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PREFACE

This book is an outgrowth of a course in ground-water
hydrology taught for seniors and first-year graduate students
in Agricultural Engineering, Civil Engineering, Geology, and
Watershed Science. The selection of subject material and pre-
sentation has been favorably received by both students and
professionals in these disciplines. The book is designed,
primarily, for use as a text, but the emphasis on basic physi-
cal and mathematical concepts should be found useful to profes-
sional hydrologists and geohydrologists as well. It has been
our experience, both in teaching and in professional practice,
that a solid background in fundamentals and a thorough under-
standing of ground-water phenomena in idealized cases contrib-
utes immeasurably to imaginative and successful analysis, syn-
thesis, and solution of field problems; even when the results
from idealized situations are not directly applied.

Presentation of the subject matter begins with an overview
of ground-water hydrology with a definition of some basic terms
and a 1imited discussion of the role of geology as a fundamental
supporting science. The role of ground-water in the hydrologic
cycle is implicit in the material of Chapter II where ground-
water storage and water budgets are discussed. Fluid flow
through porous media is presented in Chapter III with emphasis
on Darcy's Law and its significance. The discussions of steady
and unsteady flow in Chapters IV and V emphasize local ground-
water problems such as well flow, drainage, mine-inflow, etc..

A chapter on finite difference technigues is included to provide
the student with an introduction to methods and tools available
for basin-wide or regional analysis. One feature of the book
that we hope will be especially useful to the reader is the
numerous worked examples and the problem sets at the end of each
chapter. Many of the examples and problems are designed to help
elucidate principles and several are straight-forward applica-
tions of the text material, but in contexts that deviate to some
degree from the context of the original presentation. We hope
that this will reduce the tendency of the reader to associate

a particular development only with the context in which it was
derived.

Qur selection and presentation of subject material has been
influenced by authors of similar books and by our former teach-
ers, and we are indebted to these many people. We have included
many other books, both texts and reference books, in our list
of references in anticipation that the reader will often desire
to study other summaries and digests of the literature as well
as the original papers.

We are grateful for comments and suggestions received from
colleagues and students who have reviewed and studied the mater-
ial from which this book evolved. In particular, we wish to
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thank Dr. H. R. Duke, Agricultural Research Service, USDA; and
Dr. A. T. Corey, Professor of Agricultural Engineering for thei
review and comments. Thanks are also due Ms. Diane English for
typing the manuscripts and Mr. J. A. Brookman for the drafting.
Also, we would Tike to express our deep appreciation to our
families who sacrificed evening and weekend activities on numer
ous occasions because of our involvement in the preparation of
this text.

Finally, we wish to express our appreciation to Colorado
State University and particularly to the Agricultural and Chem-
ical Engineering and the Civil Engineering Departments. It was
through the direct and indirect support of the University that
this undertaking became possible.

April, 1977 David B. McWhorter

Fort Collins, Colorado Associate Professor

U.S.A. Agricultural and Chemical
Engineering

Daniel K. Sunada
Associate Professor

Civil Engineering
Colorado State University

Vi



TABLE OF CONTENTS

Chapter Page
Preface . 191
I INTRODUCTION 1
1.1 Scope . . 1
1.2 Historical Perspect1ve 2
Extraction of Ground Water e e e e 2
Ground-Water Hydrology . « « « v « o« « « o . 5
1.3 Ground-Water Geology -- An 0verv1ew . 6
Geologic Strata -- Ground-Water Vessels . . )
Confined and Unconfined Ground Water 9
Observation of Ground Water . 1
REFERENCES . . . 12
PROBLEMS AND STUDY QUESTIONS 14
IT  GROUND-WATER STORAGE AND SUPPLY . . . 15
2.1 Storage In Water-Table Aguifers . . . . 15
Porosity and Representative Volume Elements . 15
Example 2-1 19
Example 2-2 .. 20
Desaturation and Specific Retentwon of'Aquzfér
Materials . . 20
Example 2 3 .. 24
Distribution of Water Content and Pressure
Above a Water Table . . . . 25
Specific Yield and Apparent Speczfic Yteld . 28
Example 2-4 . . .. 30
Example 2-5 . . 31
2.2 Storage In Confined Aqu1fers 34
Stress in Aquifers . . 34
Specific Storage and Storage Coeffﬂc@ent . 35
Example 2-6 . . . 39
Example 2-7 . . . . . . 39
2.3 Water Level Fluctuations . 40
Piezometric Surface and Barometrtc Pressure . 40
The Water Table and Barometric Pressure . . 43
Water Levels, Tides and Other External Loads. 45
Water Levels and Evapotranspiration . . 47
2.4 Hydrologic Budgets 48
Components of a Surface- Water Budget 49
Components of a Soil-Water Budget . . . 51
Example 2-8 e e e e 56
The Ground-Water Budget . . . 56
Example 2-9 . 57
REFERENCES . . 58
PROBLEMS AND STUDY QUESTIONS .. 61
ITI  DARCY'S LAW AND BASIC DIFFERENTIAL EQUATIONS 65
3.1 Darcy's Empirical Equation . . 65
Forces on Fluids in Porous Solids . 67

vii



Chapter

v

3.2

3.3

3.4

3.5

TABLE OF CONTENTS - Continued

Example 3-1

Example 3-2 e .

Example 3-3 . . . . . . . . . ...
Force Potential, Velocity Potentzal and
Darcy's Law . . « . . e e e e

Example 3-4 . . . . ..

Example 3-5

Example 3-6 . . . . . . . .

Example 3-7 . . . . . . .
Laboratory Determination of'Hydrauch Con—
ductivity . .

Non- Homogen1ety And An1sotropy .....
Non-Homogeneious Aquifers . . . « « « « « o .
Example 3-8
Example 3-9
Anisotropic Aquifers . . . . . .

Flow In Confined Aquifers .

A Differential Mass Balance . .
Differential Equations For Confhned Flow
Flow In Water-Table Aquifers

The Dupuit-Forchheimer Approxamatzon

The Boussinesq Equation . . .
Equations For Flow With Vert1ca1 Accret1on
REFERENCES . . .

PROBLEMS AND STUDY QUESTIONS

STEADY GROUND-WATER HYDRAULICS

4.1

4.2

4.3

Equipotential Contours And Stream11nes
Equipotential and Stream Surfaces in Relation
to Physical Boundaries

Example 4-1 . .
Elementary Solutions For Conf1ned F]ow
One-Dimensional Flow .« . . « . .
Radial Flow . e e e e e e e e e e
Example 4-2

Superpos1t1on of Elementary So]ut1ons e
Drawdown in a Confined Aquifer Due to a Well
Pield . . . e e e e .
Example 4 3 ..
Pumping Near Hydro- Geologzc Boundarzes
Example 4-4
Example 4-5 . . . . . . . . ..
Example 4-6 . . e e e e e
A Pumped Well in Unszrm FZow .
Example 4-7 . .
Partially Penetrating WéZZs ..
Example 4-8 . .
Concluding Remarks on Superpoamtton of SoZu—
TLOMS v v v v o o e a e e e e e e e e e e e

viii



TABLE OF CONTENTS - Continued

Chapter Page
4.4 Flow Nets . . . . I K1
Flow Nets in Homogeneous Aqu@férs ...... 136
Example 4-9 . . . . . . . . .. .. .. 139
Examp]e 4-10 . . . .. .. - . 140
Flow Nets in Non-Homogeneous Aqulférs .. 141
4.5 Flow In Confined Aqu1fers With Vertical Accre-
tion . . . e 142
One- Dimensaonal FZow in a Leaky Aqulfér ... 142
Radial Flow in a Leaky Aquifer . . . . . . . 143
Example 4-11 . . . . . .. 145
4.6 Steady Flow In Unconf1ned Aqu1fers .« . . . . 146
One-Dimensional Unconfined Flow . . . . . . 146
One-Dimensional Unconfined Flow With Vertzcal
Aceretion . . « .« .« . . . . e e e e e e e 148
Example 4-12 . . . . . . . . . .. . . . 150
Radial Unconfined Flow . . « « « « « . R EY
Example 4-13 . . ... . 154
4.7 Hydraulics Of Two F]u1ds In Aqu1fers . .. . 156
Two-Fluid Idealization of a Nonhomogeneous
Fluid « « « v v v v i e e e e e e <« .. 156
The Ghyben Herzberg Equatﬁon ....... . 159
Fresh~Water Flow in a Coastal Aquifer . . . . 160
Example 4-14 . . . . . . . . . .. . . 161
Interface Upconing Beneath Pumpzng WeZZs .. 162
Example 4-15 . . . .. . . . 164
The Island Fresh-Water Lens . )
Example 4-16 . . . . . . . . . . . . . . 166
REFERENCES . e e v e . .. 168
PROBLEMS AND STUDY QUESTIONS B V0,
V. UNSTEADY GROUND-WATER HYDRAULICS . . . . . . . . 177
5.1 Radial Flow . . . . . . e e 177
Flow Toward a Fully Penetratzng WéZZ e v v . 177
Example 5-1 . . e e e e v w179
The Effective Radius of Influence ...... 182
Example 5-2 . . . . e e e e e e e .. 183
The Pseudo-Steady State . . . . . . « . . . . 184
Example 5-3 . . . . . . . . . . ... . 185
Response of an Unconfined Aquifer Near a
Pumped Well . . « « v « « v « o . e+« . . . 185
Radial Flow in a Leaky Aguifer . . . . . . . 188
Drawdown With Variable Pumping Rates . . . . 190
5.2 Aquifer Test Applications . . . . 194

