Red Sea tectonics. The bedrock underlying the Sud is shattered,
creating a very large area of high fracture permeability. These open
fracture systems extend far into the Ethiopian highlands, where high
rainfall and elevation combine to produce a high-volume, high-head
hydraulic pump that efficiently carries large amounts of groundwater
along fracture zones westward into the Sud, where groundwater flows
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are diverted upward to surface by North-striking faults. Bisson postu-
lated that more than 30% of rainfall in the Ethiopian highlands could
recharge fracture zones that eventually discharge into the Sud.

The Sud megawatershed model indicates that the White Nile is not
the controlling hydrological element in local hydrological balances. In
fact, historical evidence indicates that the Sud water level is at times
higher than the White Nile, causing reversal of the White Nile’s flow.
The hydrological and hydraulic models used by the French engineers
may be faulty. Renewing the dredging project may risk doing irrepara-
ble damage to one of Africa’s major natural wetland resources while a
major water resource goes unutilized. Detailed megawatershed studies
related to the Sud have not been done. There may be some approach-
ing urgency to do such an analysis.

The war in southern Sudan is hopefully coming to an end. There will
certainly be consideration to revisiting the Jonglei project. John
Garaang, the leader of the southern resistance, in fact, did his thesis in
the United States at Iowa State University on the Jonglei canal. Cer-
tainly, after the war, there should be a more thorough reassessment of
the hydraulic model and the impact of the project before any attempt
is made to resurrect the old plan, or any new variation. J.A. Allen, in
his discussion of the project, argues that increased environmental cri-
teria adopted in the last 15 years will make the resumption improba-
ble. Sandra Postel (1993) postulates that the southern Sudanese would
oppose any resumption in the near future. In the long term, pressures
in both Sudan and Egypt for increased water availability from the Nile
will only increase. Unless an alternative framework is put in place, the
pressure to dredge the canal will continue.

The implications of the Sud megawatershed are enormous.
Untapped renewable groundwater resources may amount to cubic
kilometers per day, with a large fraction flowing beyond and around
the Sud, to pass beneath villages and farms throughout the region and
eventually evaporate in a desert wadi. Large amounts of this surplus
groundwater could be safely managed for beneficial use throughout the
region with no measurable effects on the Sud or the Nile’s flow.

These are but three illustrative examples of how introduction of the
megawatershed model can contribute to preservation of the world’s
natural resource environment and preservation of biodiversity.

The second environmental question is how megawatersheds might
contribute to the UN Millennium goal of improving sustainable access
to safe drinking water.

It is estimated that 1.1 billion people worldwide lack access to clean
water and 2.4 billion lack adequate sanitation. As the study “Financing
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Water for All” [World Water Council, 2003] states, “Poor water and
sanitation is an important cause of diseases such as diarrhea (4 billion
cases, with 2.2 million deaths), plus intestinal worms, cholera, Schisto-
somiasis and other water related health problems.” Improved water
supply is not the only answer, but it is an important part of the solution.
This study indicates that the investment required for drinking water
supply is 13 times the investment for improved sanitation and hygiene.
So the need for water supply is critical. The reality for providing it is
discouraging. For example, the study points out that the United States,
Australia, and Ethiopia all have similar climates, but Australia and the
United States have 5000m’ of water storage per person, whereas
Ethiopia has 50m’. Why is this the case? Preliminary studies of the
megawatershed potential in and around Ethiopia have been carried out
under USAID contracts. These studies indicate abundant additional
groundwater potential (e.g. the Sudan and Somalia case studies in Chap-
ters 3 and 4). In addition, the USAID OFDA study on Botswana
referred to above includes a parallel assessment of water potential in
areas of Ethiopia itself. There appears to be substantial potential for
tapping groundwater to meet the needs of the Ethiopian people for
drought relief, drinking water, and possibly agriculture needs as well.
This will be further discussed in the section on droughts and refugees.

Itis clear that if the world is to meet the drinking water targets, espe-
cially in areas like Ethiopia, then greater consideration needs to be
given to application of the megawatershed concept along with more
traditional approaches. This could open new and potentially costly
water sources. In addition, using megawatershed models, governments
can “act locally” and institutions can “think globally” because once
drilled the wells can be strategically sited and locally managed. It might,
therefore, be possible to avoid some of the major management prob-
lems associated with traditional centrally owned and managed water
systems. Megawatersheds thus present an interesting prospect for
greater use of locally owned and managed systems once the major
countrywide development work has been completed. One of the major
challenges today in the developing world is the financing and manage-
ment of centrally managed water systems. Increased reliance on locally
managed systems helps meet this challenge.

Megawatersheds and the Water Needs of Refugees
and Drought Victims

Prior megawatershed projects in Africa have highlighted the important
role that this technology can play in relieving the life-threatening con-



GLOBAL IMPLICATIONS 23

ditions that repeatedly threaten refugees and drought victims. This is
most clearly illustrated in the case study on Somalia where the refugees
were given access to water through the USAID-funded project in
1984-1986. Unfortunately, the civil war pushed many of the refugees
over the border into the Ogaden. The project was halted before full
development. Decades later, these wells are still operating successfully.
Despite its early termination, the Somalia project highlights the criti-
cal role that megawatershed technology can play in refugee/resettle-
ment programs.

In 1989, a few years after the Somalia project, it was noted that large
expenditures were being incurred by the UN refugee relief agencies to
truck drinking water down the mountain to the refugees in the Ogaden.
The closest Ogaden refugee camp to Somalia was very close to the loca-
tion of the wells drilled by BCI in Somalia. BCI estimated that an ade-
quate water supply could be developed using the data developed in
Somalia to meet the needs of the Ogaden refugees. The total cost to
drill the wells would be less than the annual cost of trucking water. The
proposal was forwarded to the UN by the State Department. It dis-
appeared into the UN water bureaucracy a casuality of the civilian and
another missed opportunity.

Credit goes to USAID, however, which early on supported testing
of these novel technologies and which later realized the potential of
megawatershed technology to meet the need of both refugees and
drought victims in Africa. Refugees and droughts are not a one-time
event in Africa. They are an unfortunate part of the fabric of Africa’s
underdevelopment: its flawed political leadership, in certain countries,
and a result of arid conditions throughout the Sahel, the Horn, and in
Southern Africa.

In 1992, The Office of Disaster Assistance (OFDA) of USAID did
seek to follow through on earlier studies. USAID commissioned a per-
ceptive prefeasibility to examine the application of megawatershed
principles to refugee problems in Ethiopia and drought conditions in
Botswana. The Botswana study was discussed in the above section on
the environment, but it was primarily directed on Botswana’s continu-
ing drought problems. As we note above, the results indicated sub-
stantial potential for groundwater development to meet future drought
needs. The next stage of work still waits to be done.

The study in Ethiopia was also encouraging regarding the potential
for groundwater development in both Tigray and Eritrea. Today the
refuge problems remain and are compounded by another horrible
drought in Ethiopia. Droughts have become a repeat occurrence in
Ethiopia with the populations facing new stress before fully recovering
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from the last crisis. The review by USAID in 1992 indicated that devel-
opment of megawatersheds in Ethiopia can respond to both the
country’s drought and refugee-related water needs as well as contribute
to long-term development in the rural areas.

In addition, there is growing recognition that there must be better
links between drought relief and long-term development strategies. A
more dependable source of water supply would help both emergency
and long-term development programs in Ethiopia. Unfortunately, the
encouraging prefeasibility work in Ethiopia has also not yet proceeded
to the next development phase. In fact, the study seems to have been
forgotten. The original study in USAID’s central database is unavail-
able. The exploratory drilling phase of the work might have been com-
pleted in the 1990s. This would have helped during the current drought
crisis, which is threatening the lives of millions of Ethiopians once again.

A final observation on drought mitigation, a Famine Early Warning
System (FEWS), was established following the African drought in 1984.
The program supported by the United States does sophisticated
weather predictions associated with assessments on the impact of
weather on crop production and food supplies. Reports and special
analyses are done for both African countries and International donors.
The program has been successful and is being expanded to Afghanistan
and possibly other countries and regions. However, despite its success,
imagine how much more powerful the FEWS assessment process
would be if a fuller understanding of groundwater sources were added
to the assessment process. It would be literally adding a new dimen-
sion, to the program. This program would allow projection of where
groundwater might be used to meet drought needs when rainfall fails
and surface water and shallow aquifers dry up.

Megawatersheds are, of course, not the sole or the primary answer
for solving Africa’s drought and refugees’ problems. Improved politi-
cal leadership and more effective economic development are basic
requirements for a long-term solution. But megawatersheds, and the
provision of new sources of water, will help meet emergency needs until
that day. Even then, as in the case of Botswana where there is excel-
lent leadership and good progress in economic development, there will
still be a major role for megawatersheds in dealing with drought.

Megawatersheds and Commercial/Industrial Use

Much of the discussion in this paper concerns priority needs related to
drinking water and water for agriculture production. Water is, of course,
also essential to the undertaking of a wide variety of commercial and
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industrial applications. In this book, there are a number of examples of
how additional water, located through megawatershed techniques, can
aid business.

In the case of Tobago, a major hotel complex was completed with
the expectation that adequate water would be available for both the
hotel and related golf courses. When the complex was completed, there
was no water, and the multimillion-dollar hotel complex sat idle for
over a year. The successful location of groundwater by Earthwater
Technology and Lennox Petroleum of Trinidad effectively saved this
US$100 million development project from potential failure.

The Sudan case study presents a much more complex model for
using megawatershed analysis to launch a major new regional devel-
opment scheme. The proposed development envisioned a broad range
of commercial and industrial projects proposed by private Sudanese
investors. The development centered on the vision of restoring the
ancient Port of Suakin. A new port complex, hotels, and a variety of
commercial activities were studied and found viable if there was
adequate new water supply. The associated megawatershed analysis
indicated sufficient water was available. The project was stopped for
political reasons not economic or technical ones.

It is clear that throughout the areas supplied with supplemental
groundwater, there will be a wide variety of new opportunities for com-
mercial development that did not earlier exist. Many of these will be
small-scale enterprises with a large social and economic impact on
relieving poverty. This will be especially true in rural areas where com-
mercial development will go hand in hand with increased agriculture
development also facilitated by groundwater derived thanks to the
megawatershed model.

Megawatersheds and International Political Challenges

At the international level, the shortage of water, especially in certain
areas, such as the Middle East, makes water one of the world’s key
political challenges. Lasting peace will require lasting solutions to com-
petition over water shortages. Outside the Middle East, the issue of
competition for water is also acute. As Sandra Postel highlights in her
1993 article in World Watch on the Politics of Water, “nearly 40% of
the world’s population depend on river systems shared by two or more
countries.” We have already touched on two of these systems. The first
is the Nile shared by nine countries. The second is the Okavango River
shared by three countries. In both cases, we have discussed how
megawatershed technology might contribute to water challenges of
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interest to the affected countries, e.g., the Sud and the Okavango Delta.
In both cases, the principle involved is the introduction of a new water
source to an equation that concentrated almost solely on allocating
surface water. Surface water is, of course, at the root of the debate in
the Middle East, although shallow aquifers also are brought into the
equation.

One can ask, as many already have, what might the contribution of
additional groundwater, developed through megawatershed technol-
ogy, add to solving the water problems in the Middle East. It is clear
that a substantial volume of rain falls in the highlands of Turkey. This
probably contributes to substantial groundwater recharge through the
known porous geology of the region. The stories of leakage in the reser-
voir of the Keban Dam, during construction, highlight this fact. Why
then has there not been a greater effort to explore the possibility of
additional groundwater in the Middle East? Alternatively, more tradi-
tional surface options have been proposed. Turkey once proposed two
major water pipelines at a cost of $21 billion [Postel, 1993].

The concept of adding a new groundwater dimension to the water
debates has global significance and applications. An additional example
is in the Central Asia region where five former Soviet Republics
compete for water from the Amu Darya and Syr Darya rivers. Major
Soviet irrigation schemes tapped these rivers and left a legacy of
high-maintenance irrigation systems. Yet, in this area, there are many
manifestations of substantial groundwater resources. The region is also
one of active tectonics, faulting, and heavy rainfall conducive to
large megawatershed potential. Here, the addition of major untapped
groundwater offers substantial potential for reviving the agriculture of
a region that has great similarities to the Central Valley of California.

In summary, there has been abundant attention given to the politi-
cal implications of competition for scarce water sources throughout the
world. In almost all cases, this debate takes place in a two dimensional
world focusing primarily on surface water resources. If we are willing
to add an expanded third dimension of major new groundwater
resources through application of the megawatershed concept, the
options for solving the political conflict increase exponentially.

Megawatersheds, Skepticism, and Risk Reduction

If megawatershed technology offers so much promise, why has it not
been more widely applied? As the man said, “if this so important, why
is it not happening?” The first barrier is outright skepticism blended
with a fair dose of vested interest in the status quo. This fact is
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epitomized by the story of Max Planck’s professor who was tied into
the conventional wisdom about physics in his day. The skepticism is also
reflected in the von Helmholtz quote starting this chapter. A major
challenge faced by the proponents of the megawatershed theory is to
overcome the resistance in the professional water community. More
successful case examples like Trinidad/Tobago will help overcome
skepticism. There is also a need to chronicle other successes or poten-
tial successes already studied, e.g., Sudan, Botswana, and Ethiopia.

This approach will eventually do the job, but it is a very slow process.
It is nevertheless an essential part of the learning process. Groundwater
applications need to be accelerated. There is a bit of the chicken and
egg syndrome here. Because of skepticism, it is difficult getting support
for new on-the-ground applications. Without more on the ground
successes, the skepticism persists.

In a world of continuing skepticism, the perception of risk associated
with financing a megawatershed initiative project is high. This barrier
to support could, however, be reduced by techniques of reallocating the
risks. The challenge is to make the risk-benefit equation more attrac-
tive to project owners and financiers. First, water projects worldwide,
especially municipal water systems, are predominately publicly owned
or financed. The report of the world panel on financing water infra-
structure “Financing Water for All” highlights the basic character of the
water sector. “Water and Sanitation financed 65 to 70% by the domes-
tic public sector, 10-15% by international donors, 10-15% by interna-
tional private donors and 5% by local private sector.” International
donors and public agencies mostly fund major irrigation and drainage
systems, including large dams. Smaller systems depend on local finance.

This profile highlights the fact that much water development is over-
seen by bureaucrats in the domestic public agencies and with the inter-
national aid donors. Private international and domestic investment is
important, but not dominant. I am a former public bureaucrat myself.
I know that the risk-benefit equation in the public sector tends to
punish failure more than it rewards success. The opposite is true in the
private sector. Dealing with these facts is critical to winning support for
additional new megawatershed projects. Let’s take a look at how the
risk-benefit has been shifted between the public and private sector
so far.

Two of the earliest examples of providing additional water supply
from unprecedented bedrock sources using novel business vehicles
were in the New England towns of Seabrook and Salem, New
Hampshire in 1980-1981. The seacoast town of Seabrook had previ-
ously drilled over 150 test wells in an unsuccessful search for fresh
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water in alluvial deposits and in the bedrock and was then considering
surface water diversion and a desalinization plant to meet the city’s crit-
ical water supply needs. Inland 50 miles, Salem’s Canobie Lake water
source was drying up, and a very expensive pipeline to the Merrimack
River and treatment plant were being contemplated.

BCI Geonetics, Inc., which pioneered fractured bedrock aquifer
studies, approached the towns with the deep bedrock aquifer alterna-
tive, offering to identify and develop new water sources to meet cities’
needs at far lower cost than surface water or desalination. City super-
visors were skeptical that anyone could drill holes in good old New
England “granite” and extract water.

Seabrook decided to sign a standard “time and materials” contract
and was rewarded with more than 1.5mg of potable water within a year
of starting the project at a total cost lower than the fees for project
design alone would have been for either of the other alternatives.

Salem would not risk city funds in such a venture, so BCI prepared
a revised proposal that eliminated the contract risk by agreeing to
simply sell them water at a guaranteed per-gallon price over a multi-
year contract period. Salem signed the contract. BCI brought in
investors and a drilling partner and proceeded to explore for and
develop over 1.5 million gallons per day of portable water from the
highest yield “hard-rock” wells ever drilled in New Hampshire, some
of the walls which produced 100 times more water per day than a
normal bedrock well.

What happened here? The city supervisors did not lose their skepti-
cism through the contracting process. Rather, the risk was shifted from
the city to BCIL. BCI and their investors assumed additional risk and
recovered their investment through successful development of the
wells and subsequent water sales.

Twenty years later in Tobago, BCI’s founder, Robert Bisson, and
some of his original exploration team members, operating under the
aegis of Earthwater Technology, combined a fully evolved megawater-
sheds’ exploration technology and team knowledge base with a newer,
more advanced public-private sector risk-sharing model to successfully
solve a 45-year water shortage on the Caribbean island of Tobago. This
contract model was documented in a paper prepared by Tobago’s
senior water authority management for the tenth annual conference of
the Caribbean Water and Wastewater Association (CWWA). The paper
was entitled “High-risk Groundwater Development Options for Small
Island Developing States” (SIDS). The director of the Trinidad Tobago
Water Resources Agency (WRA) presented a second paper on the
subject to the fourth Inter-American Dialogue on Water Management
in Parana, Brazil in 2001.
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The key ingredient of the Tobago approach was the separation of the
contract into two risk categories: the first phase hydrogeological
mapping and the second stage drilling of the development wells. The
cost of the first phase mapping effort was borne by the Water and
Sewerage Authority of Trinidad and Tobago (WASA) on a lump-sum
contract award. Successful completion of this phase provided WASA with
a new, comprehensive mapping of the island’s hydrogeology. Secondly,
the completion of this phase allowed the contractor to better assess the
risks and potential for successful development of new wells. This in turn
allowed the contractor to reduce the risk associated with well develop-
ment. This reduction in risk ultimately benefited both parties.

In the drilling phase, the drilling contractor was to be paid only on
a successful outcome. This meant that if the contractor did not find and
prove predetermined quantities of high-quality water, the vendor
would not get paid. WASA, therefore, bore essentially no risk at the
drilling stage. As the case discussion shows, the Tobago effort was very
successful and led to a follow-up larger project in Trinidad itself. The
Trinidad project was also successful and followed the same risk-sharing
model as in Tobago.

In both the Seabrook project and the Trinidad/Tobago projects, the
drilling principle was that no payment was made unless water was
found in adequate quantity and quality. This differs from common
drilling contracts for water where the contractor is paid for a level of
effort usually on a time and materials basis. A contractor drills the well
and gets paid, whether water is found or not. This approach is there-
fore new to water well drilling.

The performance payment principle is not new to oil companies. A
closely related case in geothermal development shows the parallel. In
the 1970s, the Philippines was a country with an energy crisis. The
Philippines has no oil, no gas, and few coal reserves. However, the
Philippin does have good hydroelectric, confined to only two out of
the 7000-plus islands. So the Philippines committed them to a major
nuclear plant. A request to USAID for support in a small geothermal
project at the same time generated opinions from the technical experts
that geothermal technology was unproven and risky. This reflected
comments also received from UN “experts” despite the fact that there
were successful geothermal developments in Italy, New Zealand, and
Iceland and in the Geysers in Northern California. A subsequent
dialogue took place among Philippine government officials, Union Oil’s
geothermal division (at the Geysers), and Pacific Gas and Electric Co.,
purchaser of the steam at the Geysers. This exchange led to an invest-
ment contract to develop the TIWI geothermal field in Southern
Luzon. Union Oil took the drilling risk against a commitment by the
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Philippine government that they would buy the steam and build a
thermal plant to use the steam. Today the Philippines has a substantial
geothermal development program, including on islands with no other
indigenous power source. Geothermal-fueled electricity far exceeds the
capacity of the hugely expensive Nuclear Plant, which has never oper-
ated because of earthquake risks.

These are but three examples of where cooperative risk sharing
between the public and private sectors allowed successful development
with a new technology perceived to be of high risk.

