
Design of hydrogeological networks for
quantitative assessment of ground water resources

Item Type Thesis-Reproduction (electronic); text

Authors Yitayew, Muluneh

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 21:39:46

Link to Item http://hdl.handle.net/10150/191650

http://hdl.handle.net/10150/191650


DESIGN OF HYDROGEOLOGICAL NETWORKS FOR QUANTITATIVE

ASSESSMENT OF GROUND WATER RESOURCES

by

Muluneh Yita yew

A Thesis Submitted to the Faculty of the

DEPARTMENT OF SOILS, WATER AND ENGINEERING

In Partial Fulfillment of the Requirements
For the Degree of

MASTER OF SCIENCE
WITH A MAJOR IN AGRICULTURAL ENGINEERING

In the Graduate College

THE UNIVERSITY OF ARIZONA

1977



STATEMENT BY AUTHOR

This thesis has been submitted in partial fulfill-
ment of requirements for an advanced degree at The
University of Arizona and is deposited in the University
Library to be made available to borrowers under rules of
the Library.

Brief quotations from this thesis are allowable
without special permission, provided that accurate acknowl-
edgment of source is made. Requests for permission for
extended quotation from or reproduction of this manuscript
in whole or in part may be granted by the head of the major
department or the Dean of the Graduate College when in his
judgment the proposed use of the material is in the inter-
ests of scholarship. In all other instances, however,
permission must be obtained from the author.

SIGNED:

APPROVAL BY THESIS DIRECTOR

This thesis has been approved on the date shown below:

WILLIAM G. MATLOCK
Professor of Soils, Water and

Engineering

Date



ACKNOWLEDGMENTS

The author wishes to express sincere gratitude and

appreciation to his major advisor, Dr. William G, Matlock

for his helpful guidance and encouragement during this

study.

Sincere thanks is given to Dr. Richard K. Frevert

and Dr. Delmar Dean Fangmeier for their comments and

suggestions.

The author also extends his thankfulness to the

U. S. Agency for International Development and the

Ethiopian Ministry of Agriculture and Settlement for

financing the whole program of study.

Special recognition is given to Miss Firehiwet

Seyoum whose help and support made the completion of this

work possible.

iii



TABLE OF CONTENTS

Page

LIST Or ILLUSTRATIONS  	 vi

LIST OF TABLES 	  viii

ABSTRACT  	 ix

INTRODUCTION 	

LITERATURE REVIEW  	 6

Parameters for Quantitative Assessment of
Ground Water Resources  	 6
Aquifer Parameters  	 9
Hydrometeorological Parameters  	 16

Methods of Acquiring Parameters  	 20
Geophysical Methods  	 21
Isotope Techniques  	 34
Aquifer Tests  	 38

Quantitative Evaluation of Ground Water
Resources  	 46
Calculation of Resources from Geologic

and Piezometric Data  	 46
Calculation of Resources from Geological

and Climatological Data	 49
Flow Net Method  	 51

Networks  	 52
Precipitation Gauging Station Networks . .  	 53
Streamflow and Water Level Gauging
Networks  	 57

Evaporation Network  	 59
Observation Well Networks  	 61
The Observation Well  	 66

HYDROGEOLOGIC NETWORK DESIGN  	 69

Description of the Aleydegi Plain Study Area . .	 70
Selection of Methods  	 72
Design of Networks  	 74

Precipitation Network  	 77
Streamf low Network  	 79
Observation Well Network  	 85

iv



TABLE OF CONTENTS--Continued

Page

Instrumentation
Capital Cost Estimation

Method of Estimation

CONCLUSIONS AND RECOMMENDATIONS

Conclusions
Recommendations

REFERENCES  	 101

86
92
94

98

98
100



LIST OF ILLUSTRATIONS

Figure	 Page

1. Ground water use in the United States  	 2

2. Cross-sections of wells in water table and
artesian aquifer systems  	 8

3. Specific yield of sand  	 10

4. Head loss and hydraulic gradient existence
to cause flow of water through porous
material  	 12

5. Graphical concept of the coefficient of
permeability and transmissibility  	 14

6. Physical interpretation of storage coeffi-
cient (S)	 15

7. Logging equipment setup at well  	 28

8. A combination of six logs of a hypothetical
test hole showing the hydrogeologic
interpretation  	 36

9. Match of the Theis-type curve and an
aquifer-test data plot  	 42

10. Straight line method of aquifer data plot . • •	 44

11. Lines of observation wells crossing a
valley disclosing important variations
in thickness of alluvial material  	 63

12. Layout of observation-well network for
expected hypothetical groundwater
conditions  
	

63

13. Different devices for measuring ground
water levels  	 68

14. Map of Aleydegi Plain study area  	 71

vi



vii

LIST OF ILLUSTRATIONS--Continued

Figure	 Page

15. Evaporation gauging stations  	 76

16. Uniform distribution of precipitation
gauging stations  	 80

17. Localized layout of precipitation gauging
stations (e)  	 81

18. Streamflow gauging stations (A)
distribution  	 84

19. Uniform layout of observation wells .	 . .  	 87

20. Localized layout of observation wells 	 • • •	 88



LIST OF TABLES

Table

1. Specific yield ranges for different
materials 	 

Page

11 

2. Approximate electrical resistivity values
for natural materials  	 24

3. Suggested logging techniques for ground-
water investigations  	 35

4. Minimum density of precipitation station
network  	 56

5. Observation well density for different
sizes of areas  	 64

6. Minimum stream gauging network  	 82

7. Instrumentation for networks of Aleydegi
Plain  	 93

8. Capital cost of establishing a hydrogeologic
network for the Aleydegi Plain  	 96

viii



ABSTRACT

Various parameters needed for quantitative assess-

ment of ground water resources and the methods of acquiring

these parameters were considered in this study. Based on

applicability and cost, the aquifer test method for

acquiring parameters was selected as the basis for designing

networks.

Precipitation gauging stations, streamflow gauging

stations, evaporation gauging stations, and observation well

networks are designed for Aleydegi Plain, Ethiopia, as a

test for the design. The design requires establishment of

five precipitation gauging stations, 15 streamflow gauging

stations, two evaporation gauging stations, and more than

100 observation wells.

Instruments needed for each network are selected

based on cost and availability. The capital cost of estab-

lishing these networks for assessing the ground water re-

sources is estimated to give an idea of the capital require-

ments for assessment of ground water resources.

ix



INTRODUCTION

Water is among those natural resources vitally

necessary for perpetuation of life on earth. It provides

the physical basis for most of man's activity. Continual

population growth is imposing greater demands upon water

supplies. This imposition has forced human beings to

accept the responsibilities of developing all the available

water resources including ground water.

Ground water has been the primary source of water

for municipal, agricultural, and industrial uses in many

parts of the world. In developed countries like the U.S.

high water consumption tends to increase at an even faster

rate than does the population and there is a correspondingly

rapid increase in the use of ground water (Figure 1).

The primary advantages of ground water over surface

water are (1) it is commonly free of pathogenic organisms

and needs no purification for domestic or industrial uses;

(2) the temperature is nearly constant which is a great

advantage if the water is used for heat exchange; (3)

turbidity and color are generally absent; (4) chemical

composition is commonly constant; (5) ground water in

storage is generally greater than surface water storage, so

ground water supplies are not seriously affected by short

droughts; (6) radiochemical and biological contamination

1
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Figure 1. Ground water use in the United States -- Source:
Davis and De Wiest (1966).

of most ground water is not usual; (7) less expense is

involved for storage as compared to the surface reservoir

which requires large amounts of capital for development

(Marsh, 1966); (8) less water is lost by evaporation; (9)

development occurs under easily controlled processes; and

(10) management can be applied on individual farms or

basins.

The disadvantages that may discourage ground water

development in some areas are: (1) many regions are under-

lain by rocks with insufficient porosity or permeability to

yield much water to wells; (2) usually but not always,

ground water has a greater dissolved solids content than

2
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surface water in the same region; (3) the cost of developing

wells is commonly greater than the cost of developing small

streams. This is particularly true in regions of moderate

to high precipitation.

The primary problems with ground water in developing

countries are, besides finance, lack of knowledge of ground

water availability, and the lack of technical knowledge for

its development. Knowledge of availability and development

of this essential resource requires basic hydrogeologic data

that lead to more reliable information about the geologic

formation where it is located. The need for such hydro-

geologic data is one of the classic, yet pervasive, impedi-

ments to the advancement of the economic well-being of most

developing countries. Walton (1965) points out that lack of

hydrogeologic data is the limiting factor for development

planning and operation.

Hydrogeologic data are generally expensive to

obtain, and care has to be taken to relate data to the

right place and time. The effectiveness of hydrogeologic

data depends on the amount of useful information provided

relative to the input of effort in getting it. The first

step in looking for the benefits of data collection re-

quires proper planning on how to get the data. Once this

problem is solved, justification of the actual data col-

lection and use for assessment purposes is possible.
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The primary objective of this work is to plan

hydrogeologic networks and estimate the cost of putting such

a network for quantitative assessment of ground water re-

source in any given area. The Aleydegi Plain, in the

middle Awash River Valley is arbitrarily taken for testing

the plan and to determine the cost to study an area of that

size.

The purpose of designing hydrogeologic networks is

that of assessing if the effort devoted to the diverse

kinds of data-finding bears a proper relation to ground

water problems in the area. It should be emphasized that

network design is a continual process; that a data system

changes with change in sampling distribution, improvement,

and change in objectives.

To achieve the primary objectives of the investiga-

tions, different parameters to be identified for quanti-

tative ground water resources assessment, the data system

for identifying these parameters, methods of acquiring the

different parameters, methods of evaluating ground water

resources quantitatively, and the basic networks involved

in the assessment system were referred. The design of the

data system is then made based on objectives assumed and

on the selected method of determining the parameters.

Recommendations made by hydrologists, engineers, and

agencies, especially the World Meteorological Organization,

were used as criteria for the design of the data network.
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The cost of establishing the networks was estimated

based on the current costs of equipment and instruments,

adjusted to local conditions. It should be understood that

the accuracy and relative importance of each parameter

influences the design and cost estimates. Consideration

was given to values recommended by the World Meteorological

Organization.



LITERATURE REVIEW

Parameters for Quantitative Assessment 
of Ground Water Resources 

Certain clues are helpful in locating and estimating

the ground water supplies in any area. United States Geo-

logical Survey (1963) lists clues, for instance, that ground

water is likely to occur in larger quantities under valleys

than under hills. In arid regions, certain types of water-

loving plants give the indication that there has to be

ground water at shallow depths underneath to supply them.

Any area where water appears at the surface, in springs,

seeps, swamps, or lakes, has to have some ground water

though not necessarily in large quantities or usable quality.

Gustafsson (1968) used topography as a clue to see the level

of the ground water in Sweden. These and other indications

give a generalized picture of the ground water but not the

details of the formation as well as the quantity available.