Preliminary Considerations in Aquifér Testing 195
Analysis of Aquifer Test Data Ustng the Theis

Solution . . . « « « « . . . . e v« . . 198
Example 5-4 . . . . . . . . ... ... 200
Example 5-5 . . . . . . . .. e .. 202
Example 5-6 . . . . . . . . . ... .. 203

ix



Chapter

VI

5.3

5.4

5.5

TABLE OF CONTENTS - Continued

Analystis of Data Influenced by DeZayed Water-
Table Response . . . . . . . . coe .
Example 5-7 .
Analysis of Recovery and SZug 1est Data .
Example 5-8 . . . . . . . .. ..
Example 5-9 . .
Pumping Near Hydro- GeoTog1c Boundar1es
Pumping Near a Stream or Impermeable Boundary
Example 5-10 . ..
Aquafer Tests in the V@clnmty of Hydro Geol—
0gic Boundaries + « v v v v e 4 e e s e e e
One-Dimensional Flow
Flow Toward a Plane on W%ﬁch the P@ezometrlc
Head 1s Prescribed . . . « . . e e
Example 5-11 . . . . . . . . . .
Flow Toward a Plane at Whﬁch the Dascharge 18
Prescribed . . e
Example 5- 12 ..
One-Dimensional Flow W1th D1str1buted Recharge
Flow Between Parallel Drains . . . . . .
Example 5-13 .
ExampTe 5-14 .
Flow in Response to Conttnuously Varyang
Recharge . . « . . « . . e e e e e
Example 5 15 . . .
REFERENCES .
PROBLEMS AND STUDY QUESTIONS

FINITE DIFFERENCE METHGDS .

6.1

6.2

6.3

One-Dimensional Flow - Conf1ned Aqu1fer e
Forward Dij férence Equation - Explicit
Solution .

Example 6 1 .
Backward Difference Equat@on - Impllcit
Solution . . .o e e e e e

Example 6 2 . .
Crank-licholson Appfoxamat@on .
Two-Dimensional Flow - Confined And Unconf1ned
Aquifer . . .
Alternating D@rectaon IMplﬂcmt Procedure -
Two-Dimenstonal Case .« « « v v v v o o o
Backward Difference Equation - Two Dzmensaonal

Case . .

Examp]e 6 3 .
Sensitivity To Solution Parameters
REFERENCES

PROBLEMS AND.STUDY QUESTIONS

Page

204
205
206
207

209
210
21

213
214

214
217

218
220
221
221
224
225

226
227
228
231

240
240

243
244

246
246
247
249
249
250
257

258
260



TABLE OF CONTENTS - Continued

Chapter

APPENDIX A - Systems of Units and Conversion

Tables . .

APPENDIX B - Gauss EZLmznatlon Scheme fbr Emample

6-2 in Text . . .

APPENDIX C - Finzte sz?brence Ground Water Model
Procedure for Analysis e e e
Data Input
Description of Subprograms
Computer Program Listing e

APPENDIX D - 4dditional Solutions .

Index .

X1

261

263
265
265
268
270

272
282

287



Major definitions of symbols are presented here.
ary definitions or constants are defined where used.

Symbo1

a

AW
Awm
b

BE

[a X NN

Symbols

Perpendicular distance from source
or sink to hydrogeologic boundaries

Available water for plants
Maximum available water for plants

Thickness of confined aquifer or
saturated thickness of unconfined
aquifer

Barometric efficiency
Pan coefficient for evaporation

Temperature coefficient for evapora-
tion

Grain diameter

Characteristic dimension of flow
space in porous media

Rooting depth of plant
Evaporation rate
Evapotranspiration rate

Pan Evaporation rate

Potential evapotranspiration rate
Force

Gravitational constant

Vertical height of water table or
piezometric head

Hydraulic gradient
Infiltration rate
Intrinsic permeability
Hydraulic conductivity

Modified Bessel function of the second

kind, order zero
Latent heat of vaporization of water
Length of perforated weil bore

Second-
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w
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—lrr%mmmmmmm;o;c—s1o.o+.o-c
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Mass of fluid

Number of streamtubes

Number of equipotential drops
Number of columns in grid system
Number of rows in grid system
Fluid pressure

Atmospheric pressure
Capillary pressure

Darcy velocity

Velocity vector

Flow rate, discharge

Radial distance

Radius of influence

Gas constant

Solar radiation

Drawdown

Storage coefficient

Specific retention

Specific storage

Specific yield (effective porosity)

Apparent specific yield

Time

Transmissivity

Tidal efficiency

Boltzman variable = r2/(4at)
Seepage velocity

Control volume

Vertical seepage rate

Well function

Rectangular coordinate system
T/S or T/Sya

Pore volume compressibility
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Symbo1

B Compressibility of water

B Leakage factor for leaky aquifer

8 Angle - defined where used

n Distance to fresh water - salt water
interface

8 Volumetric water content

N Volumetric water content at permanent
P wilting

Dynamic viscosity
Density of fluid
Surface tension

Q a ©

Intergranular stress

Dummy time variable

A

Porosity
Velocity potential

< 0 o

Stream function
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Chapter |
INTRODUCTION

1.1 SCOPE

Waters contained in the voids of the geologic materials
that comprise the crust of the earth have been variously clas-
sified according to origin and mode of occurrence. In conform-
ance with common practice, the term ground water is used herein
to denote subsurface water that exists at pressures greater
than or equal to atmospheric pressure. Pressures of subsurface
water in the capillary fringe and above are less than atmos-
pheric and typically capillary water is not included as ground
water. This distinction between subsurface waters that exist
at pressures greater or less than atmospheric pressure is arti-
ficial in the sense that no physical boundary separates them,
their properties are identical, they do not behave independent-
1y and the same principles of physics apply to both. On the
other hand, the experimental and mathematical methods required
for analyses are distinctly different as are the methods by
which the two waters are exploited and used in the course of
human affairs.

The subject matter of this book deals almost exclusively
with ground water as defined above. Some 97 percent of the
world's potable water supply available at any moment in time
occurs as ground water, and the importance of ground water in
the total water resource is unquestioned (Ground Water and
Wells, 1972). Proper evaluation of ground-water resources
requires thorough hydrologic, geologic and hydraulic investi-
gation over-areas that may range in size from a few hundred
hectares to entire basins or even countries. Use of simulation
and management models is widespread in such studies. O0On the
other end of the spectrum are ground-water studies that may be
quite Tocal in extent and only indirectly motivated by ground
water as a resource. Examples include aquifer testing, drain-
age of agricultural land, dewatering for construction, inflow
to a mine shaft or pit, seepage beneath or through a dam, sub-
surface return flow from irrigation, seepage from canals and
reservoirs, intrusion of saline water, and subsurface disposal
of Tiquid wastes.

It is beyond the scope of this basic text to cover all
aspects of hydrology, geology, and hydraulics that are pertin-
ent to the analysis and solution of the above problems. Espe-
cially notable omissions are treatments of ground-water explor-
ation, ground-water quality and an adequate discussion of the
role of geology. The hydraulics of ground water receive the
most emphasis, but hydrological aspects are introduced through
discussion of ground-water storage, supply, and water budgets.



1.2 HISTORICAL PERSPECTIVE
Extraction of Ground Water

Ground water has been a source of water supply since the
dawn of recorded history. The first use of ground water was
from springs, but dug wells were widely used in the earliest
of Biblical times. Dug wells, with diameters from 2 to 10
meters, lined with rock or brick are still in use today in many
parts of the world. The time and place at which the first
drilled well (distinct from dug well) was constructed is lost
in unrecorded history, but the ancient Chinese are generally
regarded as the inventors of drilled and cased wells. Tolman
(1937) reports that the Chinese sunk bamboo-cased wells to
depths of more than 1500 meters, requiring three generations
to complete.

Extraction of ground water from wells required a water-
1ift method. The earliest water-1ift methods consisted of
Tittle more than a means of raising and lowering a container
on a rope. Apparently the Egyptians used a lever, fulcrum and
counterweight in conjunction with the rope and container as
early as 2000 B.C. (Fig. 1-1). Animal power was, and still is,
used to 1ift water from dug wells by means of Persian wheels
(Fig. 1-2). Containers, formed from gourds, clay, and more

COUNTERWEIGHT
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Figure 1-1. Counterpoise 1ift.
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Figure 1-2. Persian wheel with portgarland drive wheel and
horizontal drive shaft {After Wood, 1976).

recently from metal, were attached to a continuous loop of rope
or belting that was suspended into the well over a drive wheel
at the surface. The arrangement was not dissimilar to a modern
chain and sprocket mechanism. The lower end of the loop extend-
ed to below water level in the well. The chain of containers
was rotated by the sprocket wheel so that the containers acted
as dippers at the bottom of the well and emptied into a trough
as they became inverted at the top of the loop. The dates of
first use of Persian wheel seem to be in dispute, but they were
in use at least by 200 B.C. (Wood, 1976).