THE WAY AHEAD

As described above, there are several steps necessary to promote
greater utilization of megawatershed technology. There is a key role
that the public sector bodies and the international donors might play.
There is a critical role beyond the financing of individual projects,
although that is also important. What is needed is a much more sys-
tematic effort to develop a far more accurate hydrogeological profile
of major sections of this planet using the technology associated with
the megawatershed paradigm approach. Great strides have been made
in the fields of remote sensing, and geographic and geophysical tech-
nologies that allow for such an effort at far lower costs than in the past.
Such an investment in what is truly a “public good” would yield incal-
culable benefits in future development of the world’s usable or portable
water supply. The financial costs of water development and the risks to
private developers and public bodies would be greatly reduced. New
horizons would open up. New solutions to the water challenge would
appear.
Helmholtz would smile down on us all.
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3 Case Study—Northwest Somalia
1984-1986*

INTRODUCTION

The Somalia regional fractured bedrock aquifer study covered an area
larger than the state of New Hampshire and was unprecedented in its
goals, hydrogeological concepts, technical methods, and groundwater
discoveries. This 1984-1986 study launched a new era in groundwater
hydrology.

BACKGROUND AND SETTING

In 1984, the Horn of Africa was experiencing a particularly brutal
famine, brought about by the coincidence of periodic drought and
regional and civil wars. America’s ally, Somalia, was at war with the
Soviet Union’s ally, Ethiopia. At the same time, Somalia was mired in
a bloody civil war, and the most active front for both conflicts was the
remote, sparsely populated northwest part of Somalia, 1500 road-
kilometers from Mogadishu, bordered on the west and south sides by
Ethiopia, to the north by the Gulf of Aden and the northwest the last
bastion of French colonialism in Africa, Djibouti. Several hundred
thousand ethnic Somali refugees had been forced from their ancient
tribal lands (annexed to Ethiopia after WWII), in the ongoing war and
sought refuge in the arid Woqooyi Galbeed and Tog Dheer provinces

* Summarized from source material: Technical Report of Groundwater Exploration in
Northwest Somalia for Refugee Self-Reliance and Productivity: Regional Ground-
water Resources and Test Drilling Results; by R.A. Bisson, R.B. Hoag, F. El-Baz,
and others for BCI-Geonetics, Inc., 1986; under contract with New Transcentury
Foundation-USAID Cooperative Agreement.

Modern Groundwater Exploration: Discovering New Water Resources in Consolidated
Rocks Using Innovative Hydrogeologic Concepts, Exploration, Drilling, Aquifer
Testing, and Management Methods, by Robert A. Bisson and Jay H. Lehr

ISBN 0-471-06460-2 Copyright © 2004 John Wiley & Sons, Inc.
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of Somalia (Figure 1). As a result of these circumstances, the socioeco-
nomic fabric of the region was destabilized, cholera and other diseases
were rampant in refugee camps located on the outskirts of major urban
centers, and virtually no food was being produced locally.

Somalia’s new patron, the United States, was working with the UN
High Commission for Refugees (UNHCR) and the United States
Agency for International Development (USAID) to help feed and
shelter those desperate people in an arid, undeveloped part of the
Horn of Africa with all possible speed. USAID had contracted with
New Transcentury Foundation (NTF), a nongovernment organization
(NGO) based in Washington, D.C., to provide emergency road con-
struction and water resources development for the refugees under an
innovative plan aimed at stabilizing the region while assisting refugees,
called the “Refugee Self-Reliance Program,” stabilizing the region’s
human populations by enabling ethnic Somali refugees to become self-
sufficient in water and food production in the next growing season in
previously undevelopable and uncontended areas, rather than on the
periphery of urban areas, where many refugees were congregating and
creating imminent risks to public health and tranquility.

Early in 1984, Warren Wiggins, president of NTF and a U.S. foreign
aid veteran revered as the principal architect of Kennedy’s Peace Corps
initiative, contacted Robert Bisson, president of BCI Geonetics Inter-
national, Inc. (BCI). Wiggins requested that Bisson visit Somalia to
assess the potential for additional groundwater development and
submit a plan to identify the groundwater resource base of the region
and develop emergency water sources and long-term water supplies for
new refugee encampments. Bisson’s field assessment led to BCI initi-
ating a regional groundwater exploration and test-drilling program in
1984 under subcontract with NTF that covered an area of approxi-
mately 35,000 km?.

GENERAL DESCRIPTION OF STUDY AREA

The Study Area was located in the Woqooyi Galbeed and Togdheer
Provinces of northwest Somalia, extending from the international
borders shared with Djibouti and Ethiopia to 45°E longitude. The
population was concentrated in two cities and several refugee camps.
Hargeisa, the regional capital and largest city in the area, was the
location of the NTF field office, which served as a base for BCI’s
field operations. Borama, a smaller settlement located to the west
of Hargeisa, was on the Ethiopian border. The rest of the primarily
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nomadic population is scattered throughout small villages and tem-
porary encampments.

Only one paved road system existed in this region, connecting
Hargeisa with the port city of Berbera and extending 70km west
toward Borama. A limited network of mostly unimproved dirt tracks
that become impassable during the rainy seasons connected all other
settlements. Topography varies considerably with location and is pri-
marily a function of the underlying bedrock geology and structure. Sites
visited in the crystalline metasediments of the inland crystalline high-
lands such as Agabar, Waragadighta, and the Jire Wadi are generally
characterized by rugged terrain and steep weathered slopes, whereas
areas primarily underlain by limestone and sandstone, including
Hargeisa and Borama, exhibit a more gently rolling topography. Access
to all sites evaluated in this report is possible during the dry seasons
with a four-wheel-drive vehicle (with the exception of Shirwa Basati,
which presently must be accessed by foot) via either wadi beds or
existing tracks.

With the exception of some small farms along the wadi beds where
water is readily available and some occasional plots of rain fed crops,
very little land was under cultivation. Most of the region is sparsely
vegetated and flat, and it was used as rangeland for grazing herds of
camels, cattle, sheet, and goats. Along the wider wadis, plant life
was more diversified and lush and many of the larger tree species
flourish.

During the course of geophysical investigations July—August 1985,
the climate was seasonably hot and dry, with daytime temperatures
between 24°C in high inland areas like Borama to 46°C at the Biji
Valley site where the Biji Wadi exits the mountains onto the coastal
plain. Some rainfall was encountered in the central uplands of the
Dibrawein Valley and Hargeisa, and storms also passed through the
hills in the Biji and Durdur Wadi watershed during this period.

EXECUTIVE SUMMARY OF PROJECT GOALS
AND RESULTS

Previous water development studies of NW Somalia by other investi-
gators focused on surface and surficial water sources and either ignored
the potential of bedrock water resources or briefly mentioned possible
development without quantifying potential. BCI’s team focused on the
region’s bedrock groundwater potential, and the team investigated
groundwater recharge and storage in unconsolidated overburden only
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where they represented integral hydrological parts of deeper, underly-
ing bedrock aquifer systems.

The project had three goals, including (1) generating a first-ever
strategic groundwater development map for the region, (2) providing
refugees with near-term water from fractured bedrock aquifers using
test wells, and (3) drilling of high-yield deep bedrock production wells
for long-term agriculture and municipal use.

In spite of the Force Majeure termination of the project early in
Phase 3, the team achieved critical goals, including (1) a detailed explo-
ration report and maps identifying potential untapped deep ground-
water resources exceeding 20 million gallons per day over the Study
Area, (2) nearly 1.5 million gallons per day of high-quality groundwater
in six test wells located near refugees and indigenous populations, and
(3) verification of the crystalline bedrock groundwater model BCI used
to create the strategic groundwater development map. Some of BCI’s
test wells reportedly have continued to supply fresh water to Borama’s
citizens and others for the past 16 years [Lisa Wiggins, personal
communication].

WATER DEVELOPMENT TEAM

The NTF project director, Lisa Wiggins, provided overall coordination
of the emergency road construction and water resources aspects of
NTEF’s contract, and the water exploration team comprised BCI’s team
leader Robert Bisson and senior advisors Dr. Farouk El-Baz and Dr.
Lincoln Page as well as BCI Geonetics explorationists Roland Hoag,
Joseph Ingari, Rosemarie DeMars, Dennis Albaugh, Jamie Emery, and
an interdisciplinary team of senior scientists from BCI Geonetics, Itek
Corporation, and Earth Satellite Corporation.

LOGISTICAL CONSTRAINTS AND CHALLENGES

In order to carry out their hydrogeological mapping mission, the BCI
field team found few contemporary cultural and land-use maps and so
augmented older maps with a combination of 1950s-vintage 1:125,000
scale British Ordinance Survey “spot-elevation” maps and RAF aerial
photographs, plus 1980s-Tactical Pilotage Charts (TPCs), LandSat
Image-maps, and high-resolution Space-Shuttle-borne Large Format
Camera (LFC) photographs. The aerial and LFC photos were very
useful navigation tools in certain remote areas where there were no
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roads leading to key bedrock outcrops and other sites identified by BCI
scientists on aerial photographs and satellite images. Thorn-bearing
plants and sharp rocks punctured tires and automobile anatomies with
great regularity, and undercarriage-armored Land Cruisers important
via neighboring Djibouti were outfitted with 12-ply tires for team
expeditions.

As the BCI team was tasked to explore the farthest reaches of the
county’s lawless northwest region, they often penetrated trackless areas
where no vehicle or camel track existed and crossed unmarked borders
between Ethiopia and Somalia. They were in constant danger of being
captured by Ethiopian troops, strafed by MIGS during daylight and
held up at unmarked roadblocks by Somali bandits, revolutionaries and
government soldiers at night. The region’s wilderness also abounded
with non-human predators, from hyenas to cobras, poisonous cen-
tipedes and the nightmarish platter-sized, venomous “Camel Spider”.
The BCI team encountered in Somalia the most dangerous and diffi-
cult field conditions they had encountered to date, including one mem-
orable confrontation with Somali soldiers in a remote area near the
Ethiopian border that very nearly cost the lives of BCI’s core team.

After completing the groundwater-mapping program and com-
mencing the test drilling, the BCI team was pulled out of Somalia by
USAID in 1996, only several months and six test wells into the test-
drilling program. The six test wells yielded a noteworthy 1.5mgd. The
sudden termination was due to a radical increase in expatriate kid-
nappings by rebels and impending invasion of the northwest by
Somalia’s central government army, bent on destroying the insurgents.
Soon after the team’s departure, Somali army tanks and artillery flat-
tened the team’s home base in the regional capital city of Hargeisa, and
local Somali NTF and BCI team members were murdered during the
conflict.

TECHNICAL APPROACH—OVERVIEW OF MESA©
PROGRAM APPLICATION

BCI Team Technical Approach

The BCI team conducted this investigation using its mineral-cum-
groundwater exploration method, the Mineral Exploration Systems
Analysis (MESA®©) Program. This novel exploration program, devel-
oped by BCI’s founders and key scientists through extensive trial-and-
error field testing in the decade prior to the Somalia project involves a
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systematic, practical approach to quantifying targeted minerals, in-
cluding deep groundwater occurrence, over large areas. The MESA©
Program was found to be singularly successful at identifying, drilling,
and developing sustainable groundwater sources nearby consumers in
the most economical way possible.

The premise of the MESA®© Program is groundwater shares and is
controlled by the same geological environments as minerals and is most
readily identified and evaluated using modern approaches proven suc-
cessful in oil, gas, and economic mineral exploration. The Program
applies state-of-the-art technologies and then integrates and evaluates
background data, remote-sensing interpretation, structural geologic
mapping, surficial geologic mapping, inventory of existing boreholes for
quantity and quality information, identification of sources of contami-
nation, aquifer management, and protection.

The successful application of this sophisticated Program requires a
practiced exploration team of experts in structural geology, remote
sensing, surficial geology, exploration geophysics, geochemistry, hydro-
logy, and hydrogeology. Only with an integrated team such as this can
the full groundwater potential of a Study Area be determined.

In 1984 the BCI-Geonetics MESA© program consisted of six phases
with a predetermined milestone reached at the conclusion of each. At
the milestones of Phases 1 through 4, the probability of success in
certain parts of the study area increased, while other parts of the study
area were eliminated from further consideration. The six phases were:

Phase 1: Favorable zones identification, including background data
collection, remote sensing data acquisition and interpretation,
structural geologic mapping, surficial geologic mapping, inventory
of existing boreholes for groundwater quantity and quality infor-
mation, identification of existing sources of contamination (both
natural and cultural) and determination of groundwater recharge
and discharge.

Phase 2: Reconnaissance-level geophysical and geological surveys to
identify most favorable water development target areas within
favorable zones defined during Phase 1.

Phase 3: Detailed geophysical surveys to site test wells in most favor-
able areas.

Phase 4: Test drilling.

Phase 5: Production well drilling and well development (production
enhancement)

Phase 6: Pumping facilities construction.
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MESA © PROGRAM APPLICATION IN SOMALIA

Discussion of Methods and Outcomes

The original scope of the Somalia investigation encompassed MESA©
Program Phases 1-6; however, the evacuation of the BCI team by
USAID in 1986 confined the scope to partial completion of Phase 3
test drilling. The 1.5+ million gallons per day of new potable water from
just six test wells represent a small fraction of the potential sustainable
resources identified in northwest Somalia during the groundwater
exploration phase of the MESA®© Program.

Surface waters and shallow aquifers had previously been studied by
other investigators, and they were developed to economically practica-
ble capacities. The BCI study was primarily focused on bedrock
aquifers, based on previous work by BCI investigators in similar geo-
logical terranes. The BCI team initially divided the 35,000-km* ground-
water exploration Study Area into three major hydrogeological
provinces, including the coastal plain and piedmont, the inland crys-
talline highlands, and the mid-Tertiary plateau, with aquifer types
distinguished by predominant bedrock lithologies. Certain areas with
least hydrogeologically favorable bedrock were eliminated from in-
depth study to achieve the time-sensitive, problem-solving goals of
this venture. Within hydrogeological provinces, the primary geograph-
ical unit used to compile hydrological data was the fourth-order
drainage basin. Each fourth-order basin in the Study Area was num-
bered, and the general hydrogeological characteristics of each basin
was tabulated.

The hydrogeological provinces were further screened using a crite-
ria matrix containing certain key geologic attributes known by the team
to be relevant to the groundwater exploration program. Each attribute
was assigned a “weight,” on a scale of 0-10, equal to the level of
importance of that factor in the conceptual model being applied. This
preliminary analysis resulted in identification and a hierarchical rating
by groundwater potential of numerous subareas within the hydrogeo-
logical provinces, with each area ranked from highly favorable to
unfavorable.

Highly favorable subareas, called “Favorability Zones,” were then
evaluated for their hydrological characteristics (active groundwater
recharge, storage, and transmission), and only the highest-rated Favor-
ability Zones were selected for field investigations within the scope of
this program. Lower-ranked Favorability Zones and numerous other
areas also exhibited potential for future groundwater investigations.
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Somalia Technical Program: Summary of Methods and Results

Favorable Zones Identification Before initiating new fieldwork, the
team thoroughly evaluated the data and conclusions of previous inves-
tigators. The team found a substantial body of work performed by
previous investigators who had applied conventional hydrogeological
theory inappropriate for northwest Somalia. The old theory did not rec-
ognize new hydrogeological paradigms that described the occurrence
of actively recharged deep bedrock aquifers in complex geological ter-
rains exemplified by the Somalia Study Area. Others attempted to site
water wells in bedrock fractures zones without a conceptual model
to provide critical information about aquifer recharge, storage, or
productivity.

For example, basic “fracture-trace” maps produced by Christiansen
et al. [1975] and Kronberg et al. [1975] were available for the north-
west portion of Somalia and the Afar Depression. The fracture-trace
data consist of transparent Mylar sheets covered with thousands of
straight and curved lines traced by hand from linear features observed
on satellite images by photoanalysts. Unfortunately, the “fracture-
trace” method of water well siting, first reported by Lattman and
Parizek in 1964, often improves average well yields only in relatively
uncomplicated carbonate rock terrains. Therefore, as the prior “frac-
ture trace” image analyses in Somalia were not performed in context
with geotectonic or hydrogeological models, there is, no real hydroge-
ological relevance to the myriad photolineaments portrayed on the
Mylar satellite image overlays. Moreover, the usefulness of fracture-
trace techniques diminishes dramatically as the complexity of physiog-
raphy increases, and northwest. Somalia possesses a highly complex
terrain. The fractured rock water-resources mapping techniques
applied during BCI'’s study in Somalia were developed through many
years of testing in New England’s glaciated, culturally masked, heavily
weathered, and vegetated crystalline rock terrains to identify optimum
locations for high-yield wells within the full hydrogeological context of
complex bedrock aquifer systems.

Remote Sensing Data Acquisition and Interpretation This was a
pioneering remote-sensing project incorporating LandSat MSS
imagery and high-resolution contact prints from the ITEC-built large
format camera (LFC), carried aboard NASA’s Space Shuttle Chal-
lenger in October 1984. NASA supplied stereo-paired photographs of
the extreme westernmost part of the Study Area, and the BCI Team
used the extraordinary 60,000-km? “footprint,” 5-m resolution, and high
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planametric accuracy of enlarged LFC prints both as “ground truth”
for BCI'’s geological interpretations of LandSat MSS image maps, and
as road maps, navigating for two years through thousands of square
miles of poorly mapped, highly dangerous terrain in Somalia and later
throughout Sudan’s Red Sea Province on a separate USAID ground-
water mapping project. The team also integrated specially processed
satellite MSS image-data and British Ordinance aerial photographs
into its map database for field exploration.

BCI’s satellite image and aerial photography analysts first under-
stood the geological history and structural environment of the Study
Area and then focused on identifying true surface expressions of
underlying geological structures consistent with the known tectonic
fabric of the region, leading to realistic working maps of probable frac-
ture and fault systems at a common scale with other working map prod-
ucts. In the final phase of this part of the analysis, correlations were
made between these newly (remote-sensing) interpreted “structural
lineaments” and BCI-constructed tectonic and hydrogeological models,
verified by published geological maps and field mapping. In the evalu-
ation and selection process that led to the delineation of the Favorable
Zones for further hydrological analysis and fieldwork, the significance
attached to a structural lineaments increased with strength of expres-
sion, overall length and spatial correlation with mapped faults, and frac-
tures shown in the fault and brittle feature map, particularly those faults
belonging to one of the three major structural trends described in the
full report.

Regional Analysis and Conceptual Hydrogeological Model An
investigative hydrogeological analysis methodology was established to
quantify the amount of active recharge potentially percolating through
the vadose zone and available for recharge to deeper alluvial aqui-
fers and conductive fracture zones feeding regional groundwater flow
systems in northwest Somalia. The methodology developed synopti-
cally evaluated hydrometeorological data over the Study Area, includ-
ing identification of the dominant variables and parameters affecting
recharge. Variables evaluated included topography, elevation, slope,
evapotranspiration, surface roughness and permeabilities (i.e., caliche
layer occurrence), soil infiltration rates and depth, wadi (i.e., wadi) bed
characteristics (same as surface and soils), and wadi bed surface area.
These variables were investigated using data from previous studies, and
in the literature plus results from new fieldwork.

Although several reporting stations had documented northwest
Somalia’s annual precipitation, and rainfall maps of northwest Somalia
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had previously been published, meteorological stations were sparse,
daily precipitation was not recorded, and the methodology and assump-
tions upon which rainfall maps were based were uncertain. The BCI
team, therefore, sought a means of working with existing data to make
it more useful by establishing correlative relationships between docu-
mented precipitation and Study Area topography, thereby generating
a rainfall map reflecting statistical correlations of average annual rain-
fall with elevation. Linear regression was done with rainfall as the
dependent variable and elevation as the independent variable.

Wadi beds provide an efficient pathway to the water table and, there-
fore, a viable mode of recharge. No information on rates of recharge
through wadi beds was found. Thus, fieldwork was carried out to esti-
mate recharge through wadi beds. Infiltration rates of the wadi bed
surfaces were tested in the field to determine just how quickly storm
water would be absorbed. Surface areas of the wadi beds were meas-
ured to provide relationships between infiltration rates and volume of
recharge.

The slope of the land surface affects the ratio between infiltration
and surface runoff. The steeper the slope, the greater the percentage of
surface runoff leading to flooding conditions in the wadi beds. Steep
slopes also generally have thinner soil cover and exposed bedrock,
which increases the chances of groundwater recharge from the infil-
tration that does take place.