The most valuable clues to show ground water condi-

tion are the geologic formations. Based on common sense

and scientific observations in addition to some guides,

hydrogeologists use available information about the

geologic formations to get an idea of the ground water or

quantitatively assess the available resources of a given

region.

6
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Quantitative assessment of ground water resources

of any region or basin should lead to reliable information

about the total annual replenishable and pumpable quantity

of water available in the aquifer under the region or the

basin (Walton, 1970). The information should help in

planning the pattern of development in the region.

In assessing ground water resources, two main types

of data, geological and hydrological, have to be collected

and further processed and analyzed to define the occurrence

and movement of ground water. The geological data are

related to surface as well as subsurface geology. In

particular the thickness, volume, structure, depth,

weathering, and chemical composition of the various geo-

logical formations have to be known. The hydrological data,

on the other hand, deal with the hydrologic phenomena that

affect the system.

Seth (1973) and Walton (1970) gave hydrogeological

parameters that need to be quantified for successful evalua-

tion of ground water. They emphasized two parameters, the

coefficient of storage and the coefficient of transmissi-

bility, as the most important characteristics of an aquifer.

An aquifer is a water-saturated geologic unit that

will yield water to wells or springs at a sufficient rate

so that the wells or springs can serve as practical sources

of water supply. It may be either a water-table aquifer or

unconfined aquifer, or an artesian or confined aquifer. The
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upper limit of the aquifer is defined by the water table

itself in the first case. The water of the aquifer is

not open to atmospheric pressure but occurs within the pores

of the aquifer at pressure greater than atmospheric in the

latter case. Cross-sections of wells in water table and

artesian aquifer systems are given in Figure 2.

Figure  2. Cross-sections of wells in water table and
artesian aquifer systems -- Source: Johnson

(1966)
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Aquifer Parameters

In this discussion aquifer parameters are classified

arbitrarily as micro-parameters and macro-parameters based

on the way they are determined.

Micro-Parameters of an Aquifer. The micro-

parameters of an aquifer are those parameters that can be

determined in the laboratory on a small sample obtained from

the aquifer. They include porosity, specific yield, and

permeability.

The porosity of a sample material obtained from an

aquifer is a measure of the open spaces or voids. In sedi-

mentary formations, which are of prime interest in ground

water, the porosity depends on the shape, size, distribu-

tion, and arrangement of the particles and on the degree of

compaction. Porosity (n) is defined by the expression

V -v
n =	 x 100

V
(1)

where V is the total volume of the sample and v is the

volume of individual soil particles.

The specific yield of an aquifer is a measure of

the water yielding capacity of the formation. It is defined

as the total volume of water drained by gravity after a

long period of time divided by the original volume of the

sample. It may be visualized physically by the diagram in

Figure 3.
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Figure 3. Specific yield of sand -- Source:
Johnson (1966)

Specific yield varies with grain size and sorting

of the sediments. Specific yield ranges for the different

materials as reported by Johnson (1966) are shown in

Table 1.

Permeability measures the ability of an aquifer to

transmit liquids through its network of pores. Darcy's

law states that the discharge velocity, U d , is proportional

to the hydraulic gradient,	 i.e.:

U d	 ki
	

(2)

The coefficient of permeability (or hydraulic conduc-

tivity), k, can be determined from Darcy's law, if the
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Table 1. Specific yield ranges for different materials --
After Johnson (1966).

Specific yield

Material Range	 Mean

Clay 0-5 2
Silt 3-19 8
Sandy clay 3-12 7
Fine sand 10-32 21
Medium sand 15-32 26
Coarse sand 20-35 27
Gravelly sand 20-35 25
Fine gravel 17-35 25
Medium gravel 13-26 23
Coarse gravel 12-26 22

flow, the cross-sectional area of the flow, and the

hydraulic gradient are known (Figure 4).

Macro-Parameters of an Aquifer. The macro-

parameters of an aquifer are those parameters that require

field work to be determined for use in the aquifer evalua-

tion.



Figure 4. Head loss and hydraulic gradient existence to
cause flow of water through porous material --
Source: Johnson (1966)
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The worth of an aquifer as a fully developed source

of water depends largely on its ability to store and to

transmit water. Quantitative knowledge of these parameters

facilitates the determination of hydrologic entities such as

recharge and leakage. These two parameters generally

provide the very foundations on which quantitative assess-

ment of ground water resources are constructed.

Transmissiblity (T) is defined as the rate at which

water at prevailing kinematic viscosity is transmitted

through a unit width of aquifer under a unit hydraulic

gradient. It is equal to the coefficient of permeability

multiplied by the saturated thickness of the aquifer

(Figure 5).

Coefficient of storage (S) is the measure of the

volume of water the aquifer releases or loses from or gains

in storage per unit surface area of aquifer per unit decline

or rise of head. In unconfined aquifers the storage co-

efficient is equal to the specific yield (Sy). The physical

interpretation of storage coefficient for a confined aquifer

is given in Figure 6.

Other macro-parameters of an aquifer are its area

and extent, saturated thickness, and location. The

saturated thickness is important in the determination of

transmissibility. Transmissibility is directly related to

permeability by multiples of saturated thickness of the

aquifer as shown in Figure 5.
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Figure 5. Graphical concept of the coefficient of permea-
bility and transmissibility -- Source:
Johnson (1966)
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Areal extent of an aquifer helps in the estimation

of the volume of water in the aquifer while the location of

the aquifer defines its boundary conditions.

Hydrometeorological Parameters

Water balance assessment is another approach to

quantifying ground water resources of a given system. In

its simplest form the water balance equation for any system

is expressed by

I - 0 = AS	 (3)

where I is inflow, 0 is outflow, and AS is the change of

water in storage during a given period of time. Water

balance can be regarded as a model of the complete

hydrologic process under study, and consequently can be

used to predict the effect that changes imposed on certain

components will have on the other components of the system.

When the above equation is subdivided into components the

natural balance of water on its way from the atmosphere,

through and over the land, to the sea can be written as

P = E + Rd + Ri 
+ Rg + dSs + dSa + dSg
	 (4)

where

P = precipitation

E = evaporation, including transpiration

Rd = direct runoff of water that does not enter the

ground
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Ri = interflow, indirect runoff of water that enters the

ground and is diverted to the surface so that it

fails to reach the saturated zone and become ground

water.

Rg = ground water runoff, indirect runoff of water from

the saturated zone

dSs = change in the amount of water held in storage in

the soil

dSa = change in the amount of water held in storage in

the unsaturated zone

dSg = change in the amount of ground water held in

storage in the saturated zone.

All components of the water cycle influence the

ground water balance which can be written as

Ui = P - E - Rd - Ri - dSs 	 dSa	 (5)

where

Ui = Rg + dSg

Ui = ultimate infiltration, being the amount of water

that reached the saturated ground water zone.

Each component in the balance affects the ground

water resources thus needs to be treated separately.

Precipitation. In most regions the main source of

ground water is direct recharge from precipitation. The

amount of precipitation an area receives affects the water
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levels in the area. During long periods of widespread rain-

fall the water levels in wells rise while during long

periods of drought the water levels fall. Water level

response may be delayed for years after a period of heavy

rainfall. This delay reflects the time of movement between

the time the water falls on the surface and the time it

reaches the aquifer. It will reflect the permeability of

the formation. The relation between rainfall and the water

level indicates the magnitude of certain properties of the

aquifer and the volume of recharge from rainfall. Adequate

measurement of precipitation thus helps in the acquisition

of the properties of the aquifer and magnitude of recharge.

Evapotranspiration. In the use of the hydrologic

balance one is concerned with the total evaporation. This

includes evaporation from the soil, water bodies, vegetation,

other surfaces, plus transpiration. Evapotranspiration is

taken into consideration especially in systems where there

is a shallow water table, within a few feet of the ground

surface.

Streamflow. Percolation through the sandy beds of

streams may be the only significant source of ground water

recharge. The streams that are connected with the hydro-

geological system under study must be observed to determine

whether they add to the ground water or take from it and to

elucidate all other relationships such as the fluctuation



19

of water tables relative to those of the stream levels.

Measurement of decreases in flow from one location in the

stream to another will provide indications of the amount of

ground water recharge. Streams that flow for long periods

after rainfall may indicate the presence of ground water.

Water flows out of the aquifer and into the streams and

supplies the base flow of the river. Measurement of this

flow reflects the water bearing properties and production

possibilities of the aquifer. Measurement of annual and

short run variation in streamflow is necessary to evaluate

the flow patterns into and from the aquifer.

Topography. Relief, highest points, lowest points,

and drainage density are of great use in ground water

assessment. Aside from obvious geographic values, topo-

graphic data are essential for the following, among many

uses, in ground water evaluation.

1. Determining the shape of the water table or

pressure surface assumed by the water in storage.

2. Relating water level measurement to surface topog-

raphy.

3. Devising a system for identification of wells.
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Water Levels and Pumpage. Detailed assessment of

ground water is impossible without the use of water level

and pumpage data. These data provide long term trends of

ground water storage fluctuations. Walton (1970) listed the

uses of water level data as follows:

1. To identify the areas of extremely low and high

water levels.

2. To predict the ground water supply to some extent,

particularly in case of unconfined aquifers, in

which case the recharge is mostly through direct

infiltration from precipitation.

3. To define the relation between water level fluctua-

tions and pumpage, precipitation, and other factors.

4. To indicate the status of ground water during

transient conditions.

5. To aid in estimating baseflow of streams.

Methods of Acquiring Parameters 

There is no single method that will give all the

various parameters used in ground water assessment. The use

of one method may be sometimes enough for only one or two

parameters' determination while a combined use of two or

more methods may give the greater numbers of parameters

reliable enough to quantify the resource. Different methods

are discussed to give background for selecting those that

fit a particular situation.
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Geophysical Methods

Along with the growing technological advances in the

world today, the interpretation of very sophisticated geo-

physical data is becoming more simplified and, therefore,

more usable in a practical sense by the ground water indus-

try. In the United States, the use of geophysical methods

started in the 1890's when W. B. Hallock (1897) plotted a

well log from temperature measurements. C. E. Van Ostrand

(1918) described equipment to measure downhole temperatures

with sensitivity of 0.01°C and determined a depth tempera-

ture curve. In 1927, the first electrical resistivity

curves were made in an oilfield in France (Schlumberger and

Schlumberger, 1929). These logs were made manually plotting

the deflections of a galvanometer that responded to resis-

tivity of the rocks and their contained fluids.

Geophysical methods do not directly measure

parameters of any formation. They measure some other

properties of materials that vary with the parameters of

the formation. There are two classes of geophysical methods

based on where the measurement is made.

Surface Geophysical Methods. Surface geophysical

methods properly used can give guidance to hydrogeologists

in making decisions about the ground water resources of a

region. Because of the type of data which they yield, the

surface methods are more economical than the bore hole
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method, where much area is to be explored and large

quantities of water are needed. Although this method was

developed largely under the sponsorship of the petroleum

industry, more and more application is being made in

ground water exploration.