The Chinese water ladder, a device used primarily to raise

surface water to increased elevations, was modified during the
last centuries B.C. to provide a vertical Tift mechanism
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suitable for use in wells (Fig. 1-3). Circular discs were
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Figure 1-3. Chain pump with manual windlass (After Wood, 1976).

attached to a continuous loop of rope suspended in the well
over a windlass. The discs on the rising side of the loop
passed upward through a vertical cylinder of slightly larger
diameter than that of the discs. The rising discs displaced
the water in the cylinder and discharged it at the surface.
This device is known as a chain pump.

The first centuries A.D. saw the development of the piston
pump. The forerunners of modern centrifugal and other rotary-
type pumps were developed in the 16th, 17th and 18th centuries.
A unique 1ift method was used at the Saint Patrick's well at
Orvieto, Italy. This 16th century well was constructed with
two spiral staircases that permitted donkeys to carry water on
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their backs from a depth of some 60 meters.

The most remarkable of the ancient methods of ground water
extraction did not require 1ifting devices. The Persians
developed ground water as early as 800 B.C. from alluvial out-
wash adjacent to the mountains by means of huge gravity drains
called kanats. Kanats consist of tunnels, dug on an approxi-
mate grade, that connect vertical construction shafts through
which spoil from the tunnels was lifted and light was reflected
on the digging operations. Kanats intercepted ground water and
delivered it by gravity to lower elevations. Ground water
development by kanats spread to Egypt, where it is believed
that tunnels may have exceeded 100 km in length (Tolman, 1937).
Kanats exist today in many areas including Pakistan, Afganistan
and Iraq, in addition to Iran and Egypt.

Ground-Water Hydrology

Ground-water exploitation preceded the establishment of
the rudiments of ground-water science by many centuries. The
source of ground water remained unproven, if not undisclosed,
until the latter part of the 17th century when a French scien-
tist, Pierre Perrault, concluded on the basis of measurements
that annual runoff from the Seine River catchment above Paris
was less than one-sixth of the annual volume of precipitation.
A few years later, Edme Mariotte verified that the annual pre-
cipitation on the Seine River catchment was approximately six
times the annual discharge of the river. Further, he establish-
ed that the discharge of seeps and springs was supplied by pre-
cipitation (DeWiest, 1965). Prior to these studies, it was
widely believed that precipitation was entirely inadequate to
account for the flow of streams and springs. The earth was
thought to be practically impenetrable by rain water; a belief
that, in itself, precluded a correct explanation for the source
of ground water. The prevailing theory, articulated by many of
the most prominent thinkers of the time, held that ocean water
migrated inland through subsurface caverns and was eventually
returned to the surface through springs. Elaborate corollary
theories were advanced to explain how the springs could exist
at elevations above sea level and how the sea water was puri-
fied.

The 19th century saw the development of the basis for the
quantitative description of ground-water motion. Hagen (1839)
and Poiseuille (1840) derived, independently, the equations for
viscous flow in capillary tubes and Henry Darcy (1856), pub-
lished his now famous empirical equation for flow of water
through sand. Darcy's law, in a generalized form, remains
today the fundamental rate equation in the analysis of ground-
water motion.



The study of ground-water hydrology expanded rapidiy in
the last decade of the 19th century and the first part of the
20th century. In particular, 0. E. Meinzer of the United State
Geological Survey was instrumental in the integration of ele-
ments of surface hydrology, geology and hydraulics into the
scientific study of ground water. The literature is now com-
posed of hundreds of articles and books with important contri-
butions from geologists, hydrologists, engineers, chemists,
mathematicians and petroleum and agricultural scientists.

The cumulative knowledge of ground-water phenomena now
encompasses an understanding of the role of ground water in the
hydrologic cycle, a unifying theory for the motion of fluids in
porous media, and procedures for field investigation that re-
flect the central role of geology in the occurrence and distri-
bution of ground water. Should the study of ground-water hydrc
ogy be confined to the desks and laboratories of researchers
and teachers, where knowledge of the hydro-geologic character-
istics can be presupposed, one might argue that the science is
relatively well developed. Ground water, however, occurs in
geologic formations whose hydrologic, hydraulic, chemical and
geometric properties exhibit all of the vagaries of the natural
processes from which they result. While in principle the theo-
retical and computational tools available are applicable to
such complicated cases, the practical difficulty of adequately
characterizing the ground-water reservoirs remains a significan
constraint. The practioner in ground-water hydrology may be
obliged, in some cases, to use less than the full potential of
his supporting science simply because the available data or
financial resources do not justify additional refinements.

1.3 GROUND-WATER GEOLOGY — AN OVERVIEW
Geologic Strata — Ground-Water Vessels

The sequence of sedimentary rocks extending upward from
metamorphic or igneous basement rock is the stratagraphic colun
The column contains a widely variable sequence of sandstone,
conglomerates, shales, siltstones, limestones, dolostones, and
evaporites, among others. An assemblage of Toose material,
known as regolith, mantles the upper-most stratum in the strate
graphic column in most areas, but bare rock exposed at the sur-
face is not an uncommon occurrence. The stratagraphic section
can be thousands of meters thick in large depositional basins
or completely absent where erosion has exposed the basement
rock.

The rocks in the stratagraphic column and the overlying
regolith are the hosts of ground water. The water is containec
in the voids formed by the interstices between individual grair
or aggregates of grains, in channels and vugs resulting from
dissolution of carbonates or evaporites, and in fractures or

6



other openings. A measure of the relative void volume is por-
osity defined as the ratio of the void volume to the bulk vol-
ume of the material. Porosity is an important hydrogeologic
parameter that will be discussed in more detail later.

Another important hydrogeologic parameter is hydraulic
conductivity. A precise technical definition of hydraulic con-
ductivity will be provided in a subsequent chapter. For the
purposes of the present discussion, the hydraulic conductivity
is loosely defined as a measure of the ease with which water
can be transmitted through a porous material. A material which
permits water to easily flow through it has a higher hydraulic
conductivity (is more permeable) than a material that more
severely impedes water movement, all other conditions being
equal.

A geologic stratum that exhibits porosity and hydraulic
conductivity sufficient to store and transmit water in signif-
icant quantities is called an aquifer. This definition, while
imprecise, is nevertheless useful. Regolith in the form of
unconsolidated deposits of sand and gravel are probably the
most important aquifers from the standpoint of water supply.
More than 90 percent of the ground water used in the United
States is pumped from such deposits (Walton, 1970). Sand and
gravel aquifers occur as alluvium adjacent to and beneath
streams and rivers, in buried valleys and abandoned river
courses, and in plains and inter-montane valleys. The river
deposited material adjacent to the South Platte River in Colo-
rado is an example of an alluvial aquifer. Clastic deposits
in the alluvial fans of the Sierra Nevada Range are a second
example. Aquifers in the Basin and Range region of Nevada are
examples of the inter-montane aquifers. The Ogallala formation
which immediately underlies the High Plains of Nebraska, Colo-
rado and Texas is a partially cemented alluvial aquifer. The
tremendous alluvial deposits formed by the Indus River in Pak-
istan and India form a huge aquifer. Water courses, Tong since
abandoned by the Indus, are to be found buried in the flood
plain. Often, it is within these buried water courses that the
most prolific wells and the best quality water can be found.

Sandstones and conglomerates are the cemented equivalents
of unconsolidated sands and sand-gravel-boulder mixtures. These
geologic materials also constitute important aquifers. The
Dakota sandstone is one example and the Foxhills formation in
the Dakotas and in eastern Montana another.

Carbonate rocks are sometimes important aquifers. Lime-
stones and dolomites may exhibit an interstitial porosity and
hydraulic conductivity. Often, however, the porosity and perme-
ability of carbonate rocks are secondary in the sense they
result from channels formed by dissolution of the rock by per-
colating waters. Huge caverns may result in some instances.
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Igneous and metamorphic rocks form aquifers at some locations.
The porosity and permeability are provided by fractures, faults
and other openings and not by interstitial void space.

Rarely, if ever, are geologic materials homogeneous over
large areas or to great depths. Alluvial deposits are, normal-
1y, characterized by relatively coarse material near the sedi-
ment source which grades into increasingly finer material at
larger distances from the source. This is the result of the
progressive decrease in carrying capacity of the streams as
their gradient becomes smaller with increasing distance from
the mountains. The same process often causes a stratum to
exhibit a vertical gradation of particle size. The finest
sediments, deposited farthest from the mountains, may be so
fine that they no longer qualify as aquifers. This is true
because the dimensions of the void space are too small to per-
mit significant flow, even though the porosity may be as large
or larger than that of the coarser sediments. Materials which
have sufficient porosity to store water but a very small capac-
ity to transmit water are calied aquicludes. Clays and shales
are exampies of aquicludes. The occurrence and distribution of
aquicludes are important in ground-water analyses because they
form the boundaries of aquifers in many cases. Thus, aquicludes
often dictate the type and geometry of boundary conditions that
must be considered by the hydrologist.