Field Hydrogeological Methods Infiltration tests were performed to
measure recharge to groundwater in the semiarid environment of the
Study Area. The recharge potential of an area is dependent on a
number of factors that are heavily influenced by the local climate such
as precipitation, evaporation, vegetation, slope, ground surface condi-
tion, and stream drainage density. As rainwater falls, a portion infil-
trates into the soil and the remainder is lost to evaporation or travels
as overland flow. This partitioning between infiltration and overland
flow is what was principally investigated in the field.

To aid in understanding the infiltration characteristics, field methods
were established that allowed for many tests to be done over a large
area relatively quickly. A double-ring infiltrometer was used to measure
the amount of water infiltrating over time. The device, consisting of two
concentric cylinders, limits the amount of lateral flow and therefore
produces results primarily reflecting gravity seepage. Field procedures
were conducted using two metal cylinders approximately 20.5 and
41cm (8 and 16in) in diameter. These devices are driven into the
ground with the smaller cylinder centered inside the larger one. Water
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is ponded to a depth of approximately 2.5cm (1in). Water is added at
selected intervals of time so that a constant head is maintained. These
tests were run for at least one hour or until a constant rate was
established.

Fifty-seven infiltration tests were performed in various surficial
materials at the sites visited. The results of the tests are summarized in
Table 1. Of primary importance in this table are the listings of final rates
of infiltration. These values reflect the ability of the soil to absorb water
under ponding conditions. It is difficult to interpret these data because
the values do not reflect infiltration under natural rainstorm events.
This is due to the head of water maintained in the cylinders as well as
disturbance of the soil surface when driving the cylinders into place.
These two factors can create anomalously high values of soil infiltra-
tion capacity. Exactly what factor to use to adjust these measured
values of infiltration so that they represent true conditions is difficult
to determine.

TABLE 1. Summary of Infiltrometer Tests

Test Location Soil/Tug Slope (mm/min)
Infiltration Rate
1 Agabar Soil low 3.0
2 Agabar Soil low 1.5
3 Agabar Soil low 1.0
4 Agabar Soil low 1.0
5 Agabar Tug* low 3.0
6 Agabar Tug* low 53
7 Agabar Tug* low 21.0
8 Agabar Tug* low 45.0
9 Agabar Tug low 231.0
10 Agabar Soil low 0.9
11 Agabar Soil low 0.9
12 Agabar Soil low 0.3
13 Agabar Soil low 2.1
14 Borama Soil med 1.2
15 Borama Soil med 1.4
16 Borama Soil med 1.4
17 Borama Soil low 0.6
18 Borama Soil low 0.6
19 Borama Soil low 0.6

20 Borama Soil low 0.6
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TABLE 1. Continued

Test Location Soil/Tug Slope (mm/min)
Infiltration Rate
21 Borama Soil med 0.5
22 Borama Soil med 0.6
23 Borama Soil med 2.7
24 Borama Soil med 2.7
25 Borama Tug low 12.0
26 Borama Tug low 23.0
27 Borama Tug low 33.0
28 Borama Tug med 353.0
29 Dibrawein Soil low 0.6
30 Dibrawein Soil low 1.8
31 Dibrawein Tug low 3.6
32 Dibrawein Soil med 04
33 Dibrawein Soil med 0.8
34 Dibrawein Soil med 0.9
35 Dibrawein Soil med 0.6
36 Dibrawein Tug low 21.0
37 Dibrawein Tug low 15.0
38 Dibrawein Soil med 0.5
39 Dibrawein Soil low 0.5
40 Dibrawein Soil low 1.0
41 Dibrawein Soil med 0.9
42 Dibrawein Soil med 1.5
43 Jire Tug Tug low 54
44 Jire Tug Tug* low 4.5
45 Jire Tug Soil med 0.7
46 Jire Tug Soil med 0.8
47 Waragadighta Soil low 3.0
48 Waragadighta Soil med 1.4
49 Waragadighta Soil low 32
50 Waragadighta Tug low 15.0
51 Durdur River Tug* low 1.8
52 Biji River Tug* low 24
53 Biji Soil low 2.0
54 Ari Adeys Tug low 390.0
55 Ari Adeys Soil med 0.6
56 Saba’ad Tug low 390.0
57 Saba’ad Tug med 0.8

* Saturated.
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Field Hydrogeological Data Analysis The initial approach to using
the infiltration data was to correlate the results with the various
mapped soils so that a regional infiltration map could be generated.
This approach was found to be unworkable, because existing soils clas-
sifications used by prior investigators were not appropriate for this
application. For example, in Agabar, one soil type has been mapped for
the area. However, it was apparent upon field inspection that many dif-
ferent soil types exist within even a small part of this area, varying in
texture, surface condition, and depth. Such differences are directly
related to slope. High-slope soils are characterized as coarse-textured
and shallow in depth. Low-slope soils consist of much finer materials
and are much thicker. The published Sogreah Soils Map was based pri-
marily on local geology maps, and the soils were presumed to be the
weathered product of the local rocks. Yet within these broad soil
classes, natural weathering and sorting processes are controlled by rain-
fall and slope, often creating highly land cover exhibiting heteroge-
neous hydrological properties within the same soil class. This is
especially true for the hydrodynamic soil properties where the flow of
water and the storage of water over time are the primary considera-
tions, not the chemical composition of the soil.

Due to these heterogeneities in local conditions, BCI established a
new method that better addresses relevant soil characteristics in the
target Hydrogeological Provinces of the Study Area, requiring field
identification of infiltration characteristics of all major soils for the area
by performing infiltration tests in each environment, thus building a
new, groundwater-recharge relevant soils taxonomy for targeted
Hydrogeological Provinces.

Potential recharge is defined here as the quantity of water that
reaches the water table. It does not consider loss through evaporation
after the recharge process. It must be stressed that potential recharge
does not equal water obtainable through pumping as explained later in
this section.

Quantitative estimates of recharge through the soil horizons for each
basin in the Study Area were accomplished using a procedure that
combines field observations with accepted hydrologic analysis tech-
niques. Input data for each basin are summarized in Appendix A of the
full report. Estimates of average annual recharge rates were generated
by combining Soil Conservation Service (SCS) [McCuen, 1982] tech-
niques for the determination of surface runoff with simple soil physics
theory for the incorporation of soil moisture deficits. The SCS method
uses a land classification factor CN, known as the curve number, which
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reflects runoff volume and moisture retention. The value of CN is deter-
mined from information on vegetative cover, land use, soil surface con-
ditions, and soil type.

Field infiltrometer tests of soils indicated that a thin soil surface crust
of caliche (generically used here to describe low-permeability soil
crusts) existed in all areas visited, with the exception of wadi beds,
which are addressed separately. This caliche appears to inhibit the infil-
tration rates outside drainage artifacts and is thus the primary factor
influencing the value of CN. Because of this common occurrence, the
entire Study Area was assigned the same CN of 90, representing a
surface condition of scant vegetation and a soil with a low infiltration
capacity. This value ignores substantial wadi bed infiltration during
storm events, which is described below.

Empirical analysis was performed for the development of the SCS
rainfall runoff relationship, which made it possible to estimate the
amount of runoff from storm events of various magnitudes. The analy-
sis was done on a daily basis, meaning that individual storms rather than
annual or monthly averages of rainfall are used. It was assumed that
only storms exceeding 10mm (0.4in) overcome evaporation demands,
and thus have potential for groundwater recharge. The admittedly
sparse data on daily storm events exceeding 10mm for various stations
in the Study Area [Sogreah, 1981 A] were used to develop relationships
between average annual precipitation and precipitation over the
10-mm threshold. These relationships were developed because daily
rainfall data are limited to only a few weather stations. As this analy-
sis covers the entire Study Area, known rainfall characteristics had to
be extrapolated for most of the area.

Characteristics for storms exceeding 10mm in the study were ana-
lyzed in terms of expected durations and intensities. Based on the
expected storm characteristics, the value of precipitation was further
modified to reflect the annual cumulative loss due to initial abstraction
demands.

Recharge through the soil zone was then calculated using simple
water balance theory:

SR = A(0.001P-Q-SM-E)6

where SR = soil recharge (m*/year), SM = existing soil moisture deficit,
E = evapotranspiration (m/year), and A = drainage basin area (m?)
(m/year).
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Estimates of recharge into the wadi beds were accomplished by com-
bining information on storm runoff characteristics, field team-measured
wadi infiltration rates, and areas of the wadi beds. By combining storm
hydrographs with wadi infiltration rates, the quantities of infiltration
for the various basins were estimated. Wadi infiltration rates were
determined by analysis of field data on saturated and unsaturated
hydraulic conductivity of wadis. For each basin, the wadi beds source
areas were measured. This source area was characterized as any stretch
of wadi bed of sufficient width and available alluvium to allow for the
acceptance and storage of large quantities of water. The total recharge
for each basin is the sum of recharge through the soil and recharge
through the wadi.

The technique for estimating total recharge as described above was
calibrated against flood flow gauging records for the Biji Basin
[Sogreah, 1981B]. Estimates of annual flood volumes and wadi infiltra-
tion derived from the methods described herein agreed with these
records. Upon calibration, the method was then used to estimate
recharge rates for every basin in the Study Area. These results are sum-
marized in the full report, along with a table ranking each basin by
potential recharge.

Potential recharge is defined as that quantity of water that reaches
the water table. It must be stressed that upon reaching the water table,
water is still available for evaporation. This is especially true in wadis
where after a storm, the wadi surface is close to saturation. High rates
of evaporation will occur until the water table falls below a depth
of several meters. Evaporation is highly dependent on site-specific
hydrogeology and varies considerably. One method of decreasing
evaporation is through pumping, whereby the water table is drawn
down, minimizing the quantity of moisture within reach of evaporation
effects. Also, potential recharge is not the same as the quantity of water
that is obtainable by pumping a well. Only a certain percentage is avail-
able, which is dependent on evaporation, well field construction, and
the local hydrogeology.

The methodology presented above used assumptions that were nec-
essary due to the lack of detailed hydrologic data for the Study Area.
The primary assumptions are listed below:

+ Only precipitation falling within a particular basin of interest can
become recharged in that basin.

« Storms of less than 10mm are lost to evaporation. Storms over
10mm produce surface runoff and potential recharge.
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- During storm events, evaporation occurs at the potential rate.

- The soil moisture deficit that exists in a given soil before a storm
is equal to the wilting point of that soil.

« The soil infiltration rates are assumed to be uniform over the Study
Area as supported by field infiltrometer tests.

- Slope is an adequate index of soil thickness.

- The frequency of storms over 10mm is directly related to average
annual rainfall.

- Recharge estimates neglect groundwater underflow between
basins.

- Equation 4 adequately represents the time base of floods.

This study was limited by the lack of hydrologic data for the area and
the absence of any type of previous detailed hydrologic monitoring
program. Future work should focus on developing a data collection
program designed to address the relationship among rainfall, surface
runoff, and groundwater recharge. The recharge values presented in
this report should be viewed as good first estimates that can be greatly
refined with further work.

Detailed Geological Mapping and Geophysical Survey Methods
Fieldwork at each site began with geologic mapping to confirm the exis-
tence and assess the favorable nature of structures indicated by remote
sensing and geologic maps. Such structures often coincide with straight
wadi segments. Bedrock exposed in and along the banks of the wadis
was examined, lithologies were noted, and the orientation and nature
of structural indicators (joints and fractures) was recorded. Detailed
geologic maps were made where this seemed useful.

Commonly, sediments in the wadi beds conceal bedrock; therefore,
structures underlying the wadis cannot be observed directly. In such sit-
uations, geophysical methods were used to locate the hidden structures
and to estimate the thickness of overlying sediments.

Four instruments were used for a total of 29,127m of survey lines.
An electromagnetic-induction ground conductivity instrument was
used to measure apparent conductivity. Increases in bedrock conduc-
tivity may indicate zones of increased permeability (as well as other
buried structures). Variations in the magnetic component of the elec-
tromagnetic field were measured with a passive very low-frequency-
electromagnetic (VLF-EM) receiver, which uses very low-frequency
radio waves broadcast by powerful transmitters at various locations
around the world. In both electromagnetic methods, a primary elec-
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tromagnetic field causes the flow of electric current in a buried con-
ductor (such as a permeable geologic structure), which in turn creates
a secondary field. The instruments measure the characteristics of the
secondary field.

The third geophysical tool used was a magnetometer. The magne-
tometer measures the magnetic character of bedrock and overlying
sediments. Thus, it can be useful in locating fault boundaries between
different lithologies or structurally induced alteration within a single
lithology. Finally, a scintillometer was used that measures gamma radi-
ation. The instrument may signal lithologic changes, and occasionally,
it may reveal permeable structures where such structures serve as pas-
sageways to the surface for radon gas produced by decay of radioactive
elements at depth.

Geophysical methods produce indirect evidence for structures in the
subsurface. Evaluation of geophysical evidence is difficult, and often a
particular response pattern can be explained equally well by several
different interpretations. The field crew was able to reduce the ambi-
guity of interpretations based on experience in fractured bedrock
environments.

Essentially, the availability of several independent sources of infor-
mation allowed the field crew to eliminate some interpretations and
to concentrate on the ones that were supported by a redundancy of
positive indicators. Nonetheless, it is important to remember that
these geophysical techniques cannot measure secondary permeability
directly, and that the interpretation of geophysical results, with regard
to secondary permeability, involves a degree of uncertainty.

Hydrologic investigations were also carried out during the field trip.
Infiltration tests were conducted on a representative sampling of surfi-
cial materials at most sites. Water quality samples were collected and
tested at as many springs, wells, and water holes as possible. Subjective
observations were made on storage capacity in wadi sediments and
overbank materials.

Finally, observations were made on drill rig access, the needs of the
local population, and any other factor that could influence the decision
of whether to drill test wells.

Conceptual Hydrogeological Model of the Study Area
Introduction A conceptual hydrogeological model of the Study Area

was developed so that the various lithologies could be evaluated for
characteristics pertinent to the occurrence of groundwater. A comput-
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erized literature search produced a number of papers that were
screened for data regarding tectonic history, age, lithologic type, and
chemical composition of the rock formations in northwest Somalia.
Information about the tendency of each lithology to fracture (brittle-
ness) and for the fractures to remain open (competency) is particularly
important, as is the nature of the weathering products created by long-
term erosion of each rock type. This information was used to first delin-
eate and then identify the characteristics of each bedrock aquifer type.

The primary source of published geological data was the British map
series produced in the 1950s to early 1960s. The maps permitted delin-
eation of the Study Area into basic lithologic units but were not suffi-
ciently detailed to identify lithological variations in stratigraphy that
are critical to groundwater occurrence. For example, on some maps,
quartz-rich psammites are not distinguished from the quartz/mica/
feldspar schists. This is unfortunate because the more brittle and
competent psammites represent a more favorable bedrock for aquifer
development, and the quartz sand and pebbles weathering products of
psammites are permeable, whereas the schists produce clays, which clog
fracture systems and inhibit groundwater flow. The British maps also
group all Jurassic limestones into one unit, which was not helpful in
groundwater exploration. The BCI field team discovered that the lower
limestone deposits are very rich in quartz sandstone and not as easily
fractured as the overlying limestones and the overlying limestones are
also more prone to karst development and thus are able to transmit
greater volumes of groundwater.

Variances within lithologies were examined in the field, and the
observations were incorporated into the lithology rating used in the
matrix analysis (see below). The geology of the sites selected for
detailed study was more accurately mapped in the field and evaluated
contextually with all hydrogeological criteria.

The team’s interpretation of locations, orientations, and geographic
extent of possible bedrock fracture zones were made by use of regional
geotectonic models and composite analyses of lineament, fault and
brittle feature maps extracted from remote-sensing data, and various
published geologic maps. The primary source of such information was
the series of 1:125,000-scale quadrangle maps (1/20 x 1/20 sheets) pub-
lished by the Geological Survey of the Somali Democratic Republic.
Fault and joint data from these maps were digitized and subsequently
reproduced at a scale of 1:250,000 so as to conform to the scale of the
composite lineament overlays described above. Knowledgeable local
guides familiar with the road conditions and routes to specific sites
usually accompanied the field teams on field trips. Coincident with the
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lack of accurate base maps was an uncertainty over the correct spellings
of villages, wadis, and other natural and cultural features. Spellings of
place names referred to in this report are taken from the 1:125,000
British Ordnance Survey Topographic Map Series DOS 539.

Latitude/longitude ticks at half-degree intervals and control points
(e.g., road intersections, drainage confluences, small, isolated outcrops,
etc.), which were conspicuous in the LandSat images, were also
included in the digitized map data. This facilitated the registration of
lineament overlays with the fault and brittle feature map.

The suitability of bedrock water for human consumption and irriga-
tion is dependent on the quality and quantity characteristics imparted
to the source by the environment. To determine probable natural
quality, the team investigated the gross rock chemistry of the various
bedrock formations underlying northwest Somalia. As a result, certain
geologic formations were determined to be unsuitable for ground-
water development due to probable natural mineralization of the
supply by the host rock. The impact of cultural activities on the quality
of groundwater supplies also influenced the analysis.

Groundwater quantity from bedrock aquifers is dependent on the
brittle characteristics of the rock and the hydraulic connection of
bedrock fractures to recharge zones. Brittle feature occurrence, litho-
logic character, and potential recharge were the independently variable
components of a decision matrix that was used to identify discreet hydro-
geological zones where development of bedrock water appeared par-
ticularly favorable. These favorable areas were first defined on a broad
scale by hydrologic province (aquifer type) and then, through further
study, refined to particular geographical sites within the provinces. The
drilling of high-yield bedrock wells also involved precise well-siting
methods within each favorable zone because water-bearing bedrock
fractures were quite narrow and torturous and masked by overburden.

Physiographic/Hydrogeological Provinces

The Inland Crystalline Highlands appeared to be the most promising
for the development of previously untapped, fractured bedrock
aquifers capable of providing fresh groundwater to refugee popula-
tions. The geologic structure and gross rock chemistry were favorable,
and most of the refugee population in northwest Somalia was found in
this area, so test drilling commenced there.

The Coastal Plain/Piedmont Province was also found to be favorable
for long-term groundwater development. The oppressive heat limited
permanent settlements in this area, and the extensive remote sensing
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and geophysical tools necessary to examine this province adequately
were not available during in this project. The regional tectonic and
hydrologic analyses carried out during this program did indicate that
large volumes of groundwater originating in the inland provinces
passes beneath the piedmont and coastal plain and is discharged as
evaporation (pans are ubiquitous in the coastal plain) and directly
into the sea as submarine groundwater discharge. Additional remote
sensing and geophysics must be performed in these areas before
groundwater balance can be estimated and favorable areas for test
drilling can be recommended.

The Mid-Tertiary Plateau is subject to limited recharge, low water
table, and poor water quality, but it may be possible to extract higher
quality groundwater from deeper underlying bedrock fracture zones
that are recharged predominantly from the crystalline province to the
north. Additional work needs to be performed in this province before
test drilling can be recommended.

Analysis of Principal Target Area: The Inland Crystalline Highlands
The investigation of bedrock aquifers was principally concentrated in
the Inland Crystalline Highlands province, where most refugee camps
were located. Eight types of aquifers were identified in this province,
seven in bedrock, each identified by its predominant lithology, and the
eighth in unconsolidated surficial deposits investigated here primarily
for their storage and recharge relationship with the underlying bedrock
aquifers. The bedrock aquifer types are as follows:

+ Jurassic limestone

- Eocene limestone

- Tertiary basalt

+ Cretaceous sandstone

+ Precambrian granite

+ Precambrian metamorphic rock

- Mafic and ultramafic crystalline rock

The Jurassic limestone has the greatest potential for the development
of groundwater in large volumes, especially where fracture zones have
undergone karst development.

The Eocene limestone occurs in limited areas in the northern part
of the highlands. Little is known about the formation here; however, in
southern Somalia and other parts of East Africa, it is a significant
aquifer.
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The Tertiary basalt occurs primarily as elevated, unsaturated
plateaus and mesas. Where the basalt occurs in lowlands, however, it is
saturated; and sand lenses, with which it is interbedded, do yield water.
Vast expanses of basalt are highly permeable and may allow a great
deal of precipitation and runoff to infiltrate to underlying layers.