Surface methods include electrical resistivity,

seismic refraction and reflection, soil temperature sur-

veying, and remote sensing techniques. Of all these, the

electrical resistivity, and seismic refraction and reflec-

tion techniques are most applied in ground water resources

assessment and are the subject of discussion here.

Electrical Resistivity: This method provides general

information on the nature of subsurface materials by a

series of electrical measurements made from the surface.

Basically it utilizes a flow of electricity within naturally

occurring subsurface materials. Joiner, Warman, and

Scarbrough (1968) used this method to locate gravelly zones

in buried stream channels and to define favorable areas for

drilling.

In this method electrodes are inserted into the

ground evenly spaced along a straight line arrangement.

By systematically increasing the distance between

electrodes, the electrical field is expanded to include a

greater volume of earth materials. The resistivity to the

electric current is measured, offering values which can
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strongly suggest the dimensions and compositions of sub-

surface materials.

Electric current flows readily through most geo-

logic formations largely because of the water contained in

pore spaces. Rocks and soils are composed of silicate and

carbonate minerals which are extremely resistant to electric

current. Intepretation of measurements is based on the

manner in which electricity flows through a three-

dimensional solid unlike a straight line flow from one

contact to another as it does in a wire. Representative

values of resistivities for various naturally occurring

materials are given in Table 2.

Many factors can interact to distort the true value

of a resistivity reading. This includes buried conductors

like pipelines and phone cables, oil and water tanks, metal

fences, overhead high voltage transformers on poles, water sal-

inity,andwater moving downslope or percolating just after a

rain. One should recognize these distributions from such

causes and modify readings accordingly. Itbecomesevidentthat

the earth resistivity method is not applicable to any site

under all circumstances and that it requires an experienced

operator. When the method is appropriate, however, it can

provide data quickly and accurately without the time and

expenses of a test hole. This method is best suited to

preliminary exploration of large areas where major quanti-

ties of ground water are sought. Because the method lacks
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Table 2.	 Approximate electrical resistivity
natural materials.

values for

Material Resistivity, ohm-meters

Graphite 3 x 10-4

Pyrite 10 -3

Brine 5 x 10
-2

Shale 1.0

Gypsum 10

Fresh water 50

Gravel and sand, saturated with water 10
2

Serpentine 3 x 10 2

Limestone 10
3

Granite 10
6

Quartz 10
11

Calcite 5 x 10
12

Source: Davis and De Wiest (1966)
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unique solutions in the finding of parameters, attempts at

evaluating an area by the interpretation of data collected

at a single station or sole dependence on absolute depth

determination generally may produce disappointing results

(Linck, 1963).

Seismic Methods: The most accurate and potentially

the most useful geophysical methods are the seismic methods

(Linchan and Keith, 1948). Zebner (1973) and Birch (1976)

reported success of using seismic methods for ground water

surveys in parts of Ohio and New Hampshire, respectively.

This method measures the reaction of geologic

bodies to artificially induced vibrations. The vibrations

are detected at various distances and directions from the

source of energy by means of a large number of small

seismometers which are commonly called geophones. The

vibrations are recorded on photographic paper or on

magnetic tapes.

Two methods are in general involved in seismic

exploration; reflection and refraction. In the reflection

method a shock is generated at or near the ground surface

either by detonating an explosive or striking a steel plate

with a sledge hammer. After an interval, the shock waves

are reflected from one or more physical discontinuities and

return to the surface where they are recorded.
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A more quantitative method is the refraction method

in which the detectors are arrayed in a single straight line

from the point of explosion in the ground at the level of a

discontinuity. The waves radiating from the point of

explosion will travel in spherical fronts if the formation

is homogeneous and isotropic. However, if variations exist

in the formation the waves will be refracted according to

the following relations (Davis and De Wiest, 1966):

sin i	
Vi

sin r = V2
(6)

path of refraction

line normal to boundary

where i is the angle of incidence, r is the angle of

refraction, V1 is the velocity in the first medium, and V2

is the velocity in the second medium.

If seismic refraction is contemplated two major

limitations should always be kept in mind. First, it is

generally impossible to gain information below a layer of

dense, hard formation. For example, a layer of basalt or

dense limestone will cause a deflection of the waves. No

direct record of the underlying layers will be obtained.
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Second is the expense of making a seismic survey. The

larger amount of specialized equipment and personnel

normally needed makes seismic work most expensive of all

geophysical methods (Davis and De Wiest,1966). The use of

the reflection technique can overcome problems of high

velocity layers at depth though instrumentation and inter-

pretation can be considerably more involved than the simple

refraction method.

Borehole Geophysical Methods. Borehole geophysical

methods includes all techniques of lowering sensing devices

in a borehole and recording some physical parameter that

may be interpreted in terms of the characteristics of the

rock materials, the fluids contained in the rocks, and con-

struction of wells (Keys and Maclary, 1971). The physical

measurements made in boreholes are known as geophysical well

loggings. A typical well logging equipment setup is

schematically illustrated in Figure 7. It consists of a

winch containing a few thousand feet of electric cable; a

downhole tool, also known as a sonde, attached at the end

of the cable; a calibrated sheave for measuring the length

of cable in the hole; surface control circuits; and a

recording system.

A sensing element detects the property of interest

and converts it into electrical signals which are trans-

mitted to the surface through the cable and recorded as a



WINCH

Figure 7. Logging equipment setup at well -- Source:

Guyod (1972)

28
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curve in terms of depth on chart paper or film. One or

several curves presented as a single chart is a log. The

logs thus obtained may be applied to three subject areas:

(1) aquifer parameters, (2) fluid characteristics, and (3)

wells.

Several types of measurements may be made with bore-

hole methods; only measurements which are of interest in

ground water resources assessment are discussed here.

Electric Logging: Electric logging is perhaps the

best known and most economical logging in both ground water

and petroleum industries. Essentially it is the recording

of resistivities of the formation or spontaneous potential

generated in the borehole. In most instances the two

quantities, that is, resistivity and self potential, are

simultaneously recorded (Guyod, 1966). This logging is

mostly favored in hydrological investigations because the

equipment required is simple, flexible, and relatively

inexpensive (Linck, 1963).

The resistivity of the formation is very closely

related to the nature, quantity, and distribution of the

formation water. Usually this factor varies from one forma-

tion to another, therefore, resistivity measurements can be

used to determine thickness and to obtain lithologic in-

formation on the nature of the beds drilled through.
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Resistivity of Granular Aquifers: With very few

exceptions, rocks are capable of transmitting electric

current only by means of the water that they contain; dry

formations are electrically non-conductive. The resistivity

of rock is therefore related to the nature, quantity, and

distribution of the interstitial water.

It has been found that the resistivity of a water

saturated aquifer increases when: (1) the salinity of the

water decreases, or (2) the effective porosity of the

aquifer decreases. It is also found that most granular

aquifers containing fresh water--whether sand, sandstone,

gravel, dolomite, or limestone--have a resistivity higher

than clay. Shales have about the same resistivity as clay.

Rocks having very low porosity have extremely high resis-

tivities, more than several thousand ohm-meters (Guyod,

1972).

Resistivity of Fractured Aquifers: The geometry of the

space occupied by water is so irregular and erratic that no

general expression for resistivity of aquifers can be

derived. In general, the wider the fractures, the larger

their number; or the greater the total dissolved solids, the

lower the aquifer resistivity. Approximate resistivities of

different materials were previously given in Table 2.

Spontaneous Potential: Potentials are developed in

boreholes by electrochemical action between the borehole
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fluid and the surrounding rocks. The record is then the

variation in natural electric potential or voltage that

exists between formations. These potentials vary with

respect to the bed traversed. A record of the spontaneous

potentials as a function of depth is known as the SP curve.

Measurement of these potentials is as follows. A

non-polarized electrode, usually a cylinder of lead a few

inches long, is mounted on the resistivity-logging sonde

and the potential of this electrode with reference to a

fixed surface ground is recorded. The polarity and amplitude

of potentials near boundaries between shales or clay and

granular aquifer materials depend upon the type and quantity

of solids dissolved in the water and the borehole fluid.

Fractures in a dense rock generally can not be detected on

an SP curve.

Application of Electric Logs: The application of

logs in quantitative assessment of ground water resources

may be summarized as follows:

1. Determination of depth and thickness of beds.

2. Identification of certain rocks.

3. Estimation of total dissolved solids in granular

aquifers when their porosity is approximately

known (Turcan, 1966).
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4. Estimation of the porosity of granular aquifers when

the total dissolved salts (TDS) in the interstitial

water is approximately known.

5. Locations of fractured zones in hard rock.

6. Subsurface mapping by correlating the logs available

for the area of interest.

7. Determination of the depth of the water table when

a resistivity log having good radial investigation

is available.

Nuclear Logging: Nuclear logging comprises methods

of measuring intensity of radiations emitted by the forma-

tion. Three methods are employed for the investigation of

ground water resources: gamma ray, neutron, and gamma gamma

(Patten and Bennett, 1963).

A gamma ray log is a recording as a function of

depth of the number of gamma rays that reach a detector

placed in the downhole tool. The number of gamma rays

reaching the detector is a function of the amount of radio-

activity of rocks which in turn depends on the quantity and

type of radioactive elements contained in the rocks.

Approximate order of decreasing radioactivity for the

common rocks in ground water investigation were given by

Guyod (1966) as follows: shale, clay, sandy shale,

feldspathic aquifers, shaley aquifers, sand, sandstone,

limestone, dolomite, salt, lignite, and anhydrite.
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Neutron logging consists of placing a source of

fast neutrons and a suitable radiation detector close

together in a sonde and lowering them into the borehole.

Since hydrogen atoms have weight almost equal to that of

the neutron, they are the most effective in slowing down

neutrons. The response of the neutron logs is determined

by the number of hydrogen atoms present in the sonde en-

vironment. The logging is a recording of the neutrons

sensed during the capture process or a count rate against

depth.

In gamma-gamma logging, the formation is irradiated

by gamma rays emitted by a source placed in the downhole

tool. The gamma rays collide with the atoms of the forma-

tion and, after a number of collisions, some of the gamma

rays reach a detector placed a few inches above the source.

Guyod (1972) found that the count rate of the gamma-rays

reaching the detectors is inversely proportional to rock

density.

Application of Nuclear Logging: Nuclear logging or

radiation logging may be used to determine the depth and

thickness of beds and subsurface mapping. Other applica-

tions are:

1. Logging of cased holes (with the gamma ray and/or

neutron curve).
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2. Identification of clay and shale beds (with the

gamma ray curve).

3. Identification of aquifers (gamma ray and neutron

curve).

4. Estimation of the porosity of aquifers.

Other logging methods include caliper, temperature,

fluid conductivity, acoustic, and fluid movement loggings.

A summary of different logging techniques used in ground

water resource investigation is given in Table 3. Hydro-

geologic interpretations of different logs of a hypothetical

test hole are given in Figure 8.