The term aquitard refers to a geologic material, the
hydraulic conductivity of which is too small to permit the
development of wells or springs but may be sufficiently large
to significantly influence the hydraulics of aquifers adjacent
to it. Another term used by practioners in ground-water hydrol-
09y is aquifuge which refers to a geologic material with no
significant porosity or permeability. Unweathered and unfrac-
tured granite and some carbonates afford examples of aquifuges.
Aquifuges are important as boundaries of aquifers and sources
of clastic material for aquifer formation.

Clearly, the stratagraphic column has the important hydro-
Togic significance of a sequence of potential aquifers, aqui-
cludes and aquitards in addition to its more traditional signif-
icance in geology. The actual order in which strata occur in a
particular column influences the vertical distribution of ground
water. Aquicludes may isolate potential aquifers from sources
of recharge, for example. On the other hand, an aquifer that
may appear isolated in a particular section can be exposed at
other locations via the processes of geologic uplift, folding,
faulting or erosion. Geologic maps and cross-sections, which
depict the lateral distribution of strata, are also indispens-
able aids to the ground water hydrologist, therefore.

While the occurrence of ground water in regolith and the
upper portions of the stratagraphic column is problematical at
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any particular location, ground water can nearly always be
found at depth in a thick sequence of sedimentary rocks. Water
saturated rocks more than 8 km beneath the earth's surface have
been penetrated by wells in the petroleum industry. Water at
such great depths is usually completely isolated from surface
water and occurs as a result of entrapment in the interstices
when the sediments were originally deposited beneath the sea.
Such water is known as connate water and is highly mineralized
and saline. The temperature of water generally increases with
depth and in some areas water temperatures are high enough to
provide useful energy. Such geothermal activity occurs in

many areas of the world and sometimes is apparent at the

ground surface as geysers such as is evident at Yellowstone
National Park, USA.

Confined and Unconfined Ground Water

A water table, also known as the phreatic surface, is the
surface upon which the water pressure is equal to atmospheric
pressure. An wunconfined or water-table aquifer is one in which
a water table exists, and a confined or artesian aquifer con-
tains water at pressures greater than atmospheric pressure.
While it is traditional to use the words confined and uncon-
fined as modifiers of the term aquifer, the meaning should not
be extended to the geologic stratum as a whole. As will be
seen presently, it is quite possible for a particular stratum
to be properly classified as a confined aquifer at one location
and as unconfined in another. The distinction between confined
and unconfined aquifers is made because there are substantial
differences in their hydraulic behavior, particularly, their
capacity to take up or release water from storage.

In order that water exist in a confined aquifer at pres-
sures greater than atmospheric, the aquifer must be bounded by
refatively impervious materials on the top and bottom. A con-
fined aquifer is shown in Fig. 1-4. The shale formations
bounding the Timestone aquifer act as walls of a container
permitting the water in the aquifer to exist at elevated pres-
sures. Well A is a flowing artesian well, the pressure in the
confined aquifer being sufficient to cause the water to rise
above the land surface. The source of the elevated pressure
observed at the location of well A is the hydrostatic pressure
developed between the elevation of the recharge area and the
elevation of the aquifer at point A. It is only necessary for
the water to rise above the top of the aquifer to be classi-
fied as a confined or artesian aquifer, however. The aquifer
is artesian, for example, at the Tocation of well C where the
water level is below the ground surface.

An imaginary surface passing through all points to which
water will rise in wells penetrating a confined aquifer is
called the piezometric surface. The water levels in wells A
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and C are points on the piezometric surface. This surface
plays a central role in the identification, description and
analysis of flow in confined aquifers. Notice that, should the
piezometric surface fall below the top of the aquifer, the
aquifer becomes unconfined at that point and the piezometric
surface and the water table coincide.

An unconfined or water-table aquifer is also shown in
Fig. 1-4. The water level in well B indicates the position of
the water table. Water Tevels in wells A and B are not equal
because the aquiclude tends to hydraulically isolate the aqui-
fers, one from the other. The fault zone, however, permits
water from the confined aquifer to seep into the water-table
aquifer, and the aquifers are not entirely independent. The
perched water table in Fig. 1-4 is the result of the collection,
on a clay lens, of water which has percolated from the ground
surface. Shallow ground water of local occurrence that returns
to the land surface along lithic contacts above the main aqui-
fers is called interflow. Interflow is often responsible for
small springs and seeps that flow only during wet periods.

Observation of Ground Water

The occurrence, distribution, and movement of ground water
must be detected and analyzed by means other than direct visual-
ization. Detailed geologic study is one method by which the
required data can be obtained, but important synergistic effects
accrue to the analysis that combines both geologic and hydraulic
data. By far the most important sources of hydraulic data are
the water levels in observation wells and piezometers.

A piezometer is a device which indicates the water-pressure

head hp at a "point" in the aquifer (Fig. 1-5). The piezometer

consists of a casing, perforated near the terminal point only,
that is installed in such a way that the casing fits tightly
against the geologic formation. A common method of installation
is to place the casing in a drilled hole, backfilling the
annulus between the casing and the wall of the bore hole with
clay. The height to which water rises in the piezometer is the
water-pressure head at the terminal point of the piezometer.

The observation well of Fig. 1-5 is a perforated casing
simply placed in a bore hole with no attempt to provide a seal
between the casing and the aquifer. In the case shown, the
observation well properly indicates the water tabie position.
Should the observation well penetrate into the underiying con-
fined aquifer, however, the observed water level would be mean-
ingless. This is true because the water level would reflect
neither the water table nor the piezometric surface elevation,
but a combination of the two since the well bore provides a
flow conduit between the two aquifers.
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Figure 1-5. Common facilities for observing water levels in
aquifers.

The production well on the right side of Figure 1-5 can
function as an observation well in the confined aquifer, because
the annulus is sealed in the confining layer. The production
well is not a piezometer, strictly speaking, because the well
screen extends over an appreciable fraction of the aquifer.
Thus, the water level indicates an average water-pressure head
over the screened interval. The water levels in the production
well and in the piezometer will be identical only under special
conditions, one of which is no flow of water in the aquifer.
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PROBLEMS AND STUDY QUESTIONS

Identify locally a groundwater basin and provide references
for available basic data on the area.

Why is it important to identify and distinguish between an
aquifer, aquiclude, aquitard and aquifuge?

Identify groundwater problems which are of primary concern
to:

civil engineers,
geologists,

petroleum engineers,
agricultural engineers,
agronomists,

lawyers,

physicists,

chemists,
mathematicians.

- W ~hD OO T

14



Chapter I
GROUND-WATER STORAGE AND SUPPLY

Ground-water storage is no less important to the ground-
vater hydrologist than above-ground storage is to hydrologists
ind engineers concerned with surface-water supplies. The aqui-
fer is an underground storage reservoir and also serves as the
conduit through which water moves to streams, wells, drains or
>ther extraction points. Just as the change of stage is an
indicator of the change of storage in a surface reservoir,
Fluctuations of the water table or piezometric surface eleva-
tion are indicators of the changes in the relative volume of
jround-water storage. The relative volume of water taken into
r released from storage is related to the corresponding water-
level change through two important hydrologic parameters; the
ipparent specific yield for water-table aquifers, and the
specific storage for confined aquifers. The relationships
>etween aquifer storage and water-level changes are discussed
in this chapter without regard for the capacity of the aquifer
to also act as a conduit. The latter subject and its relation-
ship to ground-water storage and supply are dealt with in
letail in subsequent chapters.

2.1 STORAGE IN WATER-TABLE AQUIFERS
Porosity and Representative Volume Elements

Porosity, being a measure of the relative void volume of
3 porous medium, is a fundamental hydrologic parameter of aqui-
fers. Porous materials occasionally contain voids that are
isolated from adjacent voids and, therefore, do not participate
in the storage and interchange of fluids. An example is some
volcanic rocks that contain isolated void space formed by the
avolution of gases. These voids are of Tittle importance in
aydrology and are excluded from the following discussion.

Porosity is the fraction of a representative volume ele-
nent of porous medium that is interconnected void space. View-
ad on a scale of the same order as the grain size, granular
aquifer materials exhibit a profoundly irregular variation of
s0lids and voids that is virtually impossible to describe in
3 detailed manner. This difficulty is circumvented by consid-
aring average values of hydrologic parameters and variables
for volume elements which are large relative to the grain size
out are small relative to the dimensions of the aquifer (or
sample thereof) as a whole. Such a volume is called a repre-
sentative volume element. The representative volume element
is the smallest element for which gradual or smooth changes in
average values of hydrologic parameters and variables are
dbserved. Further reduction in the element of volume results
in large, abrupt changes in the average values owing to the
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irregularity of porous materials on a small scale. Hydrologic
parameters and variables defined for representative volume ele-
ments are macroscopic quantities.