The Cretaceous sandstone is equally favorable, although occurring
only at a few locations in the crystalline highlands province. Coarse
stream channel sediments within the sandstone are the most favorable
water-bearing zones.

Both the Precambrian granites and metasediments have some
groundwater potential; however, both the schist and gneiss components
are less likely to contain open fracture systems. Both formations would
have to be overlain with considerable saturated overburden before sig-
nificant groundwater withdrawals could be expected.

The mafic and ultramafic crystalline rocks possess the lowest poten-
tial for significant groundwater development because their weathering
products, primarily clay and calcite, tend to plug bedrock fractures.

To facilitate the collection, tabulation, and interpretation of data, the
Study Area was divided into 234 fourth-order drainage basins. The
numbering system for these basins was described in the full technical
report, and all basins were depicted on maps accompanying the report.

Recharge of any aquifer depends on the infiltration of rainwater into
the aquifer medium. The factors most influencing recharge in north-
west Somalia are climatology (frequency and geography of storm
events), land cover and wadi bed characteristics, and topography. Basic
hydrologic data for the Study Area were sparse, and groundwater
recharge calculations during this groundwater development program
were based on evaluation of available local rainfall data in the context
of known hydrogeological attributes of local and similar regional
lithologies plus new field infiltrometer tests in representative terrains.
Potential recharge estimates, representing the total volume of water
reaching the water table were presented for each drainage basin in the
Report, along with a hierarchical listing of basins according to poten-
tial recharge.

Two maps were generated in the full report for the explicit purpose
of locating favorable areas for groundwater development from
fractured bedrock aquifers. Map 1 ranked fourth-order drainage basins
from A through E, with Class A basins having the greatest amount of
groundwater recharge and Class E basins having the least. Map 2
ranked areas from 1 through 5 according to favorable geologic condi-
tions for the placement of high-yield bedrock wells. Areas with Map
Code I were the most favorable, and areas with Map Code 5 were the
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least favorable. By overlaying Mylar copies of the maps (or today using
GIS technology), the areas that were favorable for both geologic and
hydrologic reasons became evident.

The result of a composite geologic and hydrologic analysis indicated
that certain areas show a preponderance of favorable groundwater
indicators. Some of these areas were investigated in the field using a
variety of geologic and geophysical mapping methods to verify the
validity of these indicators prior to recommending the drilling of test
wells. Some areas were chosen for purely hydrogeological reasons, and
some were chosen because there was a historical and urgent need for
additional water supplies. Still others were chosen for a combination of
these two factors. Seventeen sites in 12 areas were investigated using
detailed field methods. The areas were identified by the name of the
closest geographic feature that has a commonly recognized name.
These sites were identified on a third map (see Figure 1) and include:

(1) Agabar
(2) Ada
(3) Ado
(4) *Damuk Water Hole (Borama)
(5) *Amud Wadi (Borama)
(6) *Dibrawein/Bira Wadi Junction (Dibrawein Valley)
(7) *Bira Wadi (Dibrawein valley)
(8) *Dibrawein/Soadahada Wadi Junction (Dibrawein Valley)
(9) *Soadahada Wadi (Dibrawein Valley)
(10) Shirwa Basati
(11) Old Bagqi
(12) Jire Wadi
(13) *Durdur/Waragadighta Wadi Junction
(14) *Waragadighta Fault Junction
(15) *Biji Valley
(16) Ari Adeys Refugee Camp
(17) Saba’ad Refugee Camp

Sites preceded by an asterisk, such as Borama and Dibrawein Valley,
were considered most favorable for immediately accessible bedrock
aquifers. Detailed geophysical surveys were conducted at two Borama
sites and four Dibrawein Valley sites to precisely define where test
wells should be drilled. Waragadighta and the Biji Valley ranked next
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Figure 1. Map of project study area (reprinted from “Background Notes, Somalia,”
U.S. Dept. of State, Washington, D.C., 1981).

in favorability, with drilling pending increased settlement warranting
additional water supplies.

The study consisted of both an overall evaluation of the bedrock
groundwater potential of northwest Somalia and a more detailed exam-
ination of specific areas where conditions appeared quite favorable for
developing new groundwater supplies from bedrock aquifers. No pre-
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vious studies have addressed the possibility of extracting groundwater
from bedrock fractures.

Final conclusions regarding the location, orientation, and extent of
possible bedrock fracture zones were made by interpreting the com-
posite lineament overlays in conjunction with fault and brittle feature
maps extracted from various published geologic maps. The primary
source of such information was the series of 1:125,000-scale quadran-
gle maps (1/20 x 1/20 sheets) published by the Geological Survey of the
Somali Democratic Republic. Fault and joint data from these maps
were digitized and subsequently reproduced at a scale of 1:250,000 so
as to conform with the scale of the composite lineament overlays
described above. Latitude-longitude ticks at half-degree intervals and
control points (e.g., road intersections, drainage confluences, small, iso-
lated outcrops, etc.), which were conspicuous in the LandSat images,
were also included in the digitized map data. This facilitated the
registration of lineament overlays with the fault and brittle feature
map.

The fault and brittle feature data thus derived were augmented by
similar types of information contained in three other published geo-
logic maps: a 1:1,000,000-scale map compiled by the Somaliland Oil
Exploration Company [1954], a 1:2,000,000-scale map of Ethiopia and
Somalia [Merla et al., 1979], and a 1:1,000,000-scale geologic map of
the Zeila Plain region [Hunt, 1942]. In each case, faults portrayed in
these maps were transferred to the 1:250,000-scale fault and brittle
feature map using the Bausch & Lomb Zoom Transfer Scope.

In much of Africa, the standard theory is that more than 90% (often
100%) of precipitation is returned to the atmosphere by evapotranspi-
ration [Dunne and Leopold, 1978]. Although evapotranspiration is nec-
essary for plant growth, it is considered a loss from the water budget
in that it reduces the groundwater available for use.

Evaporation pans provide the best method of obtaining an index of
potential evapotranspiration. Simple empirical formulas based on tem-
perature, which provide an estimation of potential evapotranspiration,
are approximate and tend to underestimate evapotranspiration con-
siderably in arid areas. This is due to the fact that temperature is not
an adequate index of solar radiation in arid climates.

Pan evaporation appears to average approximately 3000 mm (1201in)
annually [Sogreah, 1981; Humphreys, Howard, and Sons, 1960]. The
data found were insufficient to generate regional patterns of evapo-
transpiration. It can be confidently stated that potential evapotranspi-
ration is much greater than rainfall so that there is always an
atmospheric demand for water.
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Land Cover/Soil Characteristics. The physical and chemical properties
of land cover plays a major role in determining the volume of storm
runoff, the rate of infiltration, and the quantities of groundwater
recharge. In the Study Area, relevant land cover comprised bedrock,
soils, and wadi beds, with most significant soil characteristics, including
infiltration capacity, soil field capacity, and soil depth. These factors
work together to govern the process of entry of water through the soil
surface, storage within the soil, and transmission through the soil to the
water table.

Data on field capacity of various soils found in the Study Area were
located in Sogreah [1981]. Field capacity defines the proportion of
water retained in the soil and the amount that drains to the water table.
By combining values of field capacity with information of soil depth, it
was possible to estimate the quantities of rainfall required to promote
gravity drainage of water to the water table.

Infiltration capacity is defined as the rate at which the soil accepts
water. No prior information on the infiltration characteristics of
untilled soils was available, so field methods were developed to
quantify this soil factor. An understanding of this factor allowed for
the characterization of surface runoff/infiltration ratios for different
precipitation intensities.

In areas where bedrock intersects the land surface or is just beneath
a thin soil layer, a wide range of infiltration potential exists, from very
high rates where rainfall and runoff actually percolate directly into
bedrock fractures at or near ground surface, to zero infiltration over
solid, nonporous bedrock.

Summary of Groundwater Potential of Study Area

The Coastal Plain/Piedmont Hydrogeological Province possesses vary-
ing thicknesses of sand and gravel found in fans and stream channels
on top of eroded Quaternary pediplain. BCI’s analysis indicates
aquifers in this province include both alluvial and fractured crystalline
bedrock. The Quaternary pediplain consists of alluvium that thickens
significantly toward the coast resulting in the likelihood of significant
coastal plain alluvial aquifers. A few shallow wells are located on the
coastal plain, extracting fairly small volumes (1 to 21/s) of water for
domestic purposes. Rainfall is very low [100-200mm/yr (4-8in/yr)] in
coastal plain, and it is likely that most local precipitation merely satis-
fies the soil moisture deficit, and it does not contribute to the ground-
water supply. The team concluded that recharge to deep, fractured
crystalline bedrock hydrogeological units primarily occurs through
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underflow from the highlands and through significant observed infil-
tration of floodwater into piedmont wadi beds.

From the ancient village of Seylac (Zeila) east to Lugahaya, high
salt content in the alluvium extends from the ocean to as much as 9km
(6mi) inland. This salinity is evidence of the high rate of evaporation
prevailing in the area and a probable zone of regional groundwater
discharge.

The area from Lugahaya to Berbera has a much narrower and
steeper coastal plain. Consequently, the alluvium may be thinner, more
stream flow probably reaches the ocean, and the existence of a signif-
icant coastal plain aquifer is much less likely. Groundwaters flowing
through these sediments probably discharge directly to the ocean with-
out reaching the surface and producing high-salt-content alluvium.

It is very likely that the coastal plain and piedmont areas, in partic-
ular between Seylac (Zeila) and Lugahaya, represents a very large
groundwater resource that is now being lost to evaporation and flow
to the ocean. Although variable thicknesses of sand mask surface
expressions of fractured bedrock, the geological model indicated
sediments overlying downfaulted blocks of Jurassic limestone and
Cretaceous sandstone. Initiating a local airborne remote-sensing survey
using synthetic aperture radar (SAR) and thermal imaging was not pos-
sible in time of war and civil unrest and was not within the original
scope of this investigation, but future application of these techniques
will delineate the structural geology and identify fractured bedrock
aquifers in the coastal plain and piedmont areas.

The central Inland Crystalline Highlands Hydrogeological Province
consists of a sequence of igneous, metamorphic, and sedimentary rocks
that range in age from Precambrian to Quaternary. These rocks form
the mountainous area, including several large alluvial valleys to the
south of the coastal plain. Most of BCI’s exploration program focused
on this area because it was where most of the refugee population was
concentrated.

The primary aquifers in this area are in fractured bedrock systems,
with a minor number of alluvial aquifers. The alluvial aquifers have
been the only groundwater supply exploited to date. However, there
appears to be a much greater potential for developing water supplies
from fractured bedrock than has been realized previously. The alluvial
hydrogeological province is also most likely the source for most of the
recharge to the other two hydrogeological provinces.

The southernmost Mid-Tertiary Plateau Hydrogeological Province
is overlain by Cretaceous Nubian sandstone and Eocene Auradu
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limestone. Characteristics of this province include limited local
recharge, low water tables, and generally poor water quality. The
primary recharge occurs from the crystalline rock complex to the north
through fault and fracture systems. The water table will be closer to the
surface, and water quality should improve closer to the recharge areas.

Coarse-grained zones of the Nubian sandstone is where primary per-
meability is the greatest and zones underlain by fractured crystalline
bedrock will yield the most water. To date, limited quantities of water
have been extracted from this aquifer, due primarily to the deep water
table.

Groundwater Potential by Basin

The entire study region, including all three hydrogeological provinces,
was divided into 234 fourth-order drainage basins. The groundwater
potential of each basin was estimated by tabulating the hydrologic
characteristics of each basin and calculating the total volume of water
that reaches the water table (potential recharge).

The basins were ranked according to annual potential recharge and
included on a large-scale Map accompanying the technical report.
Examples of analytical outputs included in BCI’s Report appear below.

SUMMARY OF THE AREAS SELECTED FOR
DETAILED FIELD INVESTIGATION

As a result of the composite hydrogeological analysis, 17 sites in 12
favorable areas were selected for detailed field investigation. The sites
were selected on the basis of lithology, structure, recharge potential,
and socioeconomic factors. Example sites included in this book are
identified by an asterisk.

x+ Agabar
- Ada
- Ado
*» Borama Site 1—Damuk Water Hole
*» Borama Site 2—Amud Wadi/Borama Gardens
x+ Dibrawein Valley Site 1—Dibrawein/Bira Wadi Junction
x+ Dibrawein Valley Site 2—Bira Wadi
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x+ Dibrawein Valley Site 3—Dibrawein/Soadahadah Wadi Junction
x« Dibrawein Valley Site 4—Soadahadah Wadi

- Shirwa Basati
x» Old Baqi

- Jire Wadi

- Waragadighta Site 1—Durdur/Waragadighta Wadi Junction

- WaragadightaSite 2—Waragadighta Fault Junction

- Biji Valley

- Ari Adeys

- Saba’ad

DRAINAGE BASIN DESIGNATION SYSTEM

For the purposes of this investigation, the 35,000-km* Study Area was
divided into 21 major drainage basins and subdivided into 234 subre-
gional basins (Figure 1). A subregional basin is a fourth-order drainage
basin, i.e., that area drained by a fourth-order stream system. Subre-
gional basins are the basic unit of investigation having been determined
as being significant in nature and manageable in size.

The basin numbering designation system was modeled after the
USGS system with some modifications, which were necessary due to
the nature of the Study Area. Subregional basins are numbered sequen-
tially within each of the 21 major basins beginning at the headwaters
of each basin and continuing to the discharge point of each basin. All
major basins discharge north to the coastal plain sediments.

The Strahler method was used to designate stream order according
to the following: first-order streams are headwaters, second-order
streams result from the confluence of two or more first-order streams,
third-order streams result from the confluence of two second-order
systems, fourth-order streams result from the confluence of two third-
order systems, and so on. Stream order designation, and thus basin
order designation, only increases when stream systems of equal order
join (i.e., a second-order stream joined by a first-order stream does not
result in a third-order system, but rather remains a second-order
system). Basin numbers followed by the letter “I” designate interstitial
basins. Interstitial basins are delineated somewhat arbitrarily for con-
venience in calculating recharge from direct precipitation in the inter-
stitial areas between minor basin confluences. They are numbered in
sequence with fourth-order basins.
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Fifth-order basins joining the mainstream channel downstream of
the primary headwaters are grouped as regional basins. A hyphenated
number and a regional-basin designation number identify subregional
basins within each regional basin. The confluence of subregional basins
at the primary headwater of a major basin was not designated as a
regional basin.

The basin numbering system was slightly modified to accommodate
an anomalous situation in major basin 11, which is drained by two sixth-
order stream systems. Had the two sixth-order basins had their outlets
in the coastal plain, each would have been designated as a separate
major basin. However, because they join in the uplands, they have been
considered as part of the same major basin with one subordinate to the
other to facilitate numbering. One subregional basin and one intersti-
tial basin, which fall in neither of the sixth-order basins but are part of
the major basin system, have been designated 11026-0 and 11027-01,
respectively, to indicate their unique position.

RESULTS OF HYDROLOGIC ANALYSIS

Potential Recharge

Rainstorms in the Study Area are usually of short duration, lasting less
than one day, but are often intense. Therefore, potential recharge was
calculated by simulating individual, short-term rainfall events. Simple
field capacity theory was followed to quantitatively establish some
basic hydrologic relationships, where

Groundwater Recharge =
(Precipitation x Infiltration Rate) — (Field Capacity x Soil Depth)

It was assumed that antecedent moisture conditions were at the wilting
point, so that large soil moisture deficits always have to be overcome.
The assumption is reasonable given the high evaporation rate in the
Study Area. Information on expected daily rainfall rates and duration
was found in Sogreah [1981]. As there are very sparse data on daily
rainfall characteristics, it was impossible to apply this equation to the
whole Study Area.

This equation did allow for the establishment of possible ranges of
recharge as well as the sensitivity of certain parameters to recharge.
Groundwater recharge increases as soil depth decreases because less
percolating rainfall is necessary to satisfy the soil moisture deficit
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so that relatively more water becomes recharge. As infiltration rates
were quite uniform for all soils tested, it was assumed that infiltration
is a soil constant. Thus, the soil depth is the variable that is primarily
responsible for spatial differences in recharge through the soil.

From direct field observations and geomorphological theory, thin soil
cover prevails on the steeper slopes. Thus, recharge through the soil
would be higher in these areas. However, this is minimized because as
slope increases, surface runoff increases so that less rainfall is available
for infiltration.

Modes of Recharge

Recharge to groundwater occurs by two major avenues, through soil
and through wadi beds. Both pathways were investigated using the
infiltrometer.

Soil Recharge. As the infiltration characteristics of the areas tested
are quite similar, spatial difference in recharge would therefore be
dependent on the ease with which soil moisture deficits can be over-
come. Low soil moisture deficit is a response to low field capacity or
shallow soil depth. Low slope areas are characterized as having thick
soil horizons and high field capacities. It is conceivable that recharge
might never occur in low slope areas except during the most extreme
climatic conditions. This is a function of the low infiltration rates,
relatively low quantities of rainfall, and large soil moisture deficits that
need to be satisfied. The very high evaporation rates that occur daily
tend to keep soil moisture deficits large so that this condition persists.

Generally, as slope increases, soil depth decreases and exposed
bedrock is much more common. This leads to a condition of low mois-
ture deficits. If fractured bedrock is exposed at the surface, or covered
with a thin soil cover, significant recharge can occur because water can
pass freely through fractured rock with minimal need to contribute to
a moisture deficit.

Areas with much exposed or shallow lying bedrock are favorable for
recharge. Rates of acceptance of percolating water and of recharge
through bedrock are a function of many hydraulic factors of the fis-
sures, such as the width and orientation of the fracture, and the degree
of siltation, which impedes flow into and through the fracture. Once
water enters a fracture, it can travel relatively unimpeded to the water
table. As this process occurs quickly, percolated water can travel to
depths below which evaporation can have an effect.

It is extremely difficult to estimate recharge from physically based
data when the process is highly dependent on fractured bedrock,
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because the hydraulic characteristics of the rocks have to be consid-
ered as well as spatial differences in the various rock types. However,
generalization can be made for areas based on observations on frac-
ture density and degree of surface weathering. Assuming a constant loss
for evaporation and absorption into the fracture system for each storm
event, it is then possible to estimate relative recharge rates for various
rock types.

One observable physical soil feature that is very much responsible for
giving the soil a low infiltration rate is the presence of a surface crust, or
caliche layer. Surface crusts were widely observed and are composed of
very fine silty material intermixed with pebbles or larger rocks. The
origin of this very fine-grained material is probably from the winds
picking up the light particles and distributing them evenly over the land.
This explains why surface crusts of similar compositions occur on steep
slopes as well as low slopes. The crust becomes a hard, compact layer
ranging in thickness from 1.5 to 6.5mm (0.06 to 0.26in). When infiltra-
tion tests are run side-by-side, one above crust and one below, the test
below crust yields a higher infiltration rate in most cases. In general, soil
below crust is made up of much coarser material than the crust itself.

Wadi Bed Recharge. Northwest Somalia has an organized surface
drainage pattern, which promotes the second type of groundwater
recharge, classified as recharge through the wadi bed. As storm water
flows in a wadi, a head of water is applied to a limited area for a period
of time, which is related to the storm duration and drainage basin size.
Such storm flow promotes infiltration through the wadi bed and thus
groundwater recharge. In upland mountainous areas, recharge from
cobble-strewn stream channels penetrates the underlying rock through
fractures and fissures. In low land areas where significant quantities of
alluvium have been deposited in the wadi bed, rapid infiltration also
generally occurs.