Isotope Techniques

Isotopes can be used to provide information on most

of the parameters necessary for ground water resource

assessment. In some cases the isotope method provides a

unique approach, while in others the isotope method is an

alternative approach. Review is made of this technique to

get an insight of how much it can be used in resource

evaluation.

Uses of Tracers in Ground Water Investigation.

Among many uses of isotopes some are given below:

1. Tracing of ground water. Many applications of

radioisotopes to study the movement and inter-

connections of ground water have been reported.



Table 3. Suggested logging techniques for groundwater
investigations -- Source: Campbell and Lehr
(1973)

Information Needed on Properties of

Rocks, Fluids, Wells or Groundwater

System.

Conventional Logs which Want be

Utilieed.
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Lithology of aquifers and associated

rocks.

Stratigraphie correlation of aquifers

and associated rocks.

Total porosity or bulk density.

Effective porosity or true resistivity.

Clay or shale content.

Permeability.

Secondary permeability - location of

fractures and solution openings.

, Specific yield of unconfirmed acqui-

fers

Grain size.

Location of water level or perched

water outside of casing.

Moisture content above water table.

Rate of moisture infiltration.

Direction, velocity and path of

groundwater flow.

Dispersion, dilution and movement of

waste.

Source and movement of water in a

well.

Chemical and physical characteristics

of water - including salinity, tempera ,

ture, density and viscosity.

Determining construction of existing

wells, diameter, and position of casing,

perforations, screens

Determining optimum length and set-

ting for screen.

Guide to cementing procedure al ,

determining position of cement.

Locating corroded casing.

Locating  casing leaks 01 plugged

screen.

Electric, sonic, or caliper logs in open

holes. Radiation logs in open or cased

holes.

Electric, sonic, or caliper logs in open

holes. Radiation logs in open or cased

holes.

Calibrated sonic or gamma-gamma logs

in open holes.

Calibrated neutron logs in open or

cased holes.

Calibrated resistivity logs.

Natural-gamma logs.

No direct measurement by logging.

May be related to porosity, injectivity,

sonic amplitude.

Single-point resistivity, or caliper logs,

sonic amplitude, borehole television.

Neutron logs calibrated in percent

moisture.

Possible relationship to formation

factor derived from electric logs. Clay

content from gamma logs.

Electric, fluid resistivity, gamma logs

in open hole or inside casing. Neutron

of gamma logs outside casing.

Neutron logs calibrated in percent

moisture.

Time interval neutron logs or radio-

active tracers. Temperature.

Single well tracer techniques - point

dilution and single well pulse. Multi-

well tracer techniques.

Fluid resistivity and temperature logs,

gamma logs for radioactive wastes,

sampler.

Inicctivity profile, flowmeter, or tracer

during pumping or injection, Differen-

tial temperature logs. Time interval,

neutron, or gamma-logs.

Calibrated fluid resistivity and temper-

ature logs in hole, neutron chloride

logging outside casing.

Gamma and caliper logs, collar and

perforation locator, borehole televi-

sion

All logs providing data on lithology,

water •bearing characteristics and corre-

lation and thickness of aquifers.

Caliper, temperature, or garnma-gam-

ma logs.

Under some conditions caliper, or col.

lar locator.

Tracers and flowrneter.
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Figure 8. A combination of six logs of a hypothetical test

hole showing the hydrogeologic interpretation --

Source: Davis and De Wiest (1966)
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Bourdon and others (1963) used tritiated water to

study the interconnection between sinkholes on the

high plateau of Tripolis and springs near the coast

of the Gulf of Argos in Greece. They used it also

to estimate the storage volume of the aquifer.

Laponte (1962) studied leakage into a mine in

Ontario by labelling with tritium a nearby lake

which was a suspected source.

2. Pumping tests. Degot and others (1963) applied iso-

tope techniques together with standard hydrological

techniques to obtain additional and more precise

information from the latter. They found that the

radioisotope tracers give information faster and in

considerably more detail than the conventional

method.

3. Identifying parameters. Degot and others (1963)

used 82 Br to find sharp changes in horizontal per-

meability with depth in Boulogne. Injection of

tracers to a multilayered aquifer and detecting the

velocity changes as the tracer passes from one layer

to the other is used to relate the velocity to the

permeability of the formation.

Choices of Tracers. The use of radioisotope tracers

requires the following considerations to be taken:
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1. Representation of behavior. A suitable tracer must

represent the behavior of the water body which it

labels. That is, it must move with the same

velocity and direction and suffer no losses due to

absorption, ion exchange, and precipitation which

frequently invalidate the use of dye.

2. Half-life. The half-life of the radioisotope used

must be compatible with the time scale of the study.

Short-lived radioisotopes are advantageous in that

tests may be repeated at a location after allowing

the injected radioisotope to decay away between

tests. This is an advantage not only over long-

lived radioisotopes but also over the use of dyes

which may be slow to disappear.

3. Detection. The ease of detection by portable equip-

ment is a factor to consider.

4. Health and safety. The radioactive tracer used must

cause no health hazard.

Today isotope techniques are finding a place in

hydrogeological studies. The use of naturally occurring

isotopes is proving to be of great help in giving 
informa-

tion on larger areas without the use of injected 
isotopes.

Aquifer Tests

An old and most widely used method of acquiring

parameters for ground water assessment is 
the use of aquifer
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tests. Aquifer tests are performed to determine specific-

ally the hydraulic characteristics of the aquifer or water

bearing formation. Properly planned and carefully conducted

aquifer tests may provide all the parameters sufficient to

evaluate the regional as well as localized ground water

problems.

The principle of an aquifer test is simple. From a

well having a screen or perforations in the aquifer to be

tested, water is pumped during a certain time and at a

certain rate. The effect of this pumpage on the water table

is measured in the pumped well and in some observation 
wells

in the vicinity. The hydraulic parameters of the 
aquifer

are then found by analyzing the drawdown 
measured in the

observation wells, their distance from the 
pumped wells,

and the well discharge.

Darcy's development of a law governing the 
movement

of fluids through sands and Dupuit's application of 
that

law to the problems of radial flow toward 
a pumped well

were the basis for quantifying aquifer characteristics.

Most of the parameters are found by the process 
of com-

bining observed field data on 
water levels, water level

fluctuations, and natural or 
artificial discharges, with

suitable equations or computing methods to find them.

Included in the process are also the 
logical extension of

these data and computing methods to the 
prediction of

water levels, design of wells, determination 
of well
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yields, and other hydraulic uses under stated conditions

(Ferris et al., 1962).

There are different ways of analyzing aquifer tests.

These ways consider different conditions for both artesian

and water table aquifers. They may be seen as well methods--

point sink or point source or channel methods--line sink or

line source methods--to evaluate different parameters.

Other methods include areal methods involving numerical

analysis and flownet analysis.

Theis (1935) developed the non-equilibrium formula

that accounts for the effect of time of pumping on well

yield. In its simplest form, the Theis formula is

s = 
Q W(u)
	

(7)

where s is drawdown at any point in the vicinity of a 
well

discharging at a constant rate; Q = pumping rate; T =

coefficient of transmissibility; W(u) is read as well

function of u and stands for the exponential integral

written below:

u u
f	 du = W(u) = -0.5772 - loge 

u + u

U
2	 u 3	 u

4	 (8)

2-2!	 3 • 3!	 4-4!

In the expression	
r 2 S

u = Tt
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r = distance from center of pumped well to point where

drawdown is measured

S = coefficient of storage

T = coefficient of transmissibility

t = time since pumping started

A direct calculation from Equations (7) and (8)

above is not possible. Theis worked out a graphical means

of solution, however, which makes it possible to find

parameters T and S if values of other terms are known. The

method involves matching curves plotted from specific

pumping test data with what is called a type curve that has

1
W(u) plotted against u or	 as shown in Figure 9. Generally

the test data may be plotted in any of the following three

ways using the appropriate type curve:

	

Vertical	 Horizontal
Method	Log Scale	Log Scale 

a	 drawdown s

	

drawdown s	 t/r
2

	drawdown s	 1/'r. 

In working with the Theis formula, Jacob (1946)

and then with Cooper (Cooper and Jacob, 
1946) pointed out

that when the value of u is sufficiently small, 
the non-

equilibrium formula can be modified to the following

formula without significant error:



1 0 II

Theis-type
curve
(normal)

W u )

0,1_

0,01 	

0,0001 0.001 0.01 0.1

42

Figure 9. Match of the Theis-type curve and an aquifer-
test data plot



0s =	 log .3 Tt 

r 2 S

which is valid where t is sufficiently large and r is

sufficiently small.

The coefficient of transmissibility is calculated

from the pumping rate and from the slope of the time-

drawdown graph as shown in Figure 10 by using the

following relationship developed in equation (9)

T - —As
( 10 )

and the coefficient of storage is readily calculated from

the time-drawdown graph by using the zero drawdown intercept

of the straight line as one of the terms in the equation

TtoS	 (11)
r
2

where to = intercept 
of the straight line at zero drawdown.

The theory of images and hydrologic boundaries are

solved by the use of the above methods, modified depending

on the conditions.

The number of tests to be performed, the site of

these tests, and the general set-up depend upon the kind of

problem to be solved, the amount of information that is

derived, and the funds available for the test program.

Before conducting an actual test, the importance of

preparing accurate well logs should be emphasized. When

43

(9)
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Figure 10. Straight line method of aquifer data plot
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drilling the wells for either pumping or observation,

samples of the different geological formations that are

penetrated should be collected and described lithologically.

Special attention should be given to the grain size of

various materials. On this basis the length, screen, and

depth at which this screen and the pump should be installed

can be decided for the test.

Aquifer tests involve both the discharging well and

the observation wells. The control well or discharging well

is a bored or drilled hole of sufficient size and depth,

inside which a well screen or perforated casing is installed

in the aquifer's most permeable layers and connected with a

tube to the ground surface. The diameter of the well,

generally between 10 and 30 cm, depends on the type of pump

that will be used, while the type of pump depends on the de-

sired discharge rate and allowable maximum pumping lift.

Sites of the tests are predetermined in some cases

as for example when existing wells have to be used or when

formation factors at specific locations are required.

Generally, when a test site is being selected the following

conditions should be satisfied:

1. The hydrological conditions should be representative

of the area under consideration, or at least the

major parts of it.

2. Manpower and equipment should be able to reach the

site easily.
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3. It must be possible to discharge the pumped water

outside the area affected by the pumping, thus

preventing it from re-entering the aquifer.

4. The natural gradient of the water table or

piezometric surface should be small.

Field Observations During Aquifer Tests. The

principal measurements to be taken during a pumping test can

be divided into two groups:

1. Measurements of the water levels in control wells

and observation wells.

2. Measurements of the pumping rate.

In addition to these groups, distance from control

well to each observation well, total depth of each well,

description of measuring points, elevation of measuring

points, depth and length of screened or perforated intervals

of all wells, diameter, casing type, screen type, and loca-

tion of all wells must be identified.