A graphic illustration of the variation of the ratio of
Yoid volume to element volume, as the volume of the element
increases incrementally, is presented in Fig. 2-1. The extreme
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Figure 2-1. Variation of void volume with element size in a
homogeneous porous medium.

variation shown for small volume elements results because the
volume element is so small that it may be entirely filled with
solids, entirely void, or consist of both solids and voids in
any proportion depending upon the location of the element. As
the size of the volume element is increased beyond the volume
of individual grains, it will always encompass some solids and
some void space, but the proportion that is void space will
still vary abruptly as the location of the element is changed.
The variation becomes smaller as the volume of the element is
further increased. In a homogenecus porous medium, the frac-
tion of the volume element that is void space approaches a con-
stant as shown. The representative volume element will exhibit
the same porosity, regardless of location in a homogeneous aqui-
fer. In an unstratified, nonhomogeneous aquifer, smooth vari-
ations of porosity are observed as the location of the element’
is changed. Abrupt changes in porosity, owing to textural dis-
continuities,may occur at the interfaces between different
strata. At a particular location in a porous material, the
porosity is the same regardless of the orientation of the
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vq1ume element. Porosity does not exhibit directional proper-
ties and is a scalar quantity.

The porosity can also be defined as the void area per unit
of bulk area. Figure 2-2 is a photograph of a cut-section of

Figure 2-2. Typical photograph of a cut-section of porous
medium.

a porous medium, showing the solids and the voids. Statistical
techniques can be used to determine porosity from such a sec-
tion. For example, one may drop pins at random on a photo-
graph of a cut section and count the number of times n the
ends of the pin fall within a void area and the total number
of drops N . The porosity ¢ for large N is

¢ = n/2N- . (2-1)

1t is, of course, very difficult to establish numerical
values for the dimensions of representative volume elements.
Fortunately, the volume of the representative element is much
smaller than the minimum volume within which changes of proper-
ties are important in most cases of practical interest. Only
in the laboratory or when the hydrologic properties are domin-
ated by sparse fractures, solution channels, or by very coarse
material is the size of the representative volume element of
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Practical concern. The utility of the concept of the repre-
sentative volume element is that it provides a rational basis
for the use of continuum mathematics for the description and
interpretation of the storage and flow of fluids in porous
media.

The porosity of aquifer materials ranges from near zero in
sparsely fractured rocks and in some limestone formations to 50
percent or more in well aggregated clays. Typical values of por-
osity for various geologic materials are presented in Table 2-1.

Table 2-1. Porosity of Aquifer Materials
(Adapted from Morris & Johnson, 1967)

Aquifer Material No. of Range Arithmetic
Analyses Mean
Igneous Rocks
Weathered granite 38 0.34-0.57 0.45
Weathered gabbro 4 0.42-0.45 0.43
Basalt 94 0.03-0.35 0.17
Sedimentary Materials
Sandstone 65 0.14-0.49 0.34
Siltstone 7 0.27-0.43 0.35
Sand (fine) 243 0.26-0.53 0.43
Sand (coarse) 26 0.31-0.46 0.39
Gravel (fine) 38 0.25-0.38 0.34
Gravel (coarse) 15 0.24-0.36 0.28
Silt 281 0.34-0.61 0.46
Clay 74 0.34-0.57 0.42
Limestone 74 0.07-0.56 0.30
Metamorphic Rocks
Schist 18 0.04-0.49 0.38

The porosity of clastic materials is affected by:

1) particle shape (angularity and roundness),

2) degree of compaction and cementation,

3) particle size distribution.
Particle shape influences porosity because particle shape
affects the manner in which particles arrange themselves (Fig.
2-2). Highly angular and irregularly shaped,noncemented par-
ticles tend to result in a larger porosity than smooth, regu-
larly shaped particles, although the difference is not always
a substantial one. The degree of compaction or cementation
changes the porosity significantly, however. Cement, formed
by iron and calcium compounds (among others), at interparticle
contacts, occupies a portion of the interstitial volume that
would otherwise be void. Comparison of the porosities in
Table 2-1 for sandstone and siltstone with their uncemented
equivalents, sand and silt, illustrates the effect of cementa-
tion.

18



Aquifers composed of granular materials of nearly uniform
particle size exhibit a larger porosity than materials with a
wide distribution of particles because small particles occupy
a portion of the volume between the larger particles in graded
materials (Fig. 2-2). Fine gravel and sands often have larger
porosities than their coarse counterparts for this reason. The
porosity of clastic materials with a nearly uniform particle
size is nonsensitive to actual particle size. In the extreme
case of spheres with equal diameters, the porosity is complete-
ly independent of the size of the spheres.

The data in Table 2-1 indicate that the porosity of 1ime-
stone ranges widely. Porosities in the upper portion of the
range result from interstitial void space bounded by the solid
crystals of the rock. Vugs and solution channels usually con-
stitute a smail fraction of the aquifer volume, notwithstanding
the fact that their dimensions are quite large relative to
interstitial-pore space in crystalline limestone.

Volume methods for measurement of porosity requires that
any two of the following three volumes be determined: the bulk
volume of the sample, the particle volume, and the pore volume.
A variety of methods are available by which these volumes can
be determined. Inasmuch as the more common methods require
nothing more than gravimetric and/or volumetric measurements
and simple manipulations of the definition of porosity, the
details of porosity determination are best illustrated by cal-
culations. Several methods are illustrated in the problem set
at the end of this chapter.

EXAMPLE 2-1

Uniform, solid spheres of radius R are packed into a
cube of dimensions 20 R . Packing is accomplished in tiers
so that the spheres in each tier are directly centered between
the spheres of adjacent tiers (cubic packing). Calculate the
porosity.

Solution:
Number of spheres per tier = (10)(10) = 100
Number of tiers = 10
Number of spheres = 1000
4

Volume of spheres = (1000)(§-nR3)
Volume of cube = (20R)3
4

Volume of voids = (20R)3 - (1000)(% =R
_ Volume of voids _
" Volume of cube 0.476

3

w

Notice that the porosity for this simple case is independ-
ent of the size of the spheres. The representative volume
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element in this case is 2R by 2R by 2R or 8R3 and is much
smaller than the volume used in this example. Clearly, the
representative volume element is highly dependent upon the
sphere size.

EXAMPLE 2-2

A container with a volume of 44.0 cm3 is filled with a
loose sand. When the sand is poured into a graduated cylinder
partially filled with water, it is observed that 25.7 cm3 of
water are displaced. Calculate the porosity of the sand in the
container.

Solution:
The volume of water displaced is the volume of solids
VS , and the volume of the container is the bulk volume

Desaturation and Specific Retention of Aquifer Materials

Removal of water from the pore space of aguifers and re-
placement by air is a fundamental process that accompanies the
reduction of the water-table level in unconfined aquifers.
Displacement of water by air (desaturation) occurs because the
pressure of the water in the pores becomes less than the Tocal
air pressure. Thus, air and water exist simultaneously in the
voids where the air pressure exceeds the water pressure suffic-
iently to displace a portion of the water. Water, however,
adheres to aguifer solids more strongly than does air which
causes the air-water interfaces to become curved, resulting in
interfacial forces that oppose the force due to pressure differ-
ence. Interfacial tension o is an interfacial force per unit
length that acts along the perimeter of the interface in direc-
tions tangent to the curved surface. At equilibrium, the force
due to interfacial tension balances the displacement force due
to pressure difference.

Figure 2-3 shows an idealized, hemi-spherical interface
across the throat or connecting channel between two pores. On
the Teft, the pore is filled with water at pressure -p , and
the right-hand pore is filled with air at zero gage (atmospheric)
pressure. The difference between the air pressure and the water
pressure is called capillary pressure, Pc - In this case, P.7P-

The forces due to interfacial tension are preventing the dis-
placement of the water in the left pore. A force balance on the
hemi-spherical interface leads to
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Figure 2-3. Idealized air-water interface.
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obtained by equating the force due to interfacial tension, 2nwro,

and the force due to pressure difference, wrzpc .

Equation 2-2 was obtained for a highly idealized interface
geometry, but nevertheless, the conclusion that the equilibrium
radii of curvature of air-water interfaces must decrease as the
capillary pressure increases remains valid. The fact that air-
water interfaces must become more sharply curved with increas-
ing P, means that water must occupy increasingly smaller pores

and void subspaces as Pe is increased. For example, should

the water pressure in the left pore of Figure 2-3 be reduced
slightly (i.e., Pe increased), the force tending to displace

the water will increase. The radius of curvature of the inter-
face at the throat is already minimum, however, and cannot de-
crease further as required to balance the increased pressure
force. The result is a detachment of the interface from its
position across the throat and displacement of water in the
left pore occurs. The displacement ceases when the air-water
interface recedes to other pores or void subspaces that are
sufficiently small to support an interface with the radius
required to balance the force of displacement.

The fact that both air and water may exist in the pore
space requires a parameter other than porosity to characterize
the relative volume of water in the aquifer. The fraction of a
representative volume element that contains water is the volu-
metric-water content, 6 . Volumetric-water content ranges from
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zero in a completely dry porous medium to a maximum, equal to
porosity, when all the pore space is filled with water. Be-
cause water must occupy increasingly smaller pores and void
subspaces as Pe increases, the volumetric-water content

decreases with increasing Pe Such curves are variously

known as water-retention curves, moisture characteristics,
desorption curves or capillary pressure-desaturation curves.