Infiltration tests were done on the wadi beds in each of the favor-
able areas investigated. These tests provided information on both sat-
urated and unsaturated hydraulic conductivity of the wadi material. In
general, infiltration rates through wadi beds under nonflood conditions
were found by BCI investigators to be very high. Commonly observed
well-rounded cobbles in wadi beds were also indicative of cobble and
boulder migration-enhanced infiltration rates during high-energy flood
runoff. In fact, ultrahigh infiltration rates during storm “flash-flood”
events indicate that considerable recharge can occur during a large
storm event. During a storm of considerable magnitude, wadi beds may
be under several meters of water, providing hydraulic head to water
infiltrating the wadi bed and spreading through underlying media. In
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instances where such wadis are underlain by highly permeable alluvials
and fractured bedrock, recharge to deep aquifers from storm events
may be significant. Personal observations of storm, even flash-flood
runoff, made by the BCI team in Somalia and in similar, deeply incised
drainage artifacts in the Red Sea Province of Sudan proved that 3 to
6m of water could infiltrate similar wadi beds within 24 hours, and other
investigators in Oman [Anderson et al., 1986], Chad [Ahmad, 1983],
and Sardinia [Larsson, 1984] made similar observations in the Wadi
environments. Several studies and construction programs have sought
to enhance local aquifer recharge by dam construction on wadi-type
drainage systems, at high costs and with mixed results [Haimert et al.,
2002].

The long-term significance of widespread natural wadi-bed storm
recharge to sustainable, deep bedrock aquifer yields in northwest.
Somalia has not been addressed outside this study. However, given the
widespread occurrence of wadis and the high transmissivity and storage
coefficients of unconsolidated and (fractured) consolidated rocks
known to occur in the region, such storm events could represent nature’s
most efficient contributor to deep aquifer recharge in that region.

INFILTROMETER RESULTS

The infiltrometer results range from 0.3 to 2.1mm/min (0.01 to
0.081in/min) for all tests on all soil types. For tests above the soil crust,
the range is 0.3 to 1.5mm/min. These ranges were well within possible
errors created from disturbing the soil or from wormholes and the like.
The tests conducted in wadi beds show much higher infiltration rates
than for other local land cover (e.g., soils). Wadi infiltration ranged from
3mm/min (0.12in/min) to 353 mm/min (13.9in/min), reflecting frequent
changes in the depositional energy of wadis and the differences be-
tween unsaturated and saturated infiltration rates.

Potential Recharge

Basin characteristics used to calculate potential recharge and estimates
of annual basin recharge were tabulated and published as a map in the
full report. Table 2 ranks each of the 234 fourth-order basins according
to potential recharge.
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Test Location Soil/Wadi Slope (mm/min)
Infiltration Rate
1 Agabar Soil low 3.0
2 Agabar Soil low 1.5
3 Agabar Soil low 1.0
4 Agabar Soil low 1.0
5 Agabar Wadi* low 3.0
6 Agabar Wadi* low 53
7 Agabar Wadi* low 21.0
8 Agabar Wadi* low 45.0
9 Agabar Wadi low 231.0
10 Agabar Soil low 0.9
11 Agabar Soil low 0.9
12 Agabar Soil low 0.3
13 Agabar Soil low 21
14 Borama Soil med 1.2
15 Borama Soil med 14
16 Borama Soil med 14
17 Borama Soil low 0.6
18 Borama Soil low 0.6
19 Borama Soil low 0.6
20 Borama Soil low 0.6
21 Borama Soil med 0.5
22 Borama Soil med 0.6
23 Borama Soil med 2.7
24 Borama Soil med 2.7
25 Borama Wadi low 12.0
26 Borama Wadi low 23.0
27 Borama Wadi low 33.0
28 Borama Wadi low 353.0
29 Dibrawein Soil low 0.6
30 Dibrawein Soil low 1.8
31 Dibrawein Wadi low 3.6
32 Dibrawein Soil med 04
33 Dibrawein Soil med 0.8
34 Dibrawein Soil med 0.9
35 Dibrawein Soil med 0.6
36 Dibrawein Wadi low 21.0
37 Dibrawein Wadi low 15.0
38 Dibrawein Soil med 0.5
39 Dibrawein Soil low 0.5
40 Dibrawein Soil low 1.0
41 Dibrawein Soil med 0.9
42 Dibrawein Soil med 1.5
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TABLE 2. Continued

Test Location Soil/Wadi Slope (mm/min)
Infiltration Rate
43 Jire Wadi Wadi low 54
44 Jire Wadi Wadi* low 4.5
45 Jire Wadi Soil med 0.7
46 Jire Wadi Soil med 0.8
47 Waragadighta Soil low 3.0
48 Waragadighta Soil med 1.4
49 Waragadighta Soil low 32
50 Waragadighta Wadi low 15.0
51 Durdur River Wadi* low 1.8
52 Biji River Wadi* 1001 24
53 Biji Soil low 2.0
54 Ari Adeys Wadi low 390.0
55 Ari Adeys Soil med 0.6
56 Saba’ad Wadi low 390.0
57 Saba’ad Wadi med 0.8

SHALLOW GROUNDWATER POTENTIAL

Although quantifying alluvial aquifers was not within the scope of this
study, previously undetected shallow groundwater potential was iden-
tified by the BCI team as a result of the analysis of recharge to frac-
tured bedrock aquifers, and alluvial areas exhibiting the greatest
potential recharge were delineated on a map accompanying the full
report. The greatest potential for undeveloped surficial aquifers is
located in gently sloping, coarse-grained alluvial deposits overlying
deep alluvium located in the lower parts of those basins receiving active
recharge from extensive upland surface and subsurface drainage.

Surface and Groundwater Quality

Surface and groundwater qualities were measured at sites where geo-
physical exploration was conducted. The interpretation of these new
data and water quality data from Sogreah [1983] formed the basis of
this dialogue. The primary water quality problems in the Study Area
were bacterial contamination and high total dissolved solids (TDS), pri-
marily sodium, chloride, and sulfate.

Bacterial contamination was caused by human and animal waste
entering surface waters and shallow wells. There were virtually no
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surface or groundwater protection measures in place near existing
water sources. The BCI team provided local engineers and water
system managers with assistance in correcting some of the old prob-
lems while drilling new, deep bedrock wells with regional recharge and
little hydraulic connectivity to local surface water and resulting resist-
ance to the extraordinary concentration of contaminates commonly
surrounding desert water sources.

Excessive TDS was due to the concentrating of dissolved solids by
high evaporation rates and the leaching of salts from Cretaceous and
younger marine sedimentary rocks. TDS increases as surface waters
and shallow groundwaters flow from the highlands to the lowlands.
High rainfall and lower evaporation rates in the mountains results in
higher quality water (including shallow and deep aquifer recharge)
than the coastal plain, which receives little rain and has a much higher
evaporation rate. Groundwater in fractured crystalline bedrock flows
from recharge in the highlands to the lowlands and the sea through
deep pathways uninfluenced by evaporation or human and animal con-
tamination, and deep bedrock wells drilled by the BCI team exhibited
higher water quality than local surface or surficial sources. The team
surmised that accurately located deep wells drilled in the coastal plain
could intercept substantial sources of mountain-recharged, high-quality
water in aerially extensive confined aquifers.

The Cretaceous sandstones were submerged beneath the sea during
the deposition of the younger limestones, and seawater was trapped in
the in the crystal lattices of the limestone, also displacing fresh water
previously trapped in the underlying sandstones. The weathering of
these rocks causes increased TDS of local surface and groundwaters in
many areas. However, the report indicates high-quality groundwater
potential in areas of heavy fracturing, where such sedimentary units
show evidence of enhanced permeability and active groundwater flows
over recent geologic time, leaching out ancient salts and making those
areas favorable for groundwater exploration.

Minor water quality considerations (considering alternative sources)
in the Study Area include elevated hardness from dissolution of lime-
stones and elevated iron concentrations in waters flowing through
mafic and ultra mafic crystalline rocks.

Aquifer Types According to Lithology

The three main hydrogeological provinces can be divided into aquifer
types according to lithology. The inland crystalline province has the
greatest diversity of aquifer types, whereas both the coastal plain and
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the Mid-Tertiary plateau provinces are considered to be primarily
monoaquifer systems for the purposes of this study. The latter two
provinces could also be subdivided into discrete aquifer types; how-
ever, more detailed subsurface geologic data would have to be col-
lected. The aquifer types would be among the same types found in the
inland crystalline province. The important characteristics identified for
each aquifer type are lithology, tendency to form open fractures, and
recharge capability. The determination of aquifer types was based on
interpretation of published data, remote sensing, and field observations.

Aquifer types in the inland crystalline province are described below.

Jurassic Limestone Aquifers

The Jurassic limestone has the greatest potential for groundwater
development of any rock type. Observations made in the Study Area
indicate that this rock should be a significant aquifer where it is frac-
tured or has undergone extensive karst development. The most exten-
sive karst development is in the southwest of the Study Area near
Borama where the limestone has probably been exposed continuously
since the Jurassic. Karst development decreases toward the north
probably because there was no hiatus between the Jurassic and the
Cretaceous and because the Nubian sandstone deposited in this area
has protected the limestone from karst development.

This limestone is more easily recharged in areas where the bedding
is not horizontal. The greater the dip of the sediments, the greater the
recharge capability. The lower section, which usually contains lenses of
sandstones and conglomerates up to 90m (300ft) thick, may be less
favorable. Neither the published geologic maps nor the maps in this
report, however, discriminate between these different lithologies. In
some areas, the limestone has weathered to a clay-rich residuum that
reduces the recharge capability of the aquifer. This residuum tends to
accumulate in some of the alluvial valleys reducing the ability of a well
in the bedrock to make use of the recharge from the overlying wadi
beds.

Eocene Limestone

The most recent marine transgression occurred in Eocene time and
resulted in a biogenic limestone, which has been named the Auradu
formation. This limestone is a very important aquifer in southern
Somalia and other parts of East Africa and Saudi Arabia. However, in
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northwest Somalia, it is only found as downfaulted blocks near the
coastal plain/crystalline highlands boundary and as cap rock atop
Cretaceous sandstone in the Mid-Tertiary Plateau province.

The Eocene limestone has not been investigated in detail. No data
are available on the quality of the groundwater in the formation,
although there is increased salinity where the limestone is associated
with the Cretaceous sandstones on the plateau.

Where saturated, the Eocene limestone may be a very good aquifer;
however, drilling must be conducted to collect water quality data.

Tertiary Basalt Aquifers

The Tertiary basalts occur primarily as elevated plateaus and are gen-
erally unsaturated. In a few areas, such as Agabar and Las Dhure, they
are found in the lowlands and appear saturated. Wells drilled in these
areas have intersected water-bearing zones composed of sand lenses
and weathered basalt. These wells are shallow, however, and no explo-
ration has been conducted to evaluate the water potential in the entire
thickness of these basalts. The possibility exists that thicker zones
of alluvium might exist at greater depths, representing a significant
groundwater resource.

Field observations made in stream channels indicate that there is a
paucity of vertical fractures in the basalt flows as might be expected.
These basalts are extremely young and have been subject to less tec-
tonic disturbance than neighboring formations. In certain areas,
however, vertical fractures resulting from the cooling of the basalts
might be expected. These areas probably represent primary recharge
zones. This is perhaps supported by observations made where the
basalts are unsaturated and extensive, and where there is an extreme
paucity of vegetation, no soil development, and a very rubbly, gravelly
appearance. This apparently indicates that these flows are extremely
permeable to recharge from precipitation. If this is the case, then these
basalts may permit a considerable amount of recharge to the underly-
ing basalt and alluvial layers, which would then represent a significant
groundwater resource. Evaluation of this potential will require detailed
geologic mapping and the drilling of deep test holes.

Cretaceous Sandstone Aquifers

In the inland hydrogeological province, the Cretaceous sandstones are
found in only a few localities, primarily where there has been block
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faulting, which has resulted in a downdropping of both the Jurassic
limestone and the Cretaceous sandstones.

These sandstones are fine-to-medium grained and vary between con-
solidated and unconsolidated. The sandstone in this part of Somalia
may well have been terrestrial or, at least, was deposited in a near shore
environment. Therefore, there may be zones within the sandstone of
very coarse stream channel sediments, which would make very pro-
ductive aquifers.

Precambrian Granite A quifers

The Precambrian granites in the Study Area are productive aquifers
only where they have been fractured and faulted by tectonic activity.
Remote sensing interpretation, geologic mapping, and field observation
indicate that the most productive fracture zones are probably related
to the recent rifting in the Red Sea and the Gulf of Aden. These gran-
ites are fairly equigranular and tend to form open fracture systems as
the result of tectonic stress. The schists and gneisses, however, tend to
have tectonic stress relieved by movement along crystal boundaries and
foliation planes and are less likely to produce open water-bearing frac-
ture systems. The granites do not have a significant amount of porosity
or secondary permeability, except where there are well-developed frac-
ture systems.

A weathered, granitic residuum can act as a significant reservoir for
the storage of groundwater. In the Study Area, however, it appears that
the residuum has been largely removed by erosion resulting from rapid
uplift of the Precambrian basement.

Precambrian Metamorphic Rock A quifers

The Precambrian metamorphic rocks in northwest Somalia are
quartzites, micaschists, gneisses, metamorphic volcanics, and meta-
pelites. Tectonic stresses tend to be relieved by movement along folia-
tion planes, which are developed to varying degrees in the rocks.
Therefore, large water-bearing open fracture systems are not formed
except in places where there has been very significant tectonic move-
ment and a tremendous amount of stress. As with granitic rocks, large
groundwater supplies cannot be developed unless there is an appre-
ciable thickness of saturated permeable overburden overlying the well
site.
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Mafic and Ultramafic Crystalline Rock Aquifers

These rocks are similar to granites in that they are equigranular and
tend to fracture rather than relieve stress by movement along foliation
planes. However, because the minerals of which they are composed
break down more readily and completely than do the mineral con-
stituents of more siliceous rocks, the weathering of mafic rocks results
in a relatively large volume of weathering product. The weathering
product, consisting primarily of clay and calcite, tends to plug existing
fractures and prevents them from transmitting groundwater. In gen-
eral, therefore, mafic and ultramafic rocks are not considered good
fractured-bedrock aquifers.

Surficial and Alluvial A quifers

Although investigating alluvial aquifers was not within the scope of this
project, the presence of permeable alluvial materials, as discussed
earlier, is important in the site selection of fractured crystalline bedrock
aquifers.

Part of our investigative scheme, therefore, has necessarily been to
identify and delineate areas of significant alluvial material, which in the
inland crystalline province generally occur in wide wadis or fairly large
alluvial valleys.

Also, in many cases, areas with extensive fracturing have eroded to
a greater extent than surrounding areas, thereby forming a lowland
with significant deposits of sand and gravel. These alluvial aquifers have
been evaluated more for their storage and recharge capabilities for
underlying bedrock aquifers than for direct groundwater extraction.

Geologic Structure

Neotectonics and Plate Geometry From a plate-tectonics perspec-
tive, the greater portion of the groundwater exploration Study Area is
proximal to the ridge-ridge-ridge triple junction defined by the bound-
aries between the Nubian (or African), Arabian, and Somali plates
[McKenzie et al., 1970]. Each of these three plate boundaries is an
accreting plate margin; all are active seismotectonic belts that were ini-
tiated in the middle Eocene to early Miocene, about 20 to 50 million
years ago [Black et al., 1972]. Two of the accreting margins occur as
mid-ocean rifts and are located in medial positions in the Red Sea
and Gulf of Aden. They represent the incipient stages of ocean basin
development in the Wilson cycle. The third plate boundary occurs as
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an intracontinental rift, the East African rift system. This feature may
represent a more embryonic phase in ocean basin evolution or an
aulocogen (an aborted rift structure).

The Arabian plate is situated between the Red Sea rift and the Gulf
of Aden rift; the Somali plate, between the Gulf of Aden rift and the
East African rift; and the Nubian plate between the East African rift
and the Red Sea rift.

The present position of the intersection of the three plate bound-
aries is in the Gulf of Aden, a little over 100km north of the Study Area
(12°06"16” N latitude, 44°23’38” E longitude) [Girdler and Styles, 1978].
In each case, the plates on opposing sides of the rifts are gradually
moving away from each other as the intervening voids are filled
with newly generated lithospheric material. In terms of absolute plate
motion (relative to a fixed frame of reference), the Arabian plate is
moving northeastward toward Turkey and western Iran while the
Somali plate is moving in a southerly to southeast direction. Geologi-
cal evidence suggests that the Nubian plate is stationary with respect
to the upper mantle [Schaefer, 1975].

Linear velocities related to plate movement can be calculated for a
given location based on published information on the positions of poles
of rotation for each plate pair and respective angular velocities of plate
movement [e.g., Morgan, 1971]. In the vicinity of the Afar, velocities
associated with relative plate motions (i.e., total spreading rates) range
from about 2cm/yr along the Red Sea and Gulf of Aden rifts (2.1 and
1.8cm/yr, respectively) to less than 0.5 cm/yr in the Ethiopian rift valley.
The latter figure is commensurate with other independently derived
data on crustal spreading rates in the same region. Schaefer [1975],
for example, calculated spreading rates at various locations within the
Afar depression by summing the cumulative horizontal displacement
(heave) of all mapped normal faults and the amount of crustal dilata-
tion associated with fissures and dike intrusion over a measured dis-
tance. Average spreading rates can then be determined if the ages of
the oldest and youngest faults and dikes are known. By this method,
Schaefer calculated plate separation velocities of 0.3 to 0.4cm/yr in the
southern Afar and 0.6cm/yr in the central Afar.

On a more detailed scale of observation, the simplistic three-plate
model is complicated by the presence of at least one and possibly two
microplates or continental fragments. Moreover, all of the three larger
plates discussed above have suffered significant amounts of internal
deformation [Mohr, 1975]. The Danakil block, or “Arrata microplate”
(northwest of the Study Area), lies immediately south of the Red Sea
between longitudes 40 and 44°E, extending the Danakil Alps to the
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Tadjoura uplift. It is now believed that this terrain is a detached frag-
ment of continental crust, which was originally part of the Ethiopian
plateau (Nubian plate). The initiation of a rift zone in what is now the
Danakil depression resulted in the separation of the Danakil block
from the Nubian block about 3.5 to 5 million years ago [Barberi et al.,
1975; Christiansen et al., 1975]. Recent studies [Tazieff et al., 1972]
suggest that the Danakil block has also underqone a counterclockwise
rotation of about 18° relative to the Nubian block as a consequence of
rift development. Other similar but smaller “splinters” of the Ethiopian
plateau have been mapped closer to the foot of the plateau escarpment.

The long axis of the Danakil depression is structurally controlled by
en echelon normal fault scarps that trend subparallel to the Red Sea
rift. The central part of the depression is characterized by block fault-
ing, open fissures, volcanism, and extrusive mafic rocks with oceanic
affinities [Tazieff et al., 1972]. This zone has, therefore, been inter-
preted as the continental equivalent of a mid-ocean ridge segment
[Christiansen et al., 1975].

Part of the Aisha block (also called the Aisha Spur) is located in the
extreme western portion of the Study Area. It is generally agreed that
the Aisha block is formed from strongly attenuated, sialic, continental
crust, but considerable uncertainty exists regarding the origin of this
terrain and its relationship to the Ethiopian plateau [c.f. discussions by
Mohr, 1972 and Christiansen et al., 1975]. Some researchers [e.g., Mohr,
1972] have considered it to be an allochthonous or detached continen-
tal fragment, which has undergone rotation with respect to the Somali
plate. Others have argued against this interpretation on the basis of
geophysical evidence [Makris et al., 1975] and after noting close simi-
larities in the fracture fabrics of the Ethiopian plateau and Aisha
provinces [Christiansen et al., 1975].

Black et al. [1972] consider the Aisha block to be an autochthonous
inlier that has been exposed due to regional uplift and erosion.
However, problems arise with this interpretation if one attempts to
reconstruct the preseparation plate configuration of the Arabian and
Somali plates insofar as this results in an overlap of the pre-Miocene
rocks of the Arabian Peninsula and the Aisha region. It seems likely
that the lack of consensus that presently exists will be resolved only
after additional geological and geophysical data have been collected
and analyzed.

Tectonic Model and Stratigraphy Northwest Somalia is geologically
highly complex and poorly mapped both in terms of regional stratig-
raphy and gross structure. Physiographically, the Study Area is bounded
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on the west by the Ethiopian rift valley, the Gulf of Tadjoura, and the
Afar depression, and on the north by the Gulf of Aden. It is transected
by the southeastern plateau escarpment, a zone of intense antithetic
block faulting that separates the highly attenuated continental and
oceanic crust of the Afar to the northwest from the more stable high-
lands of the Ethiopian plateau on the southeast.