Quantitative Evaluation of Ground 
Water Resources

Calculation of Resources from
Geologic and Piezometric Data

The resources are the quantities of water that can

be withdrawn from groundwater storage. The main categories

are:
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1. Natural resources; i.e., the discharge from ground

water reservoirs in their natural state.

2. Regulatory resources or permanent resources; i.e.,

the amount of water that accumulates in the water

bearing formation during the recharge period. This

in fact is the water located in the natural zone of

fluctuation of the free ground water table. If

this amounts to a volume of water Qp in a volume Vp

of ground situated between the extreme levels of the

phreatic surface, and if Me is the effective

porosity or specific yield then

Qp = Vp x Me	 (12)

3. Secular storage or permanent storage; i.e., all the

water in the whole of the water-bearing ground

below the regulatory resource, that is to say below

the lower level of the free ground fluctuation zone.

This is equal to the volume Vs of the water-bearing

ground multiplied by the effective porosity Me

Rg = Vs x Me	 (13)

4. Exploitable resources; i.e., the quantity of 
water

that can actually be exhausted from the water-

bearing formations. Clearly, in many cases 
it is

not possible to exhaust all the water of the 
natural

resources or the permanent resources. The ex-

ploitable resources may be less than these. These
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resources may be calculated in two ways either

directly by measuring the discharge using the laws

of hydrodynamics, i.e., combining geological and

piezometric data or indirectly by attempting to

establish the groundwater balance by means of a

comparison between meteorological and geological

data.

Knowing the cross-section normal to the direction

of flow in an aquifer, the slope of the piezometric surface,

and the permeability of the ground, one can determine the

quantity of flow through this section, since

dh
q = SK — -dl

(14)

where

q = discharge

S = cross-sectional area

K = permeability

dh = hydraulic gradient
dl

assuming the flow is laminar. The same operation can be

performed for various sections throughout the 
aquifer.

Determining the aquifer cross-section is essentially

a geological operation, which consists 
of finding out the

width and depth of the aquifer. The slope 
of the piezo-

metric surface is determined by noting 
the water level at

various water points, wells, and springs. It 
must be
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remembered that dh/dl is not the slope of the water level

surface but the hydraulic gradient, since 1 is measured

not along the horizontal but along the path of the liquid

movement.

Calculation of Resources from
Geological and Climatological Data

In determining the natural resources of an aquifer,

the first requirement is to define the aquifer correctly

The three main component zones, namely, the recharge area,

the flow zone, and the discharge zone, must be identified.

Of these three constituents, the chief one is the recharge

area of the aquifer.	 This zone must therefore be given

special attention. It must be carefully mapped so as to

ascertain its area, which is an essential factor in cal-

culating the quantity of rainfall it can receive. The

permeability must be estimated, the vegetal cover examined,

and the slope of the ground noted, in order to assess the

proportions of rainfall escaping infiltration through

evapotranspiration or runoff. In arid zones where the

direct recharge is little the flow zone and the discharge

zone should be carefully identified.

The water balance of all aquifers averaged with

different permeabilities make up the ground water balance

of a basin or a region.

Considering an aquifer at a given time, the water

balance would be expressed by



P = E - F + Rs + Ar + AVs

where

P = precipitation,

E = evaporation,

F = infiltration from precipitation,

+ Ar = the deficit or surplus water retained on the

ground,

+AVs = the water stored above the ground, and

Rs = surface runoff.

The quantity of water, F, infiltrating into a body of

ground water is equal to the quantity flowing out directly,

Rn , plus the quantity flowing out indirectly, RL, into

other bodies of free ground water and R" into other bodiesnp

of confined ground water minus the quantities received, R' 1 ,

from free and R' from confined ground water.np

For large numbers of years, this equation becomes

P = E + F + Rs	 (16)

F=R n 
+R" +R" 	R' - R°	 (17)

ni 	np	 n1	 np

P = E + Rs + Rn +	 +	 -	 -	 (18)
 ni	 np	 ni	 np

If the body of ground water is completely isolated,

not exchanging water in either direction with any adjacent

aquifers, the equation is greatly simplified to

P = E + F + Rs	 (19)

F=R 	(20)

P = E + Rn + Rs	
(21)

50

(15)
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Where Rn 
is identical with the permanent resource which can

be determined either by knowing the other terms in the

balance or determining it directly.

Taking the first alternative will be simple and in

that case

P = E + Rn 
+ Rs	 (22)

P and E are easily calculated but Rs may give some diffi-

culty. The value of Rs in the balance equation is the value

of runoff in the intake zone alone. The discharge from all

the rivers and streams flowing out of the intake zone is

calculated and flow out of these intake rivers and streams

entering the zone is subtracted.

Flow Net Method

If the coefficient of transmissibility, T, hydraulic

gradient, I, and the average width of cross-section 
of aquifer

(C) are known, a modified form of 
Darcy's equation may be

used to get quantity of ground water percolating through 
a

given cross-section of a given aquifer (Qn) by

Qn = TIC	 (23)

If the coefficient of storage, average rate of 
water

level decline or rise in 
area between limiting flowlines and

successive contours are known, the difference 
in quantity of

water crossing successive contour 
lines between limiting

flowlines may be estimated (Walton, 1970):

(24)
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where Q2 and 
Q1 are discharge passing the 

flowlines; and

S = coefficient of storage, h t = contour interval, and A i =

area between flowlines.

The total flow through the full thickness of an

aquifer is given by the relation (Ferris et al., 1962):

nf
Qn =	 pmhT

(25)

where

Qn = flow through full thickness of aquifer

nf = number of flow channels

nd = number of potential drops

p = coefficient of permeability

m = saturated thickness of aquifer

hT = total 
potential drop

pm = T (equation [23])

Networks 

A network is an organized system 
of data collection

of a specific kind. Its component parts must 
be related to

one another; that is, each station, point, 
or region of

observation must fill one or more definite 
niches in either

space or time (Langbein, 1965). The 
specific kind of in-

formation this study is dealing with is the acquisition of

parameters for ground water assessment. Since 
the data

that are sought in the assessment are 
responsive to present

and imminent project needs, the design of basic 
networks
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would be emphasized for further uses in the future of the

project.

As part of the water balance, ground water networks

comprise other hydrologic networks that are organized and

scheduled in relation to one another. The networks that

make up the overall ground water assessment networks are

given below.

Precipitation Gauging
Station Networks

The use of precipitation in ground water assessment

is basically as a component to the inflow part of ground

water recharge. A precipitation network comprises recording

or non-recording gauges distributed in a region for the

collection of data on depth and intensity of rainfall.

Observations at each precipitation gauge site are assumed to

represent temporal variability and mean depth of precipita-

tion over a surrounding area which is very large in relation

to gauge catch area. The gauge must therefore be sited to

be as representative as possible of conditions over its

surroundings (World Meteorological Organization [WM0],

1970). The distribution of gauges to make them representa-

tive of the surrounding is the subject for which hydrolo-

gists have no specific answer to date. Two requirements 
of

precipitation networks as stated by Neff (1965) are: (1)

gauge density to accurately sample the areal variability of

the precipitation falling in the given area 
and (2)
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instruments or recording devices to accurately measure the

precipitation falling at a point. While the latter require-

ment could be fulfilled by using precise instruments,

the first requirement has not been so easily fulfilled.

The density of gauges required to determine mean

areal precipitation depth with specified mean error of

estimate has been determined through two types of studies--

one based on statistical theory of sampling error and the

other on the comparison of areal depth estimated from net-

works of varying density with those from very dense networks

of gauges. The standard error of the mean of n independent

samples is found to be proportional to 1/14-7, but "point"

observations of precipitation within the size of area

involved in many hydrological and agricultural studies

are frequently not independent. Empirical studies using

dense gauge networks suggest that the error of areal mean

precipication derived from observations at n gauges is

inversely proportional to n to the 0.6 or 0.7 power (Kohler,

1958; Linsley, 1958).

Panchang and Narayan (1962) introduced the 
idea

that for monthly total records in a network 
of n gauges

which were fairly uniformly distributed, the coefficient of

variation of the mean for each month could be employed 
in

determining the accuracy of the network. 
Stephenson (1967)

used the relation
(26)
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where

N = number of gauges that will be adequate for given

accuracy,

C' = coefficient of variation less than 10 for the

existing gauging stations,

to calculate the number of gauges required for a given

accuracy. This approach is simple to use in design but 
its

use, according to Stephenson, is limited to small areas with

no marked or irregular pattern of distribution.

Investigations based on high density gauge networks

(Light, 1947; Huff and Neil, 1957) have shown that 
for

rainfall which is essentially random in space a centrally

located uauge gives, on the average, the 
best measure of

areal precipitation; errors in estimates of 
areal precipita-

tion are less for uniformly spaced than for 
randomly spaced

networks. The most practical method of 
getting adequate

gauges in a network is to install a pilot 
network and wait

until results are available for analysis 
and use these as a

basis for the design (Nicks, 1965).

The ideal way to design a 
precipitation network is

to saturate the area with gauges and 
at later stages to

remove those which are not needed to estimate 
the mean to

the desired accuracy (WMO, 1970). 
Resources for such

saturation are almost never available, 
and the design of
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most nets is influenced substantially by economic considera-

tions.

Table 4 shows the minimum number of precipitation

stations based on area.

Table 4.	 Minimum density of precipitation station net-
work -- Source: WMO (1970)

Type of region

Range of norois
for minimum network

Area in km 2 for 1 station

flange of provisional
norms tolerated in

difficult conditions 1

Area in kma for 1 station

Flat regions of tem-
perate,	 mediterra-
nean	 and	 tropical
zones 600-900 900-3,000

•

11.	 Mountainous regions
of temperate, medi-
terranean and trop-
ical zones 100-250 250-1,000 4

Small	 mountainous
islands	 with	 very
irregular	 precipita-
tions,	 very	 dense
hydrographie	 na-
work or...o

111. Arid and polar
zones 2 1,500-10,000 3

Last figure of the range sholld be tolerated only under exceptionally difficult con-

ditions.
2 Great deserts are not included.
s Depending on feasibility.
4 Under very difficult conditions this may be extended to 2,000 km'.
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Streamflow and Water Level
Gauging Networks

Data on discharge and slope of rivers are basic to

the solution of most hydrologic design and operation prob-

lems. Since these data are derived from continuous records

of stage and occasional discharge measurements, for calibra-

tion purposes the two types of data are inseparable and

should be collected by the same agency. The measurement of

flow in a river represents not only the flow from its

particular drainage area but, with certain reservations,

that in nearby streams and the ground water portion, too.

The objectives of scientific planning with respect

to the design of streamflow networks and activities of

observation points are: (1) the collection of reliable

information on river discharge, its territorial distribu-

tion, and variations in specific areas in terms of time; and

(2) the most economic distribution of observation points,

spaced as far apart as possible but in such a way that,

through geographical interpolation of the data collected, 
a

sufficient degree of accuracy can be achieved for practical

purposes.

In ground water study, streamflow is needed to

determine the recharge as well as the discharge character-

istic of ground water in the area being studied.