A water-retention curve characterizes the ability of the porous
medium to retain water when water is being displaced (i.e.,
during drainage or drying).

As shown in Fig. 2-4, the volumetric-water content changes
very little, if at all, in a range of p. near pC=O . Even
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Figure 2-4. Typical water retention curves.
the largest pores are sufficiently small to resist desaturation

in this range of P - Significant desaturation occurs only

after the difference between the air and water pressures is
sufficient to displace water from the largest pores. At a
particular value of Pe > the radii of curvature of air-water

interfaces are equal in both materials, but the volumetric-
water content differs significantly because the fine textured
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material contains a larger volume of pores and subspaces that
are sufficiently small to prevent desaturation.

The volumetric-water content tends toward a constant value
at large Pe for both materials in Fig. 2-4. The value of &
for which de/dpC tends to zero is the specific retention, Sr'
The specific retention is also known as field capacity or water-
holding capacity in other fields of study. Specific retention
is a reasonably characteristic parameter of porous solids,
especially in sands and gravels in which de/dpc tends toward

zero rather abruptly at Tow values of Pe - A very gradual
change of 6 with increasing Pe is often observed in very

fine-grained materials, making it difficult to establish a value
of © at which de/dpC approaches zero. As a practical matter,

the volumetric-water content at a capillary pressure of 1/3 bar
is often taken as being the specific retention.
The relationship between Pe and 6 observed when the

porous material is absorbing water (wetting) is substantially
different from that shown in Fig. 2-4. The dependence of ¢
upon p_ for a material that was originally saturated, then

desaturated {curve 1), allowed to absorb water again (curve 2),
and, finally, desaturated a second time (curve 3) is shown in
Fig. 2-5. It is apparent that pc(e) is not a single-valued
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Figure 2-5. Capillary pressure - water content curves with
different pressure history (after McWhorter, 1971).
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function but depends upon the pressure (or water content) his-
tory. One reason for the hysteresis of the pc(e) function is

entrapment of air during the wetting cycie. The presence of
entrapped air accounts for the observation that 6=6_<¢ at

pC=O for curve 2. In the field, air is entrapped during infil-

tration and during periods of rising water tables. For this
reason, the pore space is rarely, if ever, completely filled
with water even when pc=0 .

EXAMPLE 2-3

Figure 2-6 is a schematic diagram of a device that is used
to measure the functional relationship between volumetric-water
content and capillary-pressure head.

Evaporation  Horizontal Capiliary
sample_ 1111 Tube Leveling
____%%%%Z_—— \\\ ~ Bottles P
air filled 225
Safurafed/ L | water filled —______ P9
Porous Plate l

Figure 2-6. Measurement of relationship between © and pc/pg.

The experiment is begun with a completely saturated sample
(i.e., 6=¢). A suction (capillary pressure) is applied to the
sample by Towering the leveling bottle in which the water level
is exposed to the atmosphere. Except for a small correction
at the air-water interface in the horizontal capillary tube,
the difference in elevation z of the water in the leveling
bottles is the average capillary-pressure head applied to the
sample. Water is withdrawn from the sample through the satu-
rated porous plate in response to an applied increment of capil-
lary-pressure head. The size of the pores in the porous plate
are too small to desaturate over the range of capillary pres-
sures encountered in the experiment, and therefore, the porous
plate remains impermeable to air while permitting water to flow
from the sample.

The air-water interface in the capillary tube moves out-
ward as water is withdrawn from the sample following an incre-
mental increase of 1z . Evaporation from the surface of the
sample is also increasing the capillary pressure, however, and
eventually the air-water interface ceases to move outward and
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begins to recede toward the sample. The average capillary-
pressure head in the sample, at the moment the interface begins
to recede, is very nearly equal to z . When the interface
begins to recede, the sample holder is detached and weighed.
The weight of the sample and holder, the tare weight of the
holder, and the dry weight of sample permit computation of the
volumetric-water content. The procedure is repeated through
successively higher values of z .

A procedure similar to that described above was used to
obtain the following data for a fragmented, partially weathered
shale.

pc/pg - cm 0 2.2 4.2 6.2 7.7 9.7

G| 0.430 0.425 0.421 0.414 0.408 0.407

12.7 15.8 20 25 32 42

0.392 0.384 0.374 0.362 0.348 0.331

56 76 106 147 198 282

0.313 0.300 0.281 0.264 0.251 0.242

Distribution of Water Content and Pressure Above a Water Table

The pressure of pore water, as measured in representative
volume elements, is distributed in static subsurface water
systems in exactly the same manner as in any other static
hydraulic system. The pressure in static ground water increases
with depth precisely as the pressure increases with depth in a
tank or other container. The differential equation of fluid
statics

-, (2-3)

derived from a balance of forces on static fluid elements in
elementary hydraulics, also applies to subsurface water, there-
fore. In the above equation, p is the average pore-water
pressure in a representative volume element, dz is a differ-
ential displacement of the center of the volume element, p 1is
the water density, and g 1is the gravitational constant. Equa-
tion 2-3 states that the downward force per unit volume of
water due to weight is balanced by an upward force due to the
gradient of water pressure.

Integration of Eq. 2-3, and division by pg , gives

£§~= -z + constant (2-4)
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wherein 2z 1is the vertical coordinate measured positive upward
from an arbitrary datum. The quantity p/eg 1is termed pres-
sure head. For the purposes of this discussion, it is conven-
ient to measure 2z from the water table where p=0 relative
to the local atmospheric pressure. The immediate conclusion is
that the gage pressure of water at points above the water table
is negative (Fig. 2-7). For this reason, water above the water
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- + P9
water pressure
head

MO OEOErMmrMmmTTmTTETEERTEREEREEEEES

Figure 2-7. Distribution of water-pressure head in static
subsurface water.

table has been called suspended water, and the negative pressure
head called tension or suction, although it is clear from Eq.
2-3 that the water is not actually suspended by tension forces.
Because the water pressure above the water table is less than
atmospheric, water from this zone will not enter wells, drains,
or open holes. Water pressures less than atmospheric pressure
must be sensed by special devices known as tensiometers which
function in a manner similar to the porous plate in Example 2-3.

The negative water pressure at points above the water table
is simply the capillary pressure. Thus,

pC
E_ 4 (2—5)

is valid for static subsurface water, independent of the porous
solid. Equation 2-5, used in conjunction with the appropriate
pc(e) function, is used to deduce the distribution of water

content above the water table. Example distributions of o in
a homogeneous and in a stratified aquifer are depicted in Fig.
2-8. The capillary fringe, shown in Fig. 2-8a, is the increment
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Figure 2-8a. Typical equilibrium distribution of water above
a water table in homogeneous materials.
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Figure 2-8b. Equilibrium distribution of water above a water
table in stratified aquifer.
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of aquifer material immediately above the water table that
remains practically at =0 - The top of the capillary fringe

corresponds to the capillary pressure at which the largest of
the pores can no longer maintain interfaces with radii suffi-
cient to prevent desaturation. The height of the capillary
fringe may be in the range of 1-5 cm 1in a coarse sand and in
excess of 1 m 1in clay or clay loam soils.

The reader should take special note that while pc(e)

relationships are usually regarded as being valid for both
static and dynamic situations, Eq. 2-5 is valid for equilibrium
conditions only. Capillary-pressure head bears no simplie rela-
tion to elevation z under conditions of evaporation, recharge,
or rapidly falling water tables, and therefore, the distribution
of o 1is correspondingly more complex.

Specific Yield and Apparent Specific Yield

The concept of specific yield was introduced in ground-
water hydrology as a practical means of characterizing the stor-
age capacity of water-table aquifers. Notwithstanding its
practical utility, specific yield is a somewhat ambiguous con-
cept {Duke, 1972; Youngs, 1969). To some degree, the ambiguity
results from the use of the term -- specific yield -- as both
an objective property of porous solids and as a characterization
of the storage behavior of aquifer systems as a whole. In the
latter case, many factors, other than properties of the aquifer
material itself, may dominate the changes in storage associated
with water-table fluctuations.

Specific yield, Sy , as used herein, is defined as the dif-
ference between porosity and specific retention and is

Sy ¢ - Sr . (2-6)
Insofar as porosity and specific retention are relatively objec-
tive properties of porous solids, the specific yield is a char-
acteristic property. Specific retention is dependent upon the
fluids used during its laboratory determination, however, so
neither specific retention nor specific yield is entirely char-
acteristic of the porous solids for which they are measured.
Specific yield is a dimensionless parameter, often interpreted
as being the ratio of the drainable volume to the bulk volume
of the medium. Specific yield is also known as effective por-
081ty.

Apparent specific yield, Sya , is defined as the ratio of

the volume of water added or removed directly from the saturated
aquifer to the resulting change in the volume of aquifer below
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the water table. The apparent specific yield, when determined
directly from its definition and field measurement, is a bulk
parameter that incorporates the influences of such factors as
air entrapped near the water table, stratification of materials
above the water table, water table position and the rate of
change of water table elevation. Although in principle the
apparent specific yield can be treated as a variable in both
time and space, it is nearly always assumed that Sya is a

constant in time. This assumption implies, for example, an
instantaneous release of water from storage when the water-
table Tevel falls. Instantaneous release of water from storage
does not occur, of course, but is an acceptable approximation
when the changes in water-table elevation occur slowly.