The floor of the internal Afar is inferred to be oceanic in nature as
suggested by the petrology and geochemistry of eruptive lithologies.
This conclusion is supported by the observation that within this region,
xenoliths of continental crustal rocks have not been found. Low values
of strontium isotope ratios also argues against the possibility of con-
tinental crustal contamination of magmas [Barberi et al., 1975]. In
addition, seismic refraction studies in this area reveal shallow Moho
depths and unusually high Vp/vs ratios (i.e., low shear wave velocities)
and indicate anomalous upper mantle conditions—specifically, elevated
temperatures and partial melting [Barberi et al., 1975; Schaefer, 1975].
Very low electrical resistivity values have been similarly interpreted as
an indication of high temperatures at shallow depths [Berktold et al.,
1975].

The southeastern plateau escarpment represents the downwarped
and downfaulted margin of the Somali plate. Within this region,
bedrock is pervasively fractured and faulted. Near and south of the
international border, however, the plateau area is characterized by an
undisrupted Mesozoic and Cenozoic age homoclinal sedimentary suc-
cession. Crustal thicknesses here are typical of “normal” continental
crust and suprabasement strata exhibit a gentle regional southeast dip.

East of the Afar, the coastal plain extends from the southeastern
plateau escarpment to the Gulf of Aden, and it consists largely of a pro-
grading sequence of unconsolidated clastic material. These terrestrially
derived sediments are deposited in large coalescing alluvial fans, which
form a smooth piedmont slope or bajada. Locally, the alluvial deposits
are interlayered with basaltic flows and volcanogenic deposits. The
veneer of surficial deposits makes the bedrock geology of the coastal
plain region inaccessible for direct observation and therefore some-
what problematical. Identification of sea floor magnetic anomalies
in the Gulf of Aden and tentative isochron correlations have led some
researchers [Girdler and Styles, 1978] to suggest that much of the
coastal plain west of 45°E is underlain by 20- to 30-million-year-old
oceanic crust. Accordingly, the subsurface transition from continental
to oceanic crust occurs somewhere between the northern fringe of the
plateau escarpment and the coast.
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The tectonic style of the greater portion of the Study Area is char-
acterized by block faulted mountain ranges and intermontane valleys
bearing a close resemblance to the Basin and Range province of the
western United States [Black et al., 1972]. The trends of major fault
belts within northwestern Somalia can best be understood in terms of
extensional tectonic stresses acting at right angles to each of the three
plate boundaries described in the preceding section of this report
[Mohr, 1975]. Accordingly, various authors [Black et al., 1972;
Schaefer, 1975; Kronberg et al., 1975; Azzarolli and Fois, 1964; Tazieff
et al., 1972; Somaliland Oil Exploration Co., 1954] have described three
predominant fault trends in this region, each being parallel to and
tectonically associated with one of the major rift zones. These fault
systems comprise mostly normal faults, which have formed in response
to widespread crustal attenuation and dilatation. Other genetically
related tectonic features included in each trend are dikes, open fissures,
eruption fissures, and joints. The three main trends that are widely
described in the literature are the Red Sea trend, NNW-SSE to NW-
SE; the East African Rift trend, SSW-NNE to SW-NE; and the Gulf of
Aden or Sheba Ridge trend, WNW-ESE to WSW-ENE.

Fields of strongly tilted fault blocks are the most striking geomor-
phic features in this part of Somalia [Black et al., 1972]. The majority
of faults dip steeply, in the range of 700 to 800 [Somaliland Oil
Exploration Co., 1954]. Bedding dips in downthrown fault blocks are
typically in the range of 150 to 400 although dips as great as 600 and
even 900 have been observed in some places [Black et al., 1972;
Morton and Black, 1975]. Bedding dip directions are approximately
perpendicular to the strike of master faults which are both antithetic
and synthetic with respect to large scale crustal flexures [Black et al.,
1972].

Occasionally, minor drag and drape folds are associated with fault-
ing [Somaliland Oil Exploration Co., 1954]. Early reconnaissance
mapping in this area attributed tilted strata to folding and diastro-
phism associated with previous orogenic events. However, more recent,
detailed work has revealed that block faulting is the cause. It is believed
that faulting first occurred in the Late Oligocene to Early Miocene,
and it has continued episodically thereafter through Holocene time
[Christiansen et al., 1975].

Field observations have shown that on a regional scale, the age rela-
tionships among the three major fault systems are both unclear and
inconsistent, thus leading some researchers [e.g., Christiansen et al.,
1975; Black et al., 1975; Somaliland Oil Exploration Co., 1954] to con-
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clude that they were approximately contemporaneous. But occasion-
ally, within established fracture domains, definitive age relationships
have been noted, based on consistent truncations and offsets of one
fault trend by another. In some cases, such observations have enabled
workers to decipher a tentative chronology for fault development in
specific areas, as in the northern Aisha domain as discussed by Black
et al. [1975].

Nonetheless, it is generally agreed that the interaction of stress fields
associated with the Red Sea, Gulf of Aden, and East African rifts has
been both complex and time variant. Because the nature of these inter-
actions ultimately determines crustal stress trajectories and orienta-
tions of resultant faults, it is not surprising that most fault and brittle
feature maps of northwestern Somalia show a bewildering array of
curvilinear fault swarms and fractures.

It is also well known that the formation of faults causes drastic
perturbations of preexisting stress trajectories in areas adjacent to the
faults [Chinnery, 1966]. This partially explains the presence of many
aberrant subsidiary or ancillary faults that do not fall into one of the
three major tectonic trends. Other evidence indicates that reactivation
of old faults and other preexisting zones of crustal weakness may also
be of fundamental importance. For instance, it has been suggested that
foliation trends in crystalline basement rock have exerted a controlling
influence on the orientation of Neogene faults [Somaliland Oil Explo-
ration Co., 1954]. Therefore, tectonic heredity may locally be an impor-
tant factor in explaining neotectonic fault patterns.

Our research has suggested that important secondary fault trends
may be developed as steeply dipping transcurrent faults that are related
to crustal dilatation along the three primary normal fault trends. These
transverse structures would accommodate differential movement along
en echelon normal fault segments or grabens and would be analogous
to the Garlock fault in California as interpreted by Davis and
Burchfiel [1973]. This type of fault would strike at high angles to normal
faults and grabens and terminate at its intersection with these features,
thereby “connecting” offset rift segments, much the same as oceanic
transform faults. Although the existence of such faults in the Study
Area is not widely acknowledged, it is of interest to note that similar
structures have been mapped in the Basin and Range [Brun and
Choukroune, 1983] and have been inferred to exist in the Afar Depres-
sion [see Figs. A and B in Barberi and Varet, 1975]. More importantly,
Hunt [1942, p. 199] has mapped several northeast trending faults in the
Zeila Plain of Somalia that, in this context, may be interpreted as trans-
verse structures related to normal faults of the Red Sea trend. Accord-
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ingly, the exploration model developed for fractured bedrock aquifers
regards this trend as potentially favorable.

The subsurface geometry of normal faults in northwest Somalia is
largely enigmatic due to a dearth of deep drill hole and seismic reflec-
tion data. Two basic types of models have been proposed for crustal
attenuation with block faulting and tilting of upper crustal layers [Black
et al., 1972; Morton and Black, 1975]. Both models have specific impli-
cations regarding the geometry of normal faults in cross section. The
first hypothesis [Black et al., 1972] requires that normal faults are listric
faults; that is, their dip gradually decreases with depth such that they
attain a “sled runner” appearance in cross section. As a consequence
of listric subsurface geometry, increasing amounts of net slip on normal
faults produces an increase in bedding plane dip in the downthrown
block. Listric geometry may be the result of the Griffith-Coulomb
failure criteria and increasing confining pressure with depth, or it may
be caused by mechanical anisotropy and subhorizontal compositional
layering in the lower crust. Upon assuming a gently dipping to sub-
horizontal configuration, the fault planes merge indistinctly with the
brittle-ductile transition zone such that there is a progressive vertical
transition between discontinuous (brittle) and continuous (plastic)
deformational mechanisms [Brun and Choukroune, 1983]. Alterna-
tively, as has been documented in some regions [e.g., the Basin and
Range; Brun and Choukroune, 1983], listric normal faults flatten at
depth and merge with a discrete regional decollement surface such as
the basement cover interface or ancient overthrust zones related to
earlier orogenic events.

The second model of crustal attenuation [Black et al., 1972] is
based on the premise that a given fault maintains a nearly constant dip
throughout the crustal profile, from the ground surface to the brittle-
ductile transition zone. Thus, the fault plane is a planar rather than a
cylindrical surface (the latter condition being characteristic of listric
faults). Deep crustal creep resulting from ductile attenuation is invoked
to explain a gradual but uniform decrease in fault plane dip. In sim-
plified terms, the rotation of fault planes occurs as a consequence of
viscous drag along the brittle-ductile boundary. Flow associated with
plastic creep would be directed toward rift zones from plateau regions
[Bott, 1971] and would be oriented subhorizontally and in the direc-
tion of dip of synthetic faults. Because of creep-induced drag at mid-
crustal levels, fault blocks are progressively tilted sideways, much like
a row of books on a shelf, so that initially steep faults become shallower
with time. This mechanism offers a plausible explanation for the tilting
of fault blocks observed at the Earth’s surface.
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The second model has been subsequently revised [Morton and
Black, 1975] to include the formation of second- and third-generation
normal faults. These faults form after the first-generation faults have
been rotated to a dip of 40° or less. In this orientation, the first-
generation faults are no longer favorable for continued dip slip
movement under existing stress conditions (i.e., horizontal axis).
Consequently, new, steeply dipping normal faults form from preexist-
ing vertical joint planes that strike parallel to first-generation faults and
are oriented nearly perpendicular to extensional stresses. They truncate
older faults and, over time, are themselves rotated to gentler inclina-
tions and the process is repeated. With this mechanism, it is theoreti-
cally possible to achieve bedding dips of 60° in fault-bounded blocks
with about 50% crustal thinning. These figures are not unrealistic for
the Afar and the southeastern plateau in northwest Somalia.

RESULTS OF COMPOSITE HYDROGEOLOGICAL ANALYSIS

Matrix Analysis

All data pertinent to the occurrence of groundwater were analyzed
independently and collectively to determine which hydrogeological
factors were of greatest significance and which areas exhibited the
greatest density of these favorable factors.

A matrix analysis was performed to identify the various combina-
tions of geologic characteristics that could occur and the relative degree
to which each combination is favorable for the extraction of ground-
water. This analysis was performed independently of a determination
of the long-term available recharge to any given site.

An analysis was also performed to determine potential recharge in
each basin (Figures 2-4). This analysis, however, estimated the total
volume of groundwater available at the discharge of a basin, but not
the amount of groundwater available at any other point within a basin.
The geologic matrix analysis was further refined by determining which
sites were within basins with a high potential recharge and their rela-
tive positions within those basins.

Geologic Matrix

The geologic matrix analysis considered three factors as most impor-
tant in determining whether groundwater could be extracted from a
given site: lithology, geologic structure, and surficial geology. The data
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AFPIHDIN A
BASTH CHARACTERISTICS
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Figure 2. Basin characteristics.
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Figure 3. Basin recharge estimates (annual).
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AFPPENDIX C
RANKING OF BASINS IN ORDER CF POTENTIAL RECHARGE

RANK BASIN POTENTIAL RECHARGE
(m~3)

1 17002 5. BEIBE+DY
2 17010-1 3.494E+07
3 17008 2_.3354E+QY
4 13001 2.0111+07
5 11016-1 1.5595E+07
6 11040 1.5283E+07
7 13515-5-1 1.2053E+07
8 11041-1 1.1384E+07
8 13418-3~1 1.1229E+07
10 13002 1.118E+07
11 17215-4 9505000

12 11047-1 85568000

13 13032-1 8521000

14 20001 8288000

15 13104-2 8119000

16 1018-1 7965000

17 4014-1 7848000

18 4011-1 7785000

13 IT020-1 T434500

20 17108-2 5331000

21 14001 6385000

22 20104-2 5325000

23 13417-2 5249000

24 4024-1 5624000

25 17017-1 £§164000

26 4006-1 5047000

27 21010 4496000

2B 9005-1 4283000

2% 17004 1085000

an 4105-3-1 4040000

31 13006-1 37TB1000

32 BO05-I 3712000

33 9004 3622000

34 11037 3598000

35 13010-1 3316000

ae a01o0-1 3061000

37 13103-1 2547000

38 AQ0Z 2411000

39 17001 2375000

40 13105-3-1 2358000

A-21

Figure 4. Ranking of basins in order of potential recharge.
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for each category were weighted numerically on a scale from 0 to 10,
with 10 designating the most favorable condition and 0 the least.

Lithology was evaluated with regard to competency and gross rock
chemistry and rated as follows:

Lithology Numerical Weighting

Jurassic limestone 1
Eocene limestone

Cretaceous sandstone

Tertiary basalt

Precambrian granites

Precambrian metasediments

All others

O W 00O

Geologic structure was evaluated for faults and brittle features as dis-
cerned from remote sensing analysis or obtained from published maps.
The significance of a linear structure was determined according to its
strength of expression, length, and correlation with azimuths of frac-
turing compatible with tectonic analysis. Geologic structure was rated
as follows:

Geologic structure Numerical Weighting
Significant structure 8
Structure 5
No evident structure 0

Surficial geology was evaluated with regard to the potential for ground-
water storage and recharge in the immediate vicinity of a possible
bedrock well site. Due to the poor quality of existing maps of surficial
geology, soils, and topography and because it appeared likely that wadi
beds, alluvium-filled valleys, and alluvial fans were the predominant
zones of groundwater recharge and storage (verified in the field),
surficial geology was rated entirely on the basis of the presence of allu-
vium. Although it was recognized that the volume of alluvium in a wadi
can vary independently of the width of that wadi, only wadis wider than
60m (about 200ft) were considered favorable. Wadis of this width were
also easily mapped from aerial photographs. Surficial geology was rated
as follows:
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Surficial geology Numerical Weighting
Alluvium-filled valley/Alluvial fan 7
Wadi bed wider than 60 m 4
No significant alluvium 0

Individual Mylar maps of each geologic matrix factor depicting
numerical weightings were composited, and the weightings were added
together to delineate zones of different groundwater potential. All
areas were then ranked and given a map code according to the
following:

Total Numerical Weighting Groundwater Potential Map Code

25 Very high 1
19-24 High 2
13-18 Moderate 3
8-12 Moderate low 4
<8 Low 5

Figure 5 illustrates the matrix composition, and Table 3 lists possible
matrix combinations for each map code.

Hydrologic Refinement of Geologic Matrix

Each area favorable from a geologic perspective was further evaluated
for favorable hydrologic characteristics. Areas within Class A and Class
B basins were given preference, and a subjective evaluation was also
made of the position of favorable areas within a basin. Generally, the
nearer a well is located to the base of catchment or basin, the greater
the available recharge. Shallow groundwater quality, however, may
decline in the lower reaches of the basin due to the effects of high
evaporation rates in the wadis. Groundwater from a deep bedrock well
in the lower basin should be of higher quality provided that some
recharge, via bedrock fractures, comes from higher in the basin.

As recharge to a well occurs through a variety of pathways, no single
hydrogeological environment within a basin is as important as the
overall environment of the basin.
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Figure 5. Geologic criteria matrix.

Favorable basin characteristics include the following:

- Uplands—significant areas of high elevation (and high rainfall)

- Midlands—high and medium slopes with little soil cover and much
exposed fractured bedrock (and high infiltration)

- Lowlands—gentle topography and well-developed wadi near well
site (and efficient infiltration of wadi waters and good groundwater
storage capacity)



TABLE 3. Possible Matrix Combinations
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Map Code Lithology 8 3 0 71 4 0 £&
1 Jurrasic Limestone Vv Vv 25
2 Jurrasic Limestone vV Vv 22
2 Jurrasic Limestone Vv Vv 22
2 Jurrasic Limestone vV Vv 19
2 Eocene Limestone Vv Vv 23
2 Eocene Limestone Vv Vv 20
2 Eocene Limestone vV Vv 20
2 Cretaceous Sandstone Vv Vv 23
2 Cretaceous Sandstone Vv Vv 20
2 Cretaceous Sandstone vV Vv 20
2 Tertiary Basalt V V 23
2 Tertiary Basalt V V 20
2 Tertiary Basalt V V 20
2 Precambrian Granites Vv Vv 19
3 Jurrasic Limestone Vv V18
3 Jurrasic Limestone AVARRV: 17
3 Jurrasic Limestone \V Vv 14
3 Eocene Limestone vV Vv 17
3 Eocene Limestone Vv V' oo16
3 Eocene Limestone AVARRV: 15
3 Cretaceous Sandstone vV Vv 17
3 Cretaceous Sandstone Vv V' oo16
3 Cretaceous Sandstone AVARRV: 15
3 Tertiary Basalt V V 17
3 Tertiary Basalt V V16
3 Tertiary Basalt VoV 15
3 Precambrian Granites Vv Vv 16
3 Precambrian Granites vV Vv 16
3 Precambrian Granites vV Vv 13
3 Precambrian Metasediments Vv 15
3 Precambrian Metasediments vV Vv 15
4 Jurrasic Limestone \V V10
4 Eocene Limestone \V Vo8
4 Cretaceous Sandstone \V Vo8
4 Tertiary Basalt vV Vo8
4 Precambrian Granites \V Vv 8
4 Precambrian Granites vV Vo9
4 Precambrian Metasediments vV Vo8
5

All Other Combinations
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Socioeconomic/Logistical Considerations

The selection of favorable areas for purely technical reasons was tem-
pered somewhat by the introduction of the elements of need and logis-
tics. Not every place in northwest Somalia with good hydrogeological
characteristics is suitable for settlement or for agriculture. On the other
hand, the presence of a population in need of water represents a loca-
tion a high priority, whether or not the hydrogeology is particularly
favorable. Finally, the very fact that a machine must drill bedrock wells
requires, ultimately, that any site be accessible to the type of machin-
ery that is practical and economically feasible to use in northwest
Somalia.

The question of site access was addressed by eliminating all areas
from consideration where mapped topography appeared to be too
severe either for drill rig access or agriculture. Hydrogeologically favor-
able sites near refugee camps or near high priority areas (HPAs) were
given a higher priority than sites away from such centers of obvious or
potential need. Finally, several refugee camps were chosen for investi-
gation solely because they had a critical need for additional water sup-
plies. The socioeconomic perspective that was incorporated into the site
selection process resulted from an on-going dialog with the prime con-
tractor and Somali government officials.

Results of Matrix Analysis

All terrain that appeared reasonably accessible according to topo-
graphic maps and satellite imagery was given a designation consisting
of a symbol for lithology and a numerical Map Code. Areas with Map
Codes of 1 or 2 (very high or high potential) and that appear to be at
good locations in basins with high potential recharge (Class A or B)
were subjectively evaluated by each member of the exploration team.
Each scientist ranked favorable areas, and the final selection reflected
a consensus among the exploration team as to which areas were most
favorable, most feasible to visit during the field trip, and would yield
the most data with the geologic and geophysical survey methods that
were planned. An effort was made to select a group of sites with a
wide geographic distribution across the Study Area. Among the areas
selected were several that were chosen solely because of an existing
need for more water by the resident population.
The areas selected for detailed field study were as follows:
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Agabar Old Bagqi

Ada Jire Wadi

Ado Waragadighta (2 sites)
Borama (2 sites) Biji Valley

Dibrawein Valley (4 sites) Ari Adeys

Shirwa Basati Saba’ad

DETAILED FIELD INVESTIGATION AND
RECONNAISSANCE LEVEL GEOPHYSICS

Analytical Objective

Seventeen sites in 12 areas were chosen for detailed field investigation
(Figure 1). The purpose of the fieldwork at each site was to confirm the
existence of the geologic structures and other site characteristics that
had led to the site being classified as favorable from the matrix analy-
sis. In addition, an effort was made to identify any other previously
unrecognized physical characteristics that could influence the potential
for groundwater development.