In network design the areal distribution of station

points is the primary problem to be solved. Gauging
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stations of water level and streamflow measurements are

established at those places where they will provide the

optimum information that is required, as much for opera-

tional use as in controlling the water regime. The World

Meteorological Organization (1970) and Van der Made (1972)

recommend establishing gauging stations at the following

places:

1. Near inflows of tributaries.

2. Near points where branches separate or join.

3. Near inflows of rivers into sea or lakes.

4. At the upstream and downstream sides of weirs.

5. For operational use at locks between canals and

the rivers.

6. At the national borders.

7. At main towns.

8. At easily accessible places between the above

points depending on the length of the river.

Uryvaev (1965) recommends arrangement of stream

gauging stations in the following manner: all stations are

set up where mean discharge is at a maximum; the 
closing

gauge line on rivers in flat country is situated downstream

immediately above the intake on the point where 
the river

divides with branches; subsequent stations are 
situated at

points at which there are substantial 
changes in streamflow,
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such as downstream of large tributaries, above the junctions

of branches, or where the river flows out of the lakes.

In arid areas, a special supplementary network

often is needed to measure runoff from catchment areas of

various sizes owing to uneven precipitation losses due to

evaporation and infiltration.

In general, observations at the stream gauging

station .networks should be fully representative; that is,

they should reflect the natural hydrological regime of

rivers which is the result of physiographical conditions.

Stream guaging networks are as a rule situated on rivers

with a natural regime not distorted by economic activities.

Evaporation Network 

Unless the water table is within a few feet of the

surface, ground water is not lost by direct evapora-

tion. If the soil is thoroughly saturated however, 
the

rate of evaporation may approach that of a 
free-water body.

But, the importance of evaporation is clear from 
the stand-

point of defining the ground water balance. 
By using all

additions of water by infiltration 
from rainfall or irriga-

tion and all losses of water by evaporation, 
transpiration,

or deep percolation in the water balance equation, it is

possible to get a comprehensive picture 
of ground water.

The use of water by plants is generally much 
more

important as a means of ground water discharge than is
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direct evaporation from the soil. Although direct evapora-

tion will extract water with about 60 times the tensional force

that plants can exert, evaporation, aided by soil cracks and

capillary transfer, is only effective in the upper 3 feet

of sandy soils and the upper 10 feet of clayey soils.

A number of factors influence evaporation. These

include air humidity, soil moisture, radiation, water and

air temperature, wind speed, ground cover, ground character,

and its physical and chemical properties. Each of these

should be determined while observations are performed to get

the evaporation for a given area.

An evaporation station consists of a pan of standard

design, where observation of rate of daily evaporation are

made together with observations of precipitation, maximum

and minimum water and air temperature, wind movement, and

relative humidity or dew point temperature.

The need for evaporation data increases with the

degree of aridity. In arid regions one evaporation 
station

in each 30,000 km
2 is recommended as a minimum (WMO, 1970).

In hydrogeology the areal evaporation rather than

point evaporation is required, thus the number of observa-

tion sites are few and the design of an evaporation network

does not involve complexity for a small area under con-

sideration.
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Observation Well Networks 

A network of observation wells provides data on the

elevation and variation of the water table and potentio-

metric surface. Such measurements of water level are

useful at least in the determination of seasonal and long

term changes in ground water storage. Other uses as sum-

marized by Heath (1976) include determining (1) the effect

of withdrawal (stresses) on recharge and natural discharge

condition, (2) the hydraulic characteristics of ground water

system, (3) their degree of confinment, and (4) their areal

extent.	 These uses contribute to quantitative assess-

ment of ground water resources. It will therefore be clear

that in planning networks an optimal layout of the observa-

tion points, i.e., one that provides maximum information at

minimum costs, must be the aim. Too many points are as

undesirable as too few, and what counts even more is their

proper location. The layout ofan observation well network

therefore should be based on any information on topography,

geology, and hydrology collected and studied.

Observation wells will be required (De Ridder, 1974)

(1) along and perpendicular to lines of expected ground

water flow, (2) at locations where changes in the slope of

the water table (or the potentiometric surface) can be

expected, (3) in areas where significant changes in water

table elevation are likely to occur, (4) on the banks of

streams and other open water courses and along lines
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perpendicular to them, to determine the proper curving of

the water table near such water courses, (5) in areas where

shallow water tables occur or can be expected in the future

(for example, in areas with relatively high intensity of

irrigation, or in seepage zones), (6) at water balance

plots and sites with density higher than normally used.

Examples of layout of observation wells are given in

Figures 11 and 12.

The density of observation wells necessary for

quantitative assessment of ground water is dependent on

topographic, geologic, and hydrologic features of the area

under investigation and the type of study planned. UNESCO

(1972) arbitrarily classified regimes that will help in

design of observation well networks. Any regime may fall

in platform areas, mountain folded areas, permafrost areas,

submontane terrains and valleys in arid regions, alluvial

and outwash plains, and on Karst areas. Each of these

classes has different characteristics that will require

different densities of observation wells for study.

As the required accuracy is generally inversely

proportional to size of the area, the relations shown in

Table 5 by De Ridder (1974) may serve as a rough guide to

design.

The spacing of observation wells may be increased

as they are farther removed from lines of recharge or
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Table 5. Observation well density for different sizes of
areas -- Source: De Ridder (1974).

Size of the area	 Number
under study	 (ha)

of observation
points

Density number
of points
per 100 ha

100 20 20

1000 40 4

10000 100 1

100000 300 0.3

discharge (except streams or canals) in approximately the

following sequence: 10, 40, 100, 250, and 500 m, etc.,

with a maximum of 2000 to 3000 meters.

Most methods of analysis require data from at least

two observation wells whose lower ends are located 
in the

aquifer for each pumping test. It is recommended by

Wesseling (1974) that three or more be installed per pump

test. To these should be added, if applicable, 
some or all

of the following recommendations:

1. Shallow observation wells in the covering layers

of semi-confined aquifers, to check the changes in

phreatic surface.
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2. Observation wells above and below fine-grained

layers in the aquifer to find out whether such

layers are to be considered resistant layers or

not.

3. Observation wells in water bearing layers below the

base of the aquifer, to verify the assumption that

this base is impervious.

4. Observation wells beyond the radius of influence of

the discharge well, to obtain information on the

changes in head not induced by pumping.

5. Observation wells in the gravel packs of the dis-

charge well to determine whether the well screen

causes significant entrance head losses.

Kovalevsky (1965) recommends a minimum of three

observation wells for each small artesian basin of homo-

geneous aquifers, one in the recharge area, one in the head

area, and one in the discharge area. If there are 
several

areas of recharge and discharge and the variation of the

water bearing rocks of the aquifer is observed, the

number of the wells should be increased; the same is true

of large areas (basins).

For large basins, Davis (1965) recommends sub-

dividing the total hydrologic system into individual 
parts

(zoning) as a desirable method for evaluating 
the hydro-

geologic parameters of each system.
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Another way of locating observation well was

practiced in the Netherlands by Felius (1965). He

distributed observation wells over an area in such a way

that the equipotential lines which must represent the

ground water flow can be drawn with an equal accuracy for

the whole area. That means that in a given area with steep

potential fall or with an irregular shape of the potential

surface the distance between the observation wells will be

smaller than in a region with a more regular surface. As a

mean distance for his network he had 5 kilometers between

observation wells.

From the review of the literature on observation

wells it is seen that no one answer is available to be

used for all conditions, but a distance of 5 km or less is

used in most cases.

The Observation Well 

By definition wells installed for the purpose of

studying ground water conditions in an area are termed

observation wells or piezometers. Observation wells, like

discharging wells (test wells), can be drilled by any of

several different methods using drill rigs of various

design. Regardless of the drilling method, care has to be

taken to minimize impairment of the natural permeability of

the water bearing materials penetrated, especially when mud

fluids are used during the drilling of observation wells.
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Observation wells are commonly of small diameter,

primarily because the drilling of small diameter wells is

cheaper. However, the well diameter must be large enough

to permit a measurement of the water level without diffi-

culty, or to install a recorder float, and to use a water

sampler. Proper design of an observation well must insure

reliable isolation of the aquifer to be observed from any

other aquifer present, as well as from any downward seep

outside the casing. The following criteria are worthy of

note in promoting good observation well design.

1. Screen or perforations thatensurefreeinterchange of

water between the investigated aquifer and the well.

2. Casing to which the screen may be fitted by any one

of several different methods.

3. Casing extension above ground.

4. Casing cap fitted with a locking device to protect

the well from accidental or premeditated obstruction

and to prevent precipitation from entering the well

directly.

5. The measuring point from which measurement of water

level is made should be related by differential

leveling to a nearby fixed point.

Various methods of measuring water levels in wells

are shown in Figure 13 and may be used depending on the

availability.
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HYDROGEOLOGIC NETWORK DESIGN

The design of a hydrogeologic network is time-,

space-, objective-, and cost-dependent. This makes it

highly variable from one region to another. The purpose of

the design work in this chapter is to distribute data points

for quantitative assessment of ground water resources in a

test area of the Aleydegi Plain, Ethiopia.

An observation well network represents the main part

and the most expensive item of all the networks. Precipita-

tion, streamflow, and evaporation networks are included

mainly to quantify the recharge and discharge components of

the water balance equation discussed in an earlier chapter.

Spacing of observation wells and different gauging

stations are determined and locations of data points are

fixed depending on the purpose and the physical conditions

existing in the area. Instruments that are required for

each data point as well as for general hydrometeorological

study are selected on the basis of simplicity, accuracy,

availability, and price to fit the local conditions. The

capital cost for establishing the networks is estimated to

give an idea of the magnitude of capital involved in

quantitative assessment of ground water resources.

69
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Description of the Aleydegi Plain 
Study Area 

The Aleydegi Plain (Figure 14) skirts the northern

and northwestern slopes of the Asebot and Afdem Mountains in

Ethiopia. Westward it is bounded by a basalt plateau along

the right bank of the Awash River. Northward it ends at the

foot of the Azelo Mountains. It forms a long corridor,

stretching southwest to northeast for about 100 kilometers.

The soil of the plain was formed from fine, largely

silty, alluvium. In its upper reaches, much of the silt

contains varying amounts of sand, while materials with

higher clay content are deposited in the lower tracts. The

Arba Valley in the southern portion of the plain, and the

Mulu Valley in the northeast are under 2 to 10 meters of

alluvium.

Very few traces of runoff are to be observed in the

plain. Rainfall is moderate. Flatness of the surface as

well as a good grass cover help to prevent surface runoff.

A number of seasonal streams issue from the mountain sides.

Each rivulet usually floods a small area at the foothills

and never flows beyond it. During the dry season, the

temporary pools dry up completely.