Because apparent specific yield depends heavily on factors
other than the physical properties of porous solids, values of
Sya may bear Tittle or no relation to the specific yield, Sy
The upper Timit of Sya is Sy » however. One field condition
can be visualized in which Sy:Sya ; that being the situation
in a homogeneous aquifer in which a slowly falling water table
is everywhere at depths much greater than the height of the
capillary fringe. Figure 2-9 shows the distribution of volu-
metric-water content between the ground surface and two succes-
sive depths to the water table in a homogeneous material.
Provided that the water table falls from z, to z, very

slowly, the water-content distributions are approximately those
that would exist at equilibrium. The volume of water released
per unit area, as the water table falls from z, to Zy s is

(¢-Sr)(22—z]) and the apparent specific yield is 9S> equal

to the specific yield. Note that the apparent specific yield
is equal to the air content at the surface. This is also true
in any homogeneous material, regardless of water table depth,
provided the water content distribution is the equilibrium
distribution.

Had the material above the water table been stratified as
shown in Fig. 2-8b, the apparent specific yield would have been
less than the specific yield of the material in which the water
table is located. Also, drainage from the pores cannot keep
pace with a rapidly declining water table, causing the water
content to be greater at points above the water table than pre-
dicted for the equilibrium condition. Therefore, the apparent
specific yield for rapidly declining water tables is substan-
tially less than Sy . Air entrapped in the zone below the

water table results in a further reduction of the apparent
specific yield. Hansen (1977) reports measured quantities of
entrapped air in the field averaging 20 percent of the pore
volume. Aquifer stratification, slow drainage of materials
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above the water table, and air entrapment often result in values
of Sya on the order of one-third S,y .

The hydrologist may sometimes be obliged to use laboratory
values of Sy as an approximation for Sya in the absence of

field determinations. Values of specific yield, as determined
in accordance with Eq. 2-6, are tabulated for several aquifer

materials in Table 2-2. Specific yield is most likely to be a
fair approximation for apparent specific yield in homogeneous

aquifers, composed of relatively coarse materials with a small
capillary fringe, in which the water table is at a depth equal
to several times the height of the capillary fringe.

EXAMPLE 2-4

Figure 2-10 shows a plot of the capillary pressure - desat-
uration data for the fragmented shale of Example 2-3. Determine
¢ Sr and Sy.

Solution:
From Fig. 2-10

¢ = 0.43 Sr =0.24 , Sy = 0.19
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Table 2-2. Specific Yield of Aquifer Materials
(Adapted from Morris & Johnson, 1967)

Aquifer Material No. of Range Arithmetic
Analyses Mean
Sedimentary Materials
Sandstone (fine) 47 0.02-0.40 0.21
Sandstone (medium) 10 0.12-0.41 0.27
Siltstone 13 0.01-0.33 0.12
Sand (fine) 287 0.01-0.46 0.33
Sand (medium) 297 0.16-0.46 0.32
Sand (coarse) 143 0.18-0.43 0.30
Gravel (fine) 33 0.13-0.40 0.28
Gravel (medium) 13 0.17-0.44 0.24
Gravel (coarse) 9 0.13-0.25 0.21
Silt 299 0.01-0.39 0.20
Clay 27 0.01-0.18 0.06
Limestone 32 ~0 -0.36 0.14
Wind-Laid Materials
Loess 5 0.14-0.22 0.18
Eolian Sand 14 0.32-0.47 0.38
Tuff 90 0.02-0.47 0.21
Metamorphic Rock
Schist 1 0.22-0.33 0.26
EXAMPLE 2-5

The initial water levels (with respect to an arbitrary
datum) and the levels after 8 hrs and 22 min of pumping are
tabulated below for six observation welis in the vicinity of
the pumped well. The average pumping rate for the test period

is 0.0312 m3/s . The aquifer is a mixture of clayey sand and
gravel. The effective radius of the pumped well is 0.3 m .
Calculate the apparent specific yield using the data provided.

Observation Well
Number HF1 HF?2 HF3 HF4 HF5 HF6

Distance from
Pumped Well - m 4.6 10.4 19.8 34.5 65.8 91.8

Initial Water

Level - m 96.49 96.52 96.53 96.55 96.56 96.57
Water Level After
8 hr-22 min 95.14 95.58 95.88 96.14 96.36 96.43
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Figure 2-10. Water-retention curve for fragmented shale.

Solution:
The total volume of water removed from the aquifer

during the test period is (0.0312)(30120) = 939.7 m3 . The
change in aquifer volume below the water table is equal to the
volume of aquifer through which the water table has passed
during the test. A plot of the water levels, initially and at
the end of the test, is shown in Fig. 2-11. The data indicate
a slightly lower initial water level near the pumped well than
at some distance away. This is probably residual drawdown from
a previous pumping period. The average initial water level is
taken as 96.55 m .

It is assumed that the water-table profile in all vertical
planes passing through the well is identical to the measured
profile. This is the assumption of radial symmetry. Therefore,
the volume of aquifer material between the initial and final
water table positions is
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Figure 2-11. Distribution of water level in vicinity of a
pumped well.

where s is the difference between the initial and final water
table positions (i.e., drawdown), and r is the radial distance
measured from the axis of the pumped well. The dependence of

¢ on r 1is determined from the measured water table profile
extrapolated to r=0.3 m and r=200 m . The indicated inte-
gration may be accomplished by any one of several standard

rules for numerical integration. The trapezoidal rule

b (rs)o (rs)n
g (rg)dr = ar{ 5 (Ps)] + ...+ (rs)n_1 t— 1
was used to determine V=10260 m3 . The trapezoidal rule was

applied in segments, thus permitting the use of large Ar at
greater distances from the pumped well.

From the definition of apparent specific yield

_939.7 _
Sva = Tozeo - 0-09
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2.2 STORAGE IN CONFINED AQUIFERS

Confined aquifers, by definition, remain completely satu-
rated. Water released from storage in a confined aquifer is
not, therefore, derived from drainage of the voids as is the
case in unconfined aquifers. In confined aquifers water is
released or taken into storage as the result of changes in pore
volume due to aquifer compressibility and changes in water
density associated with a change in pore-water pressure. The
capacity of confined aquifers to release water from storage is
markedly different from that for unconfined aquifers, therefore

Stress in Aquifers
The total vertical force per unit area exerted upward on

the confining layer in Fig. 2-12 is equal to the combined

Ground
Surface

Confining RS
Layer— 2. . =00~

Figure 2-12. Stress in a confined aquifer.

weight per unit area of the geologic materials and water in the
column extending from the top of the aquifer to ground surface.
A portion of the weight of overburden and its contained water

is supported by intergranular stress o, and a part by the por

water pressure p . The intergranular stress is a macroscopic
quantity defined as the difference between the total stress and
the pore-water pressure.

o, = total stress - p . (2-7)
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Suppose that water is withdrawn from the piezometer in
Fig. 2-12, thereby lowering the pore-water pressure. The total
stress in the confined aquifer remains constant because the
total weight of the overburden does not change. Thus, the
reduction in pore-water pressure in the confined aquifer is
accompanied by a corresponding increase in intergranular stress.
From Eq. 2-7,

doz = -dp . (2-8)

The increased stress in the granular skeleton is, in turn,
accompanied by compaction of the skeleton (referred to as con-
solidation by soils engineers). The thickness and pore volume
of the confined aquifer are thus actually reduced. There is a
tendency for the aquifer to deform laterally, as well as ver-
tically, when the pressure of water is reduced. However, later-
al deformation is usually negligible with respect to the ver-
tical deformation and will not be considered further.

Specific Storage and Storage Coefficient

0f interest here is the volume of water released from a
unit volume of confined aquifer when the water-pressure head
is reduced by one unit. Both aquifer compaction and decreased
water density contribute to the volume released. Therefore,
the approach is one of mass balance rather than volume balance.
The Tatter is permissible only when the water can be considered
incompressible as in the case of unconfined aquifers.

The mass of water in the saturated element of aquifer in
Fig. 2-13 is

M = poAxAyaz . (2-9)
The change of mass
dM = {pd(¢az) + ¢Azdp} AxAY (2-10)

follows from the chain rule for differentiation of a product
and the assumption that the aquifer deforms only in the verti-
cal direction. The quantity dM1=pd(¢AZ) is the contribution

per unit area due to a change in pore volume at constant dens-
ity, and dM2=¢Azdp is the contribution due to a change in

water density at constant pore volume.
The change in pore volume, due to vertical compression,

per unit pore volume per unit change in intergranular stress is
the pore-volume compressibility ap and is defined as
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Figure 2-13. Control volume for material balance in a confined
aquifer.
= - _J_Jﬂ.._zd 4z) _ ]_ d.l_,'i’_A_Z_) (2_]])
“p T 7 sz do, ooz dp
from which
dM1 = pap oaz dp . (2-12)

The second equality in Eq. 2-11 holds only because the total
stress is constant. It can be shown that ap¢ is equal to the
bulk vertical compressibility o (defined as the change 1in
bulk volume per unit bulk volume per unit of change in cz) pro-
vided that the compressibility of individual grains is zero
(Geertsma, 1957; Bear, 1972). The pore-volume compressibility
can be regarded as a constant over the range of pressure changes
normally encountered in ground-water hydrology. The pore-volume
compressibility for Toose sand is on the order of 4.4x10-10cm2/
dyne (3x10-5 vol/vol/psi) at low overburden pressures and de-
creases sharply with increasing overburden stress (Fatt, 1958).
Sandstone pore-volume compressibility is greater than that for
loose sand at equal overburden pressures.