SUMMARY OF AREAS FAVORABLE FOR TEST DRILLING

Test drilling was recommended at nine sites in four areas. More than
one test well may be required at each site, therefore, the priority for
drilling is:

1. Borama (Sites 1 and 2)

2. Dibrawein Valley (Sites 1,2, 3, and 4)
3. Waragadighta (Sites 1 and 2)

4. Biji Valley

All Borama and Dibrawein Valley sites were located in highly fractured
Jurassic limestone possessing increased secondary permeability char-
acteristics. As Borama and the Darai Malan refugee camp both have
an immediate need for water for human and animal consumption and
for agricultural development, the area was given first priority. The
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Dibrawein Valley has good potential for future agricultural develop-
ment and settlement, so the area is given second priority.

Both sites at Waragadighta are favorable hydrogeologically; how-
ever, agricultural potential is less than in Borama or the Dibrawein
Valley. Waragadighta is on a major trade route, however. The area is
given third priority.

The Biji Valley is favorable hydrogeologically; however, the remote-
ness of the site will hamper settlement. The Biji Valley is an HPA, and
if access infrastructure is put in place, there is potential for agricultural
development. The area is given fourth priority.

Should it become necessary for reasons of site inaccessibility or
potential hazard to abandon test drilling efforts at one or more of the
favorable areas listed above, test drilling efforts may be redirected
toward the next most favorable area.

Several other sites evaluated during the detailed investigations phase
of the study also are favorable for a variety of reasons, and they may
appear even more favorable once direct, subsurface data are obtained
from initial test wells. In fact, all sites that are indicated as being favor-
able on Maps 1 and 2 but were not visited should be reevaluated after
results are obtained from test drilling.

GROUNDWATER POTENTIAL OF PRIMARY WATER
DEVELOPMENT TARGETS

The following 10 study results will serve as examples of 28 performed,
and the 10 included were the most promising.

Detailed descriptions of all the sites surveyed during the summer
1985 are in the full report. Most of the site descriptions are accompa-
nied by large-scale location maps based on the R.A.F. air photography.
The maps show major wadis, other reference points, survey lines,
selected remote sensing results, and geology. For the most part, geology
is taken directly from the published maps at 1:125,000 scale. However,
in a few instances, the geology shown on the location map includes
modifications based on field observations. Also shown on the location
maps are water quality sampling points and infiltrometer test points,
average rates for soil infiltration, saturated hydraulic conductivity,
and unsaturated hydraulic conductivity for each site in which these
tests were performed are presented for comparative purposes.

Reference: Gebile quadrangle. R.A.F. 1952 photography series
683A/143: part 1, frame 5035. Scale 1:28,475.
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EXAMPLES OF ANALYSES FOR SITES CHOSEN FOR
DETAILED FIELD INVESTIGATION

Authors’ Note: The site evaluations presented here demonstrate the
techniques applied by BCI scientists in Somalia and were chosen for
the usefulness of the data to readers currently involved in northwest
Somalia groundwater development.

Agabar

Introduction Agabar is located near the northeast corner of the
Gebile quadrangle. The Agabar area was targeted for detailed investi-
gation on the basis of several criteria. Linear features detected during
remote sensing correspond well with faults shown on the published
geologic map. The Marodile and Las Dhure wadis join at Agabar, and
together the two wadis drain a huge area. Agabar is the site of a refugee
camp, with a population that could put additional supplies of ground-
water to good use. Agricultural irrigation might be possible in an
alluvial valley shown by the published geologic map to extend west of
Agabar.

Agabar Area Geology The structure of greatest initial interest to the
BCI team at Agabar was a fault, shown on the published geologic map
and visible on the 1:29,000 scale air photography, in the canyon of
Marodile Wadi 3km (2mi) north of the refugee camp. Investigation of
this structure was abandoned when it became obvious that drill rig
access to any site in the canyon would be impossible.

The second area to be examined was a segment of Marodile Wadi
about 1600m (1mi) east of the refugee camp (Figure 6). The wadi
segment is broad and linear, and it coincides with a mapped fault.
Metapelite, marble, and granite are exposed along the banks of the
wadi. Concerning the distribution of these lithologies, agreement
between published geology and field observations was good in view of
the lithologic simplification, which becomes necessary in compiling a
map on such a small scale.

Evidence in support of a fault concealed beneath the sediments of
Marodile is indirect and weak. Lithologic contacts cannot be projected
along strike across the wadi, which suggests a structural discontinuity
beneath it. However, no parallel faults or attendant structures were
observed in outcrop at either side of the wadi. The strongest joint sets
in the area cross the wadi at a high angle. Joints parallel to the trend
of the presumed fault are poorly developed.
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Figure 6. Agabar.

Agabar Hydrology From a recharge perspective, this site has excel-
lent potential. The presence of very large wadi beds, coupled with
considerable exposed or thinly covered fractured bedrock, provides

efficient pathways

for groundwater recharge. Recharge potential at

Agabar is high because precipitation is above average in the higher
elevations of the large drainage basin above the site.



90 CASE STUDY—NORTHWEST SOMALIA 1984-1986

The data listed below (Table 4) provide a quantitative description of
the recharge characteristics of the site.

TABLE 4. Agabar Site Recharge Characteristics

. Average Soil Infiltration Capacity 0.9 mm/min (0.4in/min)

- Average Saturated Hydraulic 19 mm/min  (0.75in/min)
Conductivity of the Marodile Wadi

. Average Unsaturated Conductivity of 230 mm/min  (9in/min)
Wadi

. Average Precipitation Over Drainage 425 mm/yr (17in/yr)
Area
. Drainage Area 1963 km? (758 mi?)

Observations were made on the surface water flow of the wadi. The
rate of flow was estimated to be approximately 9.51/s (150 gpm), which
suggests that the wadi is at or near saturated conditions, which, in turn,
indicates that water accumulates in this area. Therefore, significant
water is available for use. The storage characteristics of the area are
favorable. The large wadi bed volume and the surrounding expanse of
alluvial fill provide considerable groundwater storage in the unconsol-
idated material. Alluvium is of greatest extent in the vicinity of the
refugee camp. Surface condition of the exposed rock indicates that the
bedrock appears to be poorly jointed and fractured and therefore has
low storage potential.

The water quality of the Agabar site is adequate for a groundwater
supply as indicated by the analyses of three water samples obtained
near the site (Table 5).

TABLE 5. Agabar Site Groundwater Quality

No. Source (mumhos/cm)  pH (°C) (ppm (ppm)  (ppm) (ppm
E. Cond Temp CaCO;) NaCl Cl CaCO:s)
Alk Hardness
1 Wadi 1200 7.8 30 257 500 303 428
Camp Well 920 7.8 30 291 350 212 342
3 Rock Well 460 7.6 27 274 400 242 223

Agabar Geophysics Geophysical surveys were conducted in the
immediate vicinity of Agabar refugee camp to verify the existence of
the mapped fault/lineament aligned with the axis of the Marodile Wadi.
As a result of the investigation, several small, vertically disposed, and
highly resistive dike-like bodies were found beneath the wadi bed.
Data obtained during mapping suggest that these NNE-trending bodies
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structurally control the course of the Marodile Wadi in the vicinity of
Agabar. Overburden conductivities are representative of silts, sands,
and coarse gravels. Overburden thickness is variable across the wadi
ranging from 0 to 12m (40ft).

Some local overdeepening may occur in the vicinity of weathered
dikes. Locally, magnetic signatures indicate the juxtaposition of Pre-
cambrian marbles against pelitic and granitic assemblages suggestive of
faulting; however, the annealed character of these old fault zones would
tend to preclude development of high-yield bedrock wells here.

Agabar Water Use Potential The quantity of water available from
existing bedrock and shallow sand and gravel wells reportedly is ade-
quate for the domestic needs of the refugee camp. Currently, a limited
amount of gardening is done near the wadis. Much of the alluvial area
west of the camp would be suitable for farming if water was available
for irrigation.

Agabar Conclusions Combined mapping and survey results indicate
that fracture systems in the area of Agabar are small and limited in
lateral extent. Although old well-healed faults are apparent in area
outcrops, no evidence of fault reactivation or recent fracturing was
observed. Consequently, the Agabar area would not be considered suit-
able for the development of high-yield wells. It must be noted, however,
that fractures that have direct hydraulic connections to the Marodile
Wadi bed may be capable of sustained yields exceeding 31/s (50 gpm)
due to favorable storage and recharge characteristics of area over-
burden materials.

Borama (Geo-Reference: Borama quadrangle. R.A.F. 1952
photography series 683A/186: part 2, frame 5023. Scale 1:29,700.)

Introduction Borama was chosen for detailed investigation for
several reasons. It is the site of the Darai Malan refugee camp, and
water developed here would be useful for agriculture. Remote-sensing
results for the area are positive, and the published geologic maps
show faulting of Jurassic limestone against Precambrian metasedi-
ments, demonstrating that at least some structures in the area have
been active since Precambrian time. The presence of limestones opens
the possibility of enhanced permeability through solution enlargement
of joints and fractures. Finally, springs that were noted in the area
during the initial field trip provide empirical evidence of the favorable
nature of the region. Two sites near Borama were investigated in detail.
The city of Borama has a pumping station at a water hole on the
Damuk Wadi about 3km (2mi) east of town. Water is also trucked from
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Figure 7. Borama site 1—Damuk water hole.

this site for the Darai Malan Camp. The second site is on a segment of
the Amud Wadi about one mile further east. It includes a heavily cul-
tivated area on the west bank of the wadi known as the Borama

Gardens.
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Borama Site I—Damuk Water Hole

Borama Site 1 Geology A detailed geologic map was made in the vicin-
ity of the Damuk water hole site (Figure 8). Jurassic limestone is faulted
against Precambrian metasediments about 60m (200ft) north of the
water hole in the wadi bed, essentially as shown on the published geologic
map. The limestone is poorly exposed at the water hole; but in outcrops
about 50m (150ft) further south in the wadi, the rock is cut by fractures.
The fractures occur clustered in subparallel sets, so that fracturing is
focused in well-defined zones. The strike of fractures varies between 80
and 130 degrees. Fractures are vertical or dip steeply to the south.

There is abundant evidence of solution enlargement of fracture
planes and selective enlargement of some bedding planes. The fractur-
ing may be associated with the axis of an open anticline, which plunges
gently to the east. The anticline is probably related to the nearby fault
between the limestone and metasediments. Water may come to the
surface at the water hole because it is dammed by the clay-choked fault.
Two short linear segments of the wadi bed further southwest of the
water hole are parallel to the local strike of the southeast-dipping lime-
stone, and therefore are probably controlled simply by bedding. There
is no evidence of fracturing parallel to these directions.

Borama Site 1 Hydrology This site is currently used as the water
supply for the city of Borama. The analysis of this site is based prima-
rily on the shallow water well/cistern system in operation. The recharge
to the area is quite high considering the limited extent of the drainage
basin area, and the flow of water is remarkably constant, The fact that
a well with artesian flow is located here supports the hypothesis that
the limestone aquifer extends for a considerable distance away from
the well location and that the recharge area extends outside the imme-
diate drainage basin area.

The city of Borama pumps nearly 1000m® per day from the water
hole. As the depth of the storage tank in the wadi bed limits water hole
drawdown, the system is not efficiently using the available water. A con-
siderable increase in daily available water yield could be made through
proper bedrock well location and construction techniques.

The groundwater storage capacity of the area is difficult to judge
because it occurs primarily in the bedrock. Fracturing of the limestone
and solution enlargement of the fractures provides storage voids. The
storage characteristics of the medium could be determined through
pump testing and analysis. The water quality is adequate for a drinking
water supply.
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Figure 8. Borama site 1—Damuk water hole.
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Borama Site 1 Geophysics Geophysical investigations were con-
ducted in the immediate vicinity of the Damuk water hole to ascertain
the nature and extent of fracturing and faulting within the Jurassic lime-
stone and Precambrian crystalline rocks. Results of the investigation
reveal the existence of an anomalous zone that crosses the axis of the
Damuk Wadi bed near the spring. The magnetic signature in the anom-
alous zone suggests a reduction in rock mass, possibly due to void-space
development in the limestone. The radiometric signature indicates the
presence of open fractures along the west wall of the Damuk Wadi bed.
A local radiometric peak coincides spatially with a series of mapped
fractures occurring just north of the survey line.

Borama Site 1 Water Use Potential The Darai Malan Refugee Camp
and the city of Borama would both welcome increased supplies of safe
water. Local farmers have many small garden plots in the immediate
vicinity of the site, some of which are irrigated using water from shallow
sand and gravel wells. Additional irrigation water would substantially
increase the volume of local produce.

Borama Site 1 Access Drill rig access to Damuk water hole is good.
Site preparation may be necessary.

Borama Site 1 Conclusions The Damuk wadi site appears very prom-
ising. The site is excellent empirically in that groundwater is already
being withdrawn. Hydrogeological interpretation of the occurrence is
unusually straightforward, and the results are favorable for additional
withdrawal. Geophysical results are compatible with the geologic
observations, and groundwater quality is good. Finally, the utility of
groundwater developed at this site to the local population is obvious.

Borama Site 2—Amud Wadi/Borama Gardens

Borama Site 2 Geology The published geologic map shows that four
long fault segments intersect beneath Borama Gardens, two of which
are shown to separate Jurassic limestone from Precambrian metamor-
phic rocks (Figure 9). One of these faults is visible 1.6km (1mi) to the
east where it crosses Damuk Wadi. Otherwise, lack of outcrop makes
direct geologic evaluation of the area difficult. Overburden thickness
in the gardens near the mapped fault intersection is at least 9m (30ft),
because several wells have been dug to that depth without reaching
bedrock. There is little remote-sensing evidence for the mapped



96 CASE STUDY—NORTHWEST SOMALIA 1984-1986

Figure 9. Borama site 2—Amud tug.

structures, but the structures would not necessarily have visible expres-
sion through the overlying sediments.

Elements of the original interpretation appear valid in spite of the
lack of direct geologic evidence. Limestone crops out east of the wadi
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about 900m (3000ft) from the Gardens. By extrapolation of structure
outside of the gardens, one may reasonably assume that a thickness of
limestone extends into the area and that it is fault-bounded on one or
more sides. Observations made at Damuk Wadi suggest that the lime-
stone may be permeable near its faulted boundaries.

Borama Site 2 Hydrology The Borama Gardens area has moderate
recharge potential. The site is transected by a fairly large wadi, which
originates in the high-rainfall, mountainous region. The only limiting
characteristic is the size of the drainage basin; however, it should
provide adequate recharge.

Direct water level observations were made on surrounding irrigation
wells that are dug into the alluvium. These wells provide for all of the
existing irrigation requirements. The information obtained through
study of these wells suggests that there is considerable water available.
The storage characteristics of the area are highly favorable. The wadi
bed volume, coupled with a large expanse of alluvial material that
borders the wadi, allows for considerable storage. It is apparent that
groundwater should be available for a high yielding well. Water samples
were taken directly from the local irrigation wells at the site. The quality
of the groundwater is excellent.

Borama Site 2 Geophysics Geophysical investigations were con-
ducted near the Amud Wadi just S00m (I 500ft) north of the Borama
road in the Borama Gardens. Here, two geophysical survey lines were
laid out to detect a faulted contact between pelitic schists and the lime-
stone unit beneath the sediments of the wadi and gardens. Although
some cultural interference was encountered in the gardens, anomaly
signatures can be clearly delineated amidst the noise. Results of the
investigations indicate the presence of two anomalous zones located in
the gardens south of the Amud Wadi. The southernmost anomaly most
probably represents the fault contact between metapelites and lime-
stones. The northern anomaly represents a fault or dike within the
metapelite assemblage. Depth to bedrock varies over the traverse
length but nowhere exceeds 30m (100ft). Bedrock in the vicinity of the
anomalous zones lies between 12m (40ft) and 21m (70ft) below
ground surface.

Borama Site 2 Water Use Potential The potential of this site is similar
to that of Damuk Wadi. Agriculture is well established here, and it is
clear that additional water supplies would permit cultivation of more
land. Local farmers welcomed the field crew enthusiastically.
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Borama Site 2 Access The flat terrain of the area should make access
to the drill site easy, but land ownership in the heavily cultivated
gardens could be a problem.

Borama Site 2 Conclusions The Amud Wadi/Borama Gardens site
exhibits several favorable characteristics. Although bedrock is not
exposed at the site, indirect evidence and the projection of structures
known to exist nearby confirm some of the premises that were used to
justify selection of this site. Geophysical results appear to confirm the
existence of a fault between limestone and crystalline rocks and narrow
down its location. Water is manifestly present in the area, and recharge
capacity is high. Therefore, a test hole drilled into fractured limestone
near the fault should be successful.

Dibrawein Valley (Geo-Reference: Bawn quadrangle. R.A.F. 1952
photography series 683A/143: part 2, frames 5014 and 5015.
Scale 1:32,500.)

Dibrawein Valley Introduction The Dibrawein Valley was chosen for
detailed investigation for many of the same reasons as the Borama
area. Faults that were mapped in the limestones of the valley can also
be recognized in air photos. Fault movement must have taken place
since the deposition of the limestones during the Jurassic, and solution
enlargement of fractures in the carbonate is to be anticipated. Springs
are known to exist in the area, and the drainage basin position is very
good. The field team evaluated four sites.

Dibrawein Valley Site I—Junction of Dibrawein and Bira Wadis

Dibrawein Valley Site 1 Geology This site (Figure 10) is near the south
edge of an area of south-dipping limestone hogbacks separated by
faults. The structural interpretation of this area by the BCI field team
is similar to that presented on the published geologic map. Discrepan-
cies between the two versions may simply reflect the inevitable impre-
cision that arises when complex structures are plotted at a small scale.

A fault that transects the base of a hogback dip slope northeast of
the Dibrawein/Bira Wadi junction crosses the Dibrawein at an acute
angle east of the junction. The trend of the fault is approximately 80
degrees. Evidence for the fault is primarily topographic, but jointing of
the limestone increases toward it. Selective solution enlargement of
joint and bedding planes can be seen along the edge of the hogback
north of the fault. A second hogback west of the junction is slightly
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Figure 10. Dibrawein sites 1 and 2.

offset to the south with respect to its eastern neighbor. The two
hogbacks may be separated by a fault underlying the north-trending
segment of the Dibrawein north of the wadi junction. The straightness
of the Bira Wadi south of the junction (trending at 10 degrees) and the
apparent offset on opposite sides of it suggest that this wadi segment
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also is underlain by a fault, but there is no direct evidence from out-
crops to support this idea.

Dibrawein Valley Site I Hydrology The recharge characteristics of this
site are highly favorable. The two wadis that join at this point drain a
large area. The wadi bed material is very permeable as supported by
infiltration tests. Thus, the wadi beds provide efficient pathway or
groundwater recharge. The site parameters are listed below:

Average Soil Infiltration Capacity Average 0.7mm/min (0.03in/min)
Unsaturated Hydraulic Conductivity of 14.2mm/min (0.6in/min)
the Wadi

Average Precipitation Over Drainage 475 mm/yr (<19in/yr)
Area
Drainage Area 1188km? (459 mi?)

One hand-dug water hole was available for inspection at this site. It
appears that the water table in the wadi is close to the surface and that
high water table conditions persist even during the dry season. The
overall storage characteristics of the area are highly favorable. The
Dibrawein Valley has substantial deposits of alluvium along the wadi
beds, which provide significant long-term storage of groundwater. It is
apparent that sufficient groundwater exists to recharge high-yield
bedrock wells adequately. The water quality of the site should be similar
to that of the samples obtained in adjacent sites in the Dibrawein
Valley. The only available water point at this site is a cattle watering
hole containing putrid water. Because this watering hole was polluted
with animal waste and not representative of the overall water quality
of the area, it was not tested.

Dibrawein Valley Site 1 Geophysics Located near the confluence of
the Dibrawein and the Bira Wadi, survey lines 100, 200, and 300 tran-
sect a topographically and tonally expressed lineament, thought to rep-
resent an intra-ormational fault in Jurassic limestones. Results of EM,
conductivity, and magnetic investigations strongly suggest that faulting
in limestones causes the west-trending lineament.