A small number of intermittent rivers have their

sources near the Chercher crest. Such are the Siha, Mulu,

and Bordoda Rivers. The Arba cuts the southern portion of

the plain and then joins the Awash River. The Mulu moves
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Figure 14. Map of Aleydegi Plain study area.
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past the foot of Afdem Mountain, flowing northward to flood

the Azelo region. The Bordado comes from the Asebot

Mountains and becomes confluent with the Mulu in its flood

plain.

Agricultural activities, mainly irrigated agri-

culture, are being undertaken in the southwestern corner of

the plain. The source of water is the Awash River. Cotton

and, recently, banana plantations dominate this portion of

the plain.

The possibility of using the existing pasture in

the plain for grazing is limited by the lack of permanent

sources of water, especially in the central and northern

portion of the plain. Since no direct observations or other

information are available on the existence or location of

ground water, the establishment of networks as the first

step to get various information before investing money for

development is a priority that has to be met.

Selection of Methods 

Among the alternative methods of acquiring aquifer

parameters, aquifer tests are preferred over the others for

the Aleydegi Plain. Geophysical methods, both surface and

borehole, and isotope techniques, though they are fast

methods and effective for large area studies, have some

limitations. These limitations are mainly (1) high cost of

using such methods, (2) the interpretation of many logs is
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difficult, (3) safety problems of using radioactive

materials, and (4) lack of trained personnel to operate the

instruments. Thus, aquifer tests are less expensive, safe,

and not difficult to apply as compared to the others.

Associated with aquifer tests is the need for both

pumping wells and observation wells that are distributed in

such a way that the cost of getting the parameters is mini-

mized. Thus, in the design of observation wells care

taken to meet the objective of defining the parameters with

an optimum density of data points.

Determination of optimum density of data points is a

big problem which hydrogeologists and meteorologists failed

to answer. Since there is a great variation in the physical

environment the density of data points for any kind of study

has a great variation too. This variation mainly affects

the observation well and precipitation gauging station

distribution.

A practical way to locate data points would be first

to distribute a few observation wells or precipitation

gauging stations over the area and correlate the data

obtained from these points to justify denser networks over

the area where diversified conditions are met. But, for

making depth to water table maps, water table contour maps,

flow net studies, and isohyets of precipitation in a given

area, there is no better answer than putting uniformly

distributed data points with minimum acceptable spacings.
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Even though it is not hard to understand that needs could

arise for more dense or sparse points in some parts of the

area the spacings for this design are determined from

recommendations and results of other studies and used to

uniformly distribute the data points.

Design of Networks 

There is no single analytical or mathematical

approach to designing hydrological networks. Emphasis here

is made on a qualitative rather than a quantitative approach

based on physical features of the region. This gives a

wider range of design for each parameter that needs to be

physically fitted to the area under consideration.

The method used by Kagan (1972) for distributing

data points is used both for the precipitation and observa-

tion well networks. By this method a square grid of finite

dimensions is superimposed on a map of the study area. If

the intersection points of the superimposed grid are

situated at points suitable for installation the network

becomes fixed. This method, though arbitrary, distributes

data points uniformly. Closeness to towns as well as to

roads are used to fix the final data points. Although the

uniform distribution of data points is most advantageous

from the standpoint of studying fields, in practice account

must be taken of the presence of settled areas, roads,
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communication lines, and local features which may affect the

suitability of particular locations.

The streamflow network design is based mainly on

criteria recommended by the World Meteorological Organiza-

tion and other hydrologists. These criteria, which are

mainly subjective rather than objective, locate streamflow

gauging stations where measurements obtained give data on

the flow relative to position within the area under con-

sideration.

For small areas like the Aleydegi Plain, the need

for an evaporation network is small, thus two evaporation

stations located at Amibara near the existing agricultural

activities and at the northern part of the area near Dabita

Ale are sufficient (see Figure 15).

In the design of networks, the concept of a minimum

network is taken as the basis for the area under study.

The reasons for minimum networks are: (1) lack of initial

data on the area, (2) insufficient capital for more dense

networks, (3) basic data obtained from such minimum networks

are adequate for ground water resource assessment, and (4)

lack of facilities in the area for more networks. Hence,

the design is based on the establishment of the minimum

number of data points that experience has indicated as

necessary for the economic development of the water re-

sources of different countries of the world. To this

effect, the experience shared by many hydrologists as
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Figure 15. Evaporation gauging stations.
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contributed to the World Meteorological Organization is

taken as a guide in the design of networks for the Aleydegi

Plain.

It is important to establish as rapdily as possible

a minimum network, but once the minimum network is in place,

one should work toward the optimum. Where a minimum network

is established general characteristics of rainfall or run-

off may be determined at any place in the vicinity by

interpolation among stations or by extrapolation. While

this may be enough at first, it will rapidly become in-

sufficient as the study becomes more detailed.

Since each parameter is evaluated by different

means, the network is designed by the criterion that is

involved for that parameter determination.

Precipitation Network

The simplest and most precise criterion for de-

signing precipitation networks would be to divide a given

area into climatic zones and base the design on the 
deter-

mined zones. But this criterion would not help small areas

like the Aleydegi Plain where no prior record 
is available

to make such a division. Design based on 
regional charac-

teristics rather than climatic zones is used in this case.

Also, when the population density is very small it

affects the network design criteria. It is 
impossible to

install and operate in a systematic way a 
number of good
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stations, regardless of the need, when the population is

sparse. It is also difficult to find observers in thinly

populated areas where access is poor. The population in

the Aleydegi Plain is sparse and dominated by nomads who

move seasonally. There are towns like Melka Werer, and

Amibara where agricultural activity is being conducted.

Among the three types of regions that are defined

by WMO (1970) the Aleydegi Plain falls under the category

of flat region of temperate mediterranean and tropical

zones. Since the area of Aleydegi Plain is 3000 square

kilometers, dividing the area given by WMO (Table 4) by

3000 gives the minimum number, varying from one to five

stations. Five stations minimum is taken for the Plain.

The use of five stations rather than a lesser number is

chosen because of the need for precipitation data from the

surrounding area; that is, for the agricultural research

establishments and other agencies which will use the

hydrologic data.

Kagan (1972) proposed a formula to determine the

distance between stations for a given accuracy once the

minimum number of stations needed is known. For a square

grid network the distance (9,) is related to the total area

of the region, S, and the minimum number of stations, n,

by the formula

= iS/n .
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Using this relation, since the area of the Plain is

3000 km
2 
and minimum number of stations is taken to be five,

the distance between the grid lines for the design of the

precipitation network is found to be 25 kilometers. A

square grid of 25 kilometers spacing is superimposed on the

map of the Plain to get the points for establishing sta-

tions (Figure 16). After the points are checked for condi-

tions such as accessibility, population density, and near-

ness to towns, the points are fixed as shown in Figure 17.

Streamflow Network

Streamflow network design deals with a conservative

number of data points spatially distributed, not on a

definite formula, but based on diversified criteria. In

ground water assessment of a region, the total inflow and

outflow of streams in the system are more important than any

other data observed from the streams within the system.

Three types of regions and the corresponding

minimum stream gauging density as determined by WMO (1970)

are given in Table 6 below. Independently of the three

main categories, the station may be classified two ways by

size of catchment area:

1. Mainstream network gauging stations on streams

draining catchment areas larger than unit size A

(the value of A is defined below).



Figure 16. Uniform distribution of precipitation gauging
stations -- Grid intersection points are data
points.
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Figure 17. Localized layout of precipitation gauging
stations ( s) --*EP = existing precipitation
station
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Table 6. Minimum stream gauging network -- Source:
WMO (1970)

Type of region Range of norms for Range of provi-
minimum ne4work	 sional norms
area in km 	 tolerated in

difficult condi-
tion. Area in
km2/

I. Flat regions	 1000-2500	 3000-10,000
of temperate
mediterranean
and tropical
zones

II. Mountainous	 300-1000	 1000-5000
regions of
temporate,
mediterranean and
tropical zones

Small mountainous	 140-300
islands with very
irregular preci-
pitation, very
dense stream
work

III. Arid and
	

5000-20,000
polar zones
	

depending in
Lea sibility
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2. Small-stream or areal network gauging stations on

streams whose catchment area is lass than A.

The value of "A," the area of catchment which

divides main stream from small stream networks, is defined

as follows: for regions of category I, A = 3000 to 5000

km
2
; for regions of category II, A = 1000 km

2
; for regions

of category II, A = 10,000 km
2
. Categories I, II, and III

refer to regions in Table 6.

To insure adequate sampling there must be at least

as many gauging stations on the small streams as on the

large streams. For ground water resources study the

minimum number of gauging stations required using the WMO

recommendation for the Aleydegi Plain based mainly on

regional area (Table 6) will be sufficient. Thus, criteria

listed by Van der Made (1972) are used to design the stream

gauging network: (1) near inflow tributaries, (2) near

points where branches separate or join, (3) at regional

borders, (4) at points where the discharge is expected to

vary to a considerable extent.

Based on these criteria design of the network is

made and each point in the design is to fulfill one of the

above criteria. Design of the streamflow network includes

15 gauging stations as given in Figure 18.
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Figure 18. Streamflow gauging stations (A) distribution.
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Observation Well Network

In the review of literature it was pointed out that

investigators used various densities of observation wells

under different conditions. Mandel (1965) recommended the

use of 4 km to 1/2 km distance between observation wells for

making reliable contour maps of the ground water level.

Lebeder (1965) recommended one observation well for 2 or 3

square kilometers on the average for condition of plain

rivers with prevailing development of quaternary and glacial

deposits in particular and forest vegetation. Stephenson

(1967), working on the Reynolds Creek experimental water-

shed, found an observation well network at a density of one

well per one-fourth square mile was inadequate for a pumping

test network; additional wells drilled 40 to 300 feet from

the pumping well were required to measure the cone of de-

pression in drawdown studies. Felius (1965) found a mean

distance of 5 km between observation wells using equi-

potential lines for distributing wells.

A very dense network system of 228 observation wells

for a 100 km square was reported by Jacob (1972) in the

Hadera area in Israel. De Ridder (1974) emphasized the use

of a maximum distance of 2 to 3 km between observation wells

under any circumstances.

It is seen from these hydrologists that the maximum

distance between observation wells for an adequate study of

ground water resources is five kilometers or less. Based on
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this, the design of an observation well network for the

Aleydegi Plain was made taking 5 kilometers as the maximum

distance between observation points. Again a square grid of

5 kilometers distance was superimposed on the area and the

location of each point was fixed with adjustment to the

surrounding conditions. These conditions include accessi-

bility, closeness to potential recharge area, and topo-

graphic features.

It is expensive to put recorders on every observa-

tion well. Putting some recorders widely spread over the

area it is possible to get the general water level fluctua-

tion at any given time. Thus five water level recorders

are put permanently close to the precipitation stations

(Figure 19). It should be understood that water level data

on the entire area is to be taken at a given interval of

time such as monthly, quarterly, or yearly for the water

level contour maps, depth to water table maps, and other

studies. The design of both uniform and localized observa-

tion well networks are given in Figures 19 and 20.