Definitions for compressibility of the form in Eq. 2-11
imply an elastic behavior of the aquifer. Actually, aquifer
materials are not completely elastic, the compaction process
being a combination of both elastic and viscous phenomena
(Corapcioglu, 1975). Furthermore, the relationship between
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aquifer volume and pore pressure during compaction is not

identical to that during expansion (increasing pore pressure).
These facts become important in the study of land subsidence.

The compressibility of water 8 can be expressed as

N
8 - - V p (2'13)
W

in which VW is the volume of water. Equation 2-13 expresses

the relationship between a change of volume and a change of
pressure on a constant mass of water. Since the mass is con-
stant, the definition of density yields

dVW
do = -o §— = pgdp (2-14)

W

in which Eq. 2-13 was used to obtain the right-hand equality.
The change of mass per unit area due to water compressibility
becomes

dM2 = ¢gAazBpdp . (2-15)

The total change in mass per unit volume of aquifer is

dM

AXAYAZ + 8)dp (2-16)

= ¢p(ap

from Eqs. 2-10, 2-12, and 2-15.

In the practice of hydrology, changes in ground water
storage are observed in units of volume rather than mass. A
more convenient form of Eq. 2-16 is obtained by dividing both
sides by p to obtain

dv
W _ -
XAyAz ¢(up +g)dp (2-17)

in which dVW is the change in water volume in the element due

to both water and aquifer compressibility. It is also true
that hydrologists observe changes of pressure head hp= p/og

at a point in the aquifer rather than changes of pressure
directly. It is left to the reader to show that

dp = pg dh , (2-18)

p
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to a close approximation, for water with a compressibility of
4.8x10"11 cn?/dyne (3.3x10°% per psi).

Replacement of dp 1in Eq. 2-17 by its equivalent from
Eg. 2-18 and division by dhp gives

+8) . (2-19)

The parameter SS is the specific storage. It is to be noted
that SS is the volume of water released from storage per

unit volume of aquifer per unit decline in pressure head and

has the dimension L1

The specific storage is regarded as a constant; a property
of the aquifer material, its contained water, and the over-
burden stress. The phenomena of water expansion and aquifer
compression occur in water-table aquifers as well as in con-
fined aquifers. Their contribution to the volume of water
released is negligible with respect to that derived from drain-
age of the voids, however, and the concept of specific storage
is used, almost exclusively, in confined aquifer analysis.

A second parameter for confined aquifers, the storage
coefficient S ,

S=5Sb (2-20)

also finds widespread use for the case where the confined
aquifer has constant thickness b . The storage coefficient

is a dimensionless parameter that can be interpreted as the
volume of water released from a column of unit area and height
b per unit decline of pressure head. It should be understood,
however, that specific storage is the more fundamental param-
eter, storage coefficient being a parameter that depends upon
both the specific storage and the aquifer geometry.

The perceptive reader may question Eq. 2-20 in view of
the fact that the aquifer undergoes compaction, thus rendering
the thickness b a variable. More rigorous discussions of
storage in confined aquifers are presented by DeWiest (1966)
and Cooper (1966). The above discussion follows closely the
derivation of Jacob (1950). Even though the aquifer deform-
ation is very important from the viewpoint of storage changes,
it is rarely necessary to otherwise consider the change of
thickness as the change of b s usually small relative to b.
An exception is the case of land-surface subsidence caused by
ground-water withdrawals where vertical displacements can
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seriously disrupt sewers, waterlines, building foundations,
and other facilities. Poland et al. (1973) report surface
subsidence on the order of 9 m 1in an area in California,
for example.

It has not been the purpose of the discussions in this
section to derive equations from which the specific storage
and storage coefficient can be calculated from other aquifer
properties. Just as in the case of water-table aquifers, the
storage parameters for confined aquifers can best be obtained
from indirect field measurements, a subject that must be post-
poned until unsteady flow in aquifers is studied. The student
should have gained an appreciation for the fundamental differ-
ences in the storage parameters for unconfined and confined
aquifers, however, and an understanding of the reasons why the
specific storage can be orders of magnitude smaller than the
apparent specific yield.

EXAMPLE 2-6

Estimate the specific storage and storage coefficient for
a confined aquifer for which b=40m and ¢=0.32 . Assume

= 4.8x10'11 cmz/dyne

8_
o = 4.4x10'10cm2/dyne
Solution:
From Eq. 2-19,
980 dynes -10 11, o
S, = (FT2)(0.32) (4.4x107 P+ 4.8x107Y) go

cm
1.53x1077 per cm
1.53x107° per m
bS = (40)(1.53x107°) = 6.12x107%

w w;m
" i

EXAMPLE 2-7

The average volume of a confined aquifer per km2 is

3x107 m 3 . The storage coefficient, determined from a pumping

test at a location where b=50 m is 3.4x10_3 . Estimate the

volume of water recovered per km2 by reducing the pressure
head 25 m 1in the aguifer. Assume no recharge.

Solution: -3 _
s =22 38107 . ¢ 5107 perm



6.8x107° x 3x107 x 25

5.1x10% m°

Volume recovered per km2

Note that if it were assumed that S$=3.4x107° applied to the

entire aquifer, the estimated recovered volume is 3.4)(]0'3

X 1 km2 X 25 m= 8.5x104 m3 . This is an incorrect estimate

because it does not account for the influence of aguifer thick-
ness on the storage coefficient (i.e., average thickness of the
aquifer is 30 m}. Also note that the recovered water is only
0.57 percent of the volume of water contained in the voids,
assuming ¢=0.30 .

2.3 WATER LEVEL FLUCTUATIONS

Changes in ground-water storage due to pumping and recharge
are reflected by corresponding changes in the water table and
the piezometric surface elevations. Factors other than pumping
such as barometric pressure changes, ocean tides, and use of
ground water by plants also influence water levels. An apprec-
iation for the water-level fluctuations induced by these factors
is required lest observed changes in water level be erroneously
interpreted.

Piezometric Surface and Barometric Pressure

The elevation of the piezometric surface in confined
aquifers is indicated by the water level in piezometers. Of
interest here is the change in the piezometric Tevel associated
with a change in barometric pressure. Consider the situation
in Fig. 2-14 and suppose that the barometric pressure paO

increases by dp O . The increase of atmospheric pressure is
transmitted diregtly to the water surface in the piezometer,
tending to displace water from the piezometer into the aquifer.
On the other hand, the increased atmospheric pressure also
increases the load on the confined aquifer which tends to dis-
place water from the aquifer into the piezometer. Part of the
increased load is born by the aquifer skeleton, however, and
the net result of the increase in barometric pressure is to
decrease h_ . The absolute value of the ratio of dhp to

dp,°/0g is the baromeiric efficiency, BE » given by

dh
BE = |—2—| . (2-21)

dp,°/09

The barometric efficiency of a confined aquifer depends
upon the compressibility of the aquifer and its contained water
and upon the degree to which the increased load dpaO on the
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Figure 2-14. Stress balance on the interface between the
aquifer and confining layer.

ground surface is transmitted to the interface between the
agquifer and the upper confining layer. Expressing all fluid
pressures as absolute pressures,

o, * p = overburden pressure + pa1 (2-22)

and

p=regh +p° (2-23)

p

where p 1is the pore-water pressure at the top of the confined
aquifer? pao is the atmospheric pressure at ground surface,
and pa1 is that part of paO which is transmitted to the
interface between the aquifer and the confining layer (Fig. 2-

14). The pressures pa1 and pa0 are not necessarily equal
because the strata above the confined aquifer may be capable
of supporting a part of the atmospheric load by a bridging
effect.

The total derivatives of Egs. 2-22 and 2-23 are
i
a - 4o,

and (2-24)

dp = dp
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dp = dp 0

a T e dhp ,

respectively. For the purposes here, it is assumed that

.i

dpa

= fdp,® 0<f< (2-25)

wherein f 1is a constant. The parameter f 1is a measure of
the rigidity of the overlying strata, approaching zero for
rigid formations that act as a bridge over the aquifer. Thin,
soft, confining strata provide the other extreme condition in
which f approaches unity.

Equations 2-24 and 2-25 are combined to yield

i 0
0g dhp i dpa - dpa - doz

0 0
a dpa

do_/dp
- f 2z
1+ doz/dp
(2-26)

=f -1
dp

Replacing the quantity ¢az in Eq. 2-11 with the pore volume
Vp , the change in pore volume is

dv_= - V d . ~
b opVpdo, (2~27)

Also, the change in water volume is