Dibrawein Valley Site 1 Water Use Potential The site is about Skm
(3mi) miles west of the new provincial capital of Baqi. The deeply
weathered limestone soil that exists here should be suitable for culti-
vation in many areas of the broad, flat valley.

Dibrawein Valley Site 1 Access The road through the mountains
between Borama and Dibrawein is rough but passable. A drill rig
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should be able to get through it if driven with care. This particular drill
site is easily accessible.

Dibrawein Valley Site 1 Conclusions Geologic and geophysical evi-
dence confirm that a west-trending fault in limestone crosses the
Dibrawein near the Dibrawein/Bira junction. This fault may be inter-
sected by other structures at the wadi junction. Observations made
elsewhere suggest that the structure is permeable, and hydrologic
factors are favorable. This site is considered an excellent location for a
test well.

Dibrawein Site 2—Bira Wadi

Geology About 1.6km (1mi) south of the Dibrawein/Bira junction,
the Bira Wadi passes between two hogbacks of Jurassic limestone
(Figure 10). Strikes are east to southeast. Dips range between 10 and
20 degrees south. Analogy with similar hogbacks in the area suggests
that the dip-slopes of the two hogbacks flanking the Bira may be fault
bounded. Indeed, a broad zone of intense fracturing is well exposed
near the base of a hogback on strike with this site 3km (2mi) to the
east. This east-trending structure may be intersected by a north-
trending one coincident with the Bira Wadi. Bedrock is concealed by
sediment along the Bira, but topography and structural geometry
support, the existence of a fault between the two hogbacks. Specifically,
the course of the Bira corresponds with a broadly defined lineament
that extends for more than Skm (3mi), and there is an apparent offset
of the two hogbacks with respect to each other.

Dibrawein Site 2 Hydrology The recharge potential of this site is
favorable but inferior to that of the other sites in this region. This is
mainly a function of the smaller drainage basin that drains to this point.

Average Soil Infiltration Capacity 0.7mm/min (0.03in/min)

Average Unsaturated Hydraulic 14.2mm/min (0.6in/min)
Conductivity of the Wadi

Average Precipitation Over Drainage 475mm/yr (19in/yr)
Area

Drainage Area 251km? (97ml:1)

The storage characteristics of this site are good. Considerable alluvium
extends away from the wadi. The depth of this material is questionable
because bedrock outcrops exist nearby. The several dug wells in the
wadi have a water level of about 2.5m (8ft) from the surface. This is
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lower than the other sites visited in the area. Overall, this site is
moderately favorable in terms of recharge. The water quality of the site
is good and actually better than other sample points in the area (Table
6). This is probably a function of the low water table conditions, which
minimize evaporation.

TABLE 6. Dibrawein Site 2 Water Quality

No. Source (mumhos/cm) £!! (°C) (ppm (ppm)  (ppm) (ppm

E. Cond CaCO;) NaCl Cl CaCOs)

Alk Hrdness
9 Well 480 8.2 25 274 50 30.3 223
10 Well 500 8.2 26 291 38 22.7 223
11 Well 455 7.8 27 223 44 26.5 274

Dibrawein Site 2 Geophysics Geophysical results at this site came
from two survey lines located approximately at right angles to each
other. The first line was intended to cross the east-trending fault near
the base of the hogback west of the wadi. The second line crosses the
Bira and was intended to detect the structure presumed to underlie it.

The passive EM, conductivity, and magnetometer surveys on the first
line all produced evidence for a discontinuity, which probably corre-
sponds with the postulated east-trending faulted limestone. No evi-
dence provides the results of the second survey line to confirm the
existence of a structure coincident with Bira Wadi.

Water Use Potential The potential of this site is similar to that of the
previous one. Nearby land on both sides of the wadi appears suitable
for cultivation.

Dibrawein Site 2 Access Drill rig access to the site is good.

Dibrawein Site 2 Conclusions This site is considered favorable for
the same reasons as Site 1. Geologic and geophysical evidence indicates
that a fault runs along the base of the hogback west of Bira Wadi at
this site, and it probably crosses the wadi. The fault may be intersected
by a second structure coincident with the wadi, although there is no
geophysical or direct geological evidence to confirm this. Whether the
second structure exists or not, observations made at this site and else-
where indicate that the east-trending fault should serve as an effective
conduit for groundwater. Because the zone of fracturing and solution
enlargement of cavities associated with the fault is probably broad,
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precise location of test holes here and at similar sites may not be
critical.

Dibrawein Site 3—Junction of Dibrawein and Soadahada Wadis

Geology The published geologic map shows a sliver of gabbro faulted
against limestone northwest of the Dibrawien/Bira Wadi junction
(Figure 11). A small wadi with a northeasterly trend, the Soadahada,
joins the Dibrawein near the northwest end of the gabbro exposure. A
detailed geologic map was made along the wadi segments upstream
from the junction (Figure 12).

Exposures are best along the banks of the Soadahada, where the
relationship between the gabbro and the limestone can be seen clearly.
Fresh gabbro underlies the wadi junction. The gabbro exposed in the
small wadi becomes weathered between 150km (500ft) and 215km
(700ft) southwest of the junction. It is disconformably overlain by a
layer of conglomerate about 20m (70ft) thick, which forms the base of
the Jurassic sedimentary sequence. Standing water occurs in the wadi
bed along most of the segment underlain by conglomerate. Limestone
overlies the conglomerate. The contact is about 300m (1000ft) south-
west of the wadi junction, and limestone exposures are nearly contin-
uous along the small wadi from this point to the end of the survey line
at 550m (1800ft). Bedding dips rather uniformly to the southwest at 10
to 20 degrees. Two well-defined faults were observed in the limestone
along the wadi bed, striking between 70 and 90 degrees and dipping
steeply to the north. It is inferred that one or both is continuous with
a fault seen in the south bank of the Dibrawein about 300m (1000ft)
southeast (upstream) of the wadi junction.

Alluvial sediments cover the bedrock in this segment of the
Dibrawein, which is interpreted to be underlain by conglomerate, and
the gabbro/conglomerate and conglomerate/limestone contacts are
masked by the alluvium. The limestone is heavily jointed throughout
its exposed extent to the end of the survey line at 335m (1100 ft) south-
east. Joint planes and some bedding planes show considerable solution
enlargement in the jointed zone near the east end of the survey line,
giving the rocks there a texture like Swiss cheese.

Springs occur at wadi level in limestone near the east end of the fault
and in the middle of the heavily jointed zone. In the covered wadi seg-
ments, water seeps from the wadi bank near the presumed location of
the gabbro/conglomerate contact. Thus, in both wadis, groundwater
comes to the surface south of the contact between the gabbro and
Jurassic sediments. One may conclude that the contact functions as a
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dam. This damming effect together with the permeability induced by
the fault makes the Soadahada/Dibrawein junction a favorable site.

Dibrawein Site 3 Hydrology The recharge characteristics of this site
are excellent. A very large drainage basin feeds the site.

Average Soil Infiltration Capacity 0.7mm/min (0.03in/min)

Average Unsaturated Hydraulic 14.2mm/min (0.6in/min)
Conductivity of the Wadi

Average Precipitation 475 mm/yr (18.7in/yr)

Over Drainage Area 122km? (471 mi%)

Drainage Area 0

The storage characteristics of the area are questionable. The site is sur-
rounded by bedrock, and the storage available is difficult to determine
without drilling a well. Storage would ultimately depend on the fre-
quency and size of solution voids and fractures in the rock.

The water quality of this site is adequate for a drinking water supply.
The samples shown in Table 7 below were taken directly from the
nearby springs originating in limestone.

Dibrawein Site 2 Geophysics Survey lines 600 and 700 are located in
the immediate vicinity of the confluence of the Soadahada and
Dibrawein wadis. Surveys were conducted to better understand the
relationship between downfaulted Jurassic limestones and faulted
Precambrian basement gabbros. Results of EM and magnetic surveys
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TABLE 7. Dibrawein Site 3 Water Quality

No. Source (mumhos/cm) .E!! (°C) (ppm (ppm) (ppm) (ppm

E. Cond Temp CaCO;) NaCl Cl CaCo0s;)

Alk Hrdness
12 Spring 950 6.7 33 308 113 68 377
13 Spring 1200 7.8 31 342 187.5 114 325
14 Spring 1150 7.8 31 342 187.5 114 325

indicate the presence of at least two faults within gabbro basement
sandwiched between two relatively downthrown, limestone-capped,
and gabbro-basement-cored blocks. The upthrown gabbro block
extends beneath the Dibrawein Wadi. Overburden deposits in the
Dibrawein Wadi bed vary in thickness between 0 and 9m (30ft) with
some local overdeepening. The Soadahada Wadi flows directly on lime-
stones, sandstones, and gabbros; only in the vicinity of its confluence
with the Dibrawein Wadi do thin overburden deposits exist.

Water Use Potential This site is less convenient than the two previ-
ously described. The closest established settlement is Abokr Adawa,
about4km (2.5mi) southeast on the Bira. However, much of the flat land
south of the site along the Soadahada appears suitable for cultivation.

Access Access to the site via the Dibrawein should be good if drilling
is done at a time when the wadi bed is reasonably dry. Otherwise, a
moderate amount of roadwork would be required to allow entry along
the south edge of the hogback east of the site.

Conclusions This site is very promising. A broad zone of fracturing
and solution enlargement of cavities is well exposed and unmistakable.
The obvious geologic interpretation is supported by geophysical results.
The surface flow of water from the structure provides empirical evi-
dence of its favorable characteristics, and the structure’s intersection
with the Dibrawein ensures adequate recharge.

DIBRAWEIN SITE 4—SOADAHADA WADI

Geology

The published geologic map shows that an inferred fault trending at
approximately 130 degrees crosses the Soadahada about 0.8 km (0.5 mi)
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south of the site previously described. On 1:29,000-scale air photogra-
phy, the fault is expressed as a discontinuous but definite lineament
more than Skm (3mi) long that extends to the southeast as far as the
Bira Wadi. Remote sensing also suggests that other structures follow-
ing the general course of the Soadahada may cut across the fault. This
is indicated by several short lineaments in the bed of the wadi and
another longer feature to the west.

The northwest-trending fault corresponds with a broad zone of frac-
tured limestone. Fault movement has not been concentrated along a
few discrete planes in this zone, which is about 90m (300ft) wide.
Instead, the rock is uniformly and generally penetrated by fractures
spaced at intervals of about 8cm (3in) to 0.6m (2ft). Sufficient move-
ment has taken place to cause substantial dislocation of adjacent lime-
stone blocks with respect to each other, creating abundant open spaces.
Bedding is difficult if not impossible to distinguish. In some outcrops,
it is supplanted by rodding, evidently caused by the intersection of
bedding with a high-angle fracture plane, which is repeated at roughly
0.3-m (1ft) intervals. Other outcrops have a chaotic, jumbled appear-
ance, like bricks dumped in a pile. Obviously, the zone is extremely per-
meable, and depending on the elevation of the water table at this
location, the structure it represents should be large enough to serve as
an effective groundwater collection system.

The northwest-trending fault is the dominant structure here, and evi-
dence exists for movement along a structure parallel to the Soadahada.
The rodding mentioned above plunges to the northwest between 10
and 20 degrees, indicating a mild flexure underlying the Soadahada.
Rocks northwest of the structure are downdropped with respect to
rocks to the southeast. Joints and a small fault trending approximately
40 degrees indicate a cross-cutting structure.

Dibrawein Site 4 Hydrology The site is less favorable from a hydro-
logic perspective than the other sites examined in the Dibrawein valley.
The size of the basin drained by the Soadahada is small, and storage
capacity in the sediments of the wadi bed is minimal. No surface flow
was present at the site in July 1985. However, the storage capacity of
the structure should be substantial, and the structure is probably large
enough to be hydraulically connected with the Dibrawein drainage
system.

Average Precipitation Over Drainage Area 400mm/yr (16in/yr)
Drainage Area 25km? (10mi?)
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Geophysics Rock and structure are well exposed at this site, making
geophysics unnecessary.

Water Use Potential This site is not near an existing population
center, however, the surrounding terrain is flat, and the soil cover is well
developed.

Access: Access to the area is good, with modest road construction
near the site.

Dibrawein Site 4 Conclusions The Soadahada Wadi site appears
promising for groundwater development, although somewhat removed
from sources of recharge. Widespread and intense fracturing of area
bedrock allows for storage of significant volumes of groundwater. Fur-
thermore, area fracture systems are laterally extensive, thereby increas-
ing the hydraulic connectedness of individual fractures with potential
sources of recharge.

Old Bagqi Site (Geo-Reference: Borama quadrangle. R.A.F. 1952
photography series 683A/143: part 2, frame 5178. Scale 1:31,740.)

Introduction Baqi is a small settlement in a broad mountain valley
on the road from Borama to the Dibrawein Valley. The field team
referred to it as “old” Bagqi to distinguish it from Bagqi, the new regional
capital in the Dibrawein Valley. The settlement is located at the junc-
tion of two wadis. The combined wadi flows north into the Dibrawein
Valley, where it is known as the Bira. This area was selected for detailed
investigation on the basis of remote-sensing results and observations
made during the Winter 1985 field trip, when the Precambrian psam-
mites of the area were observed to be heavily jointed and fractured.

Old Bagqi Site Geology The published geologic map shows the Baqi
area to be underlain by psammites. However, the rock actually exposed
near Baqi is granitoid gneiss of intermediate composition. Its igneous
origin is supported by the presence of scattered mafic inclusions.

The primary structural target at Baqi is the intersection of two lin-
eaments, coinciding generally with two of the three wadi segments at
the wadi confluence noted above (Figure 13). The east-trending linea-
ment is parallel to foliation, which dips north between 30 and 40
degrees. The development of foliation is variable, but generally it is
subdued. The parallelism of the east-trending lineament with foliation
cannot be seen as a favorable indication if the lineament can be
explained by foliation alone, because foliation planes are not inherently
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Figure 13. Old Bagqi.

permeable. However, as planes of weakness, foliation planes are more
likely to accommodate movement than planes at other orientations,
producing increased permeability. No direct evidence can be seen for
such movement near the lineament, but no outcrop was exposed coin-
cident with it.
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The second lineament trends northwest, is remarkably straight, and
is parallel to the joint direction most commonly displayed in the gneiss
(150 degrees). Dips range generally between 75 degrees east and 80
degrees west. Outcrop exposures are good in the bed of the wadi, and
no offset can be seen there or in the wall of the wadi at the north end
of the segment, where the postulated structure should be best exposed.
Although rock exposed on the hillsides adjacent to the wadi appears
broken and jumbled, the gneiss is fresh and joints are tight in the wadi
bed where the weathered rock has been removed. This jointing, which
appears to account for the lineament, could increase permeability only
marginally.

Old Bagqi Site Hydrology The recharge potential of this site is mod-
erate. The drainage basin is smaller than other sites investigated. This
limits the catchment of rainfall and, as a result, recharge.

Average Precipitation Over Drainage Area 500mm/yr (20in/yr)
Drainage Area 166km?* (64 mi®)

The storage capacity of this site is severely limited, because bedrock is
very close to the surface. This fact was classically illustrated by the
town’s dug well. This well has a depth of about 1.2m (4ft) and is in
close contact with the shallow bedrock. The depth of water was about
15cm (6in), indicating minimal storage and available drawdown.
Proper well location could provide this town with a much safer, more
reliable source.

The water quality of the site is excellent. The quality of the water
from the two tested wells was among the best observed on the field trip.
This is because evaporation through the wadi is limited by water avail-
ability and exposed surface area (Table 8).

Geophysics Geophysical surveys were conducted near old Baqi to
assess the nature and fracture character of the lineaments. Survey lines

TABLE 8. Old Baqi Site Water Quality

No. Source (mumhos/cm) E!!  (°C) (ppm (ppm) (ppm) (ppm
E. Cond Temp CaCO;) NaCl Cl CaCO;)
Alk Hrdness
15 Soldier Camp 680 72 24 377 200 121 342
16 Town Well 470 7.7 27 171 50 30.3 223
17 Wadi 800 7.7 26.5 308 125 75.8 371

18 Wadi 1400 7.8 28 325 375 227 377
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100 and 200 transect NNW- and east-trending lineaments underlying
two wadi segments at the wadi junction north of the village. Results of
the survey suggest the existence of a small, moderately dipping and
highly resistive dike-like body located within old Bagqi village. The
anomaly may be associated with a west-trending lineament, but
because it may also be coincident with local foliation trends, its true
nature cannot be determined. Bedrock is exposed along the north
banks of the wadi segments upstream from the junction. The valley
occupied by Waragadighta Wadi broadens west of the fault junction. A
second fault segment extending from the junction on a westerly trend
is mapped as running along the south edge of the valley parallel to the
break in slope between the valley wall and the adjoining north sloping
pediment. This area is covered, and the field team was unable to make
direct outcrop observations to confirm the existence of the fault.

The third inferred fault segment extends east from the mapped fault
junction through an area of good outcrop exposure in the northeast
wall of the valley. Near the wadj, it is shown to separate Precambrian
psammite from pelitic schist and gneiss. No evidence for such a fault
was found. Indeed, the transition between the mapped lithologies
appears gradual rather than abrupt.

Old Bagqi Site Hydrology The recharge potential of the two sites is
very good. The sites are near a very large wadi that drains an enormous
area. Also, soil infiltration capacities are some of the highest observed
in the field.

Average Soil Infiltration Capacity 2.8mm/min (0.111in/min)
Average Unsaturated Hydraulic 15mm/min (0.6in/min)
Conductivity of the Wadi
Average Precipitation Over Drainage 425mm/r (17in/yr)
Area
Drainage Area 3375km? (1303 mi?)

The wadis at both sites are very large and typical of wadis that drain a
very large area. The wadis vary in width from 180m (600ft) to 300m
(1000ft). Depths are estimated to be 20m (65ft) to 24m (80ft). Thus,
the volume of wadi material is very large and is capable of storing large
quantities of groundwater. Surface flow was commonly observed in
the area, and the flow rate ranged from 601/s (1000gpm) to 901/s
(1400gpm). These characteristics make the site highly favorable with
respect to recharge.
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Geophysics Survey line 300, located about 1.6km (1mi) south of the
village of Waragadighta on the Waragadighta Wadi, was located to tran-
sect the NW-trending mapped fault and lineament within the Precam-
brian granitoid and metasedimetary assemblage. Interpretation of
survey results, although admittedly tentative, suggests the presence of
a fairly deep bedrock trough filled with resistive overburden materials
ranging from sands to coarse gravels. Area bedrock resistivity data are
consistent with the range of resistivity values for granitoid lithologies.
Subtle variations in area magnetic profiles may be indicative of fault-
ing within Precambrian granites/granitoids.

Water Use Potential Water developed at this site could be used for
irrigation of the flat area south of the wadi. However, as a practical
matter, construction of a flood-proof well and distribution system in the
bed of such a large wadi would be difficult.

Access Access is good. A truck could be driven nearly anywhere on
the flat, sand-covered surface of the wadi.

Old Bagqi Site Conclusions Results of geologic and geophysical
investigations warrant test drilling at this site to determine the fracture
character and water-bearing capacity of Precambrian granites.
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4 Sudan Case Studies and Model

INTRODUCTION

Over a three-year period of deep bedrock groundwater exploration in
the Sudan in the late 1980s, a team of American scientists carried out
two studies under contracts with USAID using innovative ground-
water exploration technologies and modern geological theory that led
to the discovery of regional, deep bedrock groundwater resources per-
vading the Sudan and its neighboring states, introducing the term
“megawatersheds” into the lexicon of modern hydrology. By the 1990
conclusion of the second contract, 14 favorable groundwater develop-
ment areas and 23 water-based economic development opportunities
were identified in Sudan’s Red Sea Province. Three “pilot” ground-
water development projects were planned and ready for implementa-
tion. The three pilot project projects planned near the city of Port
Sudan had near-term, incremental development potential of up to 10
million gallons per day of potable water. Overall, newly discovered
megawatersheds in the Red Sea Province had the potential to supply
urban areas, mining, and agricultural business with tens of million of
gallons per day of useable water from local, cost-effective sources.
The unprecedented hydrogeological and geophysical data acquir