The overall hydrogeologic network includes: 5

precipitation gauging stations, 15 stream gauging stations,

2 evaporation stations, and over 100 observation wells.

Instrumentation 

There are various instruments for measuring a param-

eter differing in their ways of making measurements and
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Figure 19. Uniform layout of observation wells --
Intersection points of the square grids within
the area are observation well points.
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Figure 20. Localized layout of observation wells -- R i ,

R2, R3 , R 4 , and R 5 = observation wells witE
recorders.
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their accuracy. The choice of one instrument over any

other depends on many factors:

1. Local conditions. Among the more important and

sometimes most difficult constraints which usually

have to be overcome are the local climate and

physiographic characteristics at the proposed sites.

In many cases the final choice of equipment will in

effect be made solely on the capability of the

instruments to operate under particular conditions.

The local climate, especially where extreme condi-

tions are found, will have a considerable effect on the

choice of instruments and type of installations. For

example, in polar regions or cold mountainous areas, ice

cover on rivers, frozen ground, heavy precipitation, deep

snow cover, high winds, and low temperatures may require the

use of specially designed equipment and non-standard instal-

lations. Instruments to be installed in such areas would

have to be designed to assure continuous operation and

recording under conditions where temperatures will descend

to -40°C and often lower. Similarly, extremely hot, arid,

or humid climates give rise to their own peculiar sets of

instrumentation problems.

The characteristics of the terrain in the immediate

vicinity of the observation station play an important role

in selection of equipment. For example, it would be
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extremely costly to build wells to house water-level

recorders near rivers where water level fluctuations are

quite large and the river banks are mostly bedrock.

Many instruments, in order to operate properly, have

to be level, in which case the foundation of the shelter may

have to be fairly elaborate in order to ensure that the

structure is not affected by changes in temperature,

erosion, or plant growth.

2. Accuracy requirements. As hydrological observation

stations are installed primarily to obtain data to

help ensure proper use of water resources, it is

evident that the accuracy of the measurement should

meet the standard of those who use the information.

3. Proposed life of station. If a station is to be

operated for a relatively short period of time, say

one or two years, it would be desirable to select

equipment and a type of installation which can be

easily moved. In other words, if possible, perma-

nent structures such as wells and expensive shelters

should be used only where long-term observations are

planned.

4. Maintenance. In order to derive maximum benefits

from any observing programs, regular, complete

maintenance of instruments is essential. Various

problems associated with proper maintenance each

have their own effects on the choice of equipment.
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a. Regular inspection visits. The interval between

inspections will largely depend upon local con-

ditions, the type of equipment, and the serious-

ness of any loss of record. The length of un-

attended operation will in turn have its effect

on the choice of clockwork and type of

recording (ink, pencil, paper, etc.).

b. Repairs. It is preferable that there is uni-

formity in the type of instruments used in a

network. This would simplify the work of the

technicians who have to make repairs and would

make the stocking of spare parts less compli-

cated. It is also desirable to select an

instrument that may be repaired in the field

if necessary with simple tools and parts.

c. Personnel. The competence of the actual or

proposed personnel will be a factor in deciding

upon the complexity of the equipment to be ob-

tained. It would not be sensible to acquire

instruments which, because of their complicated

workings, could not be repaired by the available

personnel.

The local conditions of the Aleydegi Plain can be

taken as moderate rainfall and flat terrain. The stations
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are to be used for a long period of time. The availability

of spare parts and trained personnel is very limited.

A previous report by Currey (1972) on Aleydegi Plain

indicates the presence of a top aquifer system on the upper

60 to 70 meters and a lower aquifer in the lower 85 to 100

meters. The static water level stabilized at 63 meters. An

average design depth of 70 meters is assumed for half the

observation wells and 100 meters for the other half. The

diameter of the wells is assumed to be 20 centimeters. This

diameter allows the use of most recording instruments for

ground water level measurements. The use of a greater

diameter has added convenience of measuring water levels,

but costs more.

Based on the local conditions stated above and the

report of instruments proven reliable in many countries

the world by World Meteorological Organization (1973), and

properties of instruments such as precision, durability,

and availability, instruments were selected for each param-

eter as given in Table 7. Cost of the instruments was a

major factor for the selection.

Capital Cost Estimation 

It is clear that the problem of the most rational

distribution of hydrogeological networks is essentially a

matter of economics. When a network is being planned, an

effort must be made to reduce to an acceptable level the
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Table 7.	 Instrumentation for networks of Aleydegi Plain

Instrument	 Quantity Remarks

1. Precipitation network.
Tipping Bucket Rain
gauge with recorders 5 In all stations.

2. Evaporation network.
Evaporation pan 2
Stilling well 2
Hook gauge 2
Replacement graduate 2
Totalizing anemometer 2
Maximum thermometer 10
Minimum thermometer 10
Hygrothermograph 2
Anemometer (general
purpose) 2
Pyranometer 2
Psychrometer assembly 2

3. Streamflow station
network.

Water level recorder 15
Portable current
meter set 5 For use at different

stations.

4. Observation well
network.

Water level recorder 15 Uniformly distributed
over the area.
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expenditure on stations and the losses resulting from an

inadequate knowledge of the hydrogeological processes pre-

vailing in the area of a particular station network.

It is economically disadvantageous to have stations

situated infinitely close to one another and each with

absolute accuracy. The cost of such an idealized network

would be excessively great and would not be justified by any

decrease in lost data.

The economic effect of use of hydrogeologic informa-

tion has been studied only superficially. An "economic"

density of stations in a network has not been given for any

condition. The rational density of stations in networks for

this study is made on a purely hydrogeological and minimum

accuracy basis.

Estimation of costs for establishing networks in-

volves difficulties for areas where no prior study has been

made. The cost is dependent both on the observation program

to be carried out and instruments used in making these

observations as well as on the location of the stations.

Method of Estimation

It should be understood that cost estimates vary

with physical features, and economic conditions under which

they are made. It is possible to use an estimate made for

a given area and condition for another area and condition
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only if proper adjustments are made. An attempt is made in

this cost estimation to adjust it to the area under study.

The method taken to estimate the cost is first to

decide on the instrument type with the necessary accessories

for complete installation. Then the cost involved in in-

stalling the instruments to establish the network is

calculated.

Material costs for meteorological and hydrological

instruments selected for the networks are based on the

price lists available from Tucson contractors and dealers.

This cost is raised by 50 per cent to approximate the trans-

portation and handling costs for Ethiopian condition.

Engineering costs of 15 per cent and contingency

costs of 10 per cent are added to capital cost. These per-

centages are intended to cover an appraisal by meteorolo-

gists, hydrologists, and such professional inspection of

the drilling and instrument settings needed (Hollyday and

Seaber, 1968; Cederstrom, 1973). Based on the above

factors the capital costs needed in the establishment of

the hydrogeologic networks for the Aleydegi Plain are given

in Table 8.
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Table 8.	 Capital cost of establishing a hydrogeologic
network for the Aleydegi Plain.

Network	 Quantity Cost U.S.$

1. Precipitation network.
Tipping Bucket Rain gauge with
recorders 5 2,300.00

Engineering and contingency 600.00

Sub-total 2,900.00

2. Evaporation network.
Evaporation pan 2 600.00
Stilling well 2 200.00
Hook gauge 2 200.00
Replacement graduate 2 200.00
Totalizing anemometer 2 600.00
Maximum thermometers 10 200.00
Minimum thermometers 10 200.00
Hygrothermographs 2 700,00
Anemometers	 (general purpose
with accessories) 2 6,000.00
Pyranometers with accessories 2 1,800.00
Psychrometers assembly 2 200.00
Engineering and contingency 2,700.00

Sub-total 13,600.00

3. Streamflow network.
Water level recorders 15 4,500.00
Portable current meters 5 3,000.00
Current meter accessories 800.00
Engineering and contingency 2,100.00

Sub-total 10,400.00

4. Observation well network.
Water level recorders 15 7,000.00
Drilling	 (top aquifer) 139,000.00
Drilling	 (lower aquifer) 198,000.00

Casing 104,600.00
Screen 36,000.00
Engineering and contingency 121,000.00

Sub-total 605,000.00

Total 631,900.00
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Table 8.--Continued

Network
	

Quantity	 Cost U.S.$

Adjustment for transportation,
handling and inflation	 315,950.00

Grand Total	 947,850.00



CONCLUSIONS AND RECOMMENDATIONS

Conclusions 

The problem of hydrogeologic network design has

great importance in ground water resources assessment. It

involves the interaction of meteorologic, hydrologic, geo-

logic, and economic variables. Direct measurement of the

ground water in a given area is very difficult without

having a portion or all of the above variables. Indirect

methods using data on these variables are utilized in

studying ground water resource situations.

The most difficult question faced in network design

is the question of station densities to be used to get most

of the information on the variables. The densities required

to make a valid ground water assessment depend on the ob-

jectives defined for the use of the variables as well as on

the variables themselves. Densities vary from a minimum

for reconnaissance type of work to some maximum density for

specialized research, model construction, or feasibility

study. Locations or topographic features of an area as well

as accessibility have great impact on the determination of

density of stations.

Accuracy of information obtained and total cost are

direct functions of density. Optimum density that will

give sufficient accuracy of information with reasonable cost

98
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is the aim for hydrogeologic network design. Difficulties

are involved in getting optimum density when there are no

preliminary data available on which to base designs. Thus,

minimum density networks are designed in this study as a

start to possible optimum and maximum density networks for

the Aleydegi Plain in Ethiopia. Minimum density has three

advantages: (1) reduced costs, (2) allows better scheduling

of data collection programs, and (3) permits faster analysis

of data on the variables. The requirements for minimum

density networks published by the World Meteorological

Organization and recommendations made by several scientists

are used as a guide to the design. The guides are used

because of the rare experiences of experts in many countries

which are contributed to the Organization. Some of the

regions studied simulate the condition of the area under

consideration here.

Based on the minimum data point concept, more than

100 observation wells, 5 precipitation gauging stations, 15

stream flow gauging stations, and 2 evaporation stations are

needed for the 3000 square kilometer area of the Aleydegi

Plain. The total capital cost for establishing these

stations with the necessary instrumentation in the area is

about one million dollars (U.S.). This cost includes the

price of the instruments to be installed and the labor cost

of putting them in the appropriate places. The number of
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data points and the cost thus determine changes for any

change in objective and parameters in the study area.

Recommendations 

There is no single quantitative guide available that

can be used objectively to get the rational density and

design of hydrogeologic networks. Studies should be made,

for given objectives:

1. on the effect of densities of data points on the

accuracy of information collected;

2. on the determination of economical density,

especially with reference to operation costs, for

different accuracy levels of hydrogeologic informa-

tion; and

3. on the effect of surface hydrologic parameters and

topographic condition on the determination of

ground water resources.

Since observation wells are the most important and

expensive item of the hydrogeologic network, more research

should be conducted on the spatial distribution of wells

for different aquifer conditions. Studies should be made

also to relate densities of observation wells with the

objectives of a given data collection program.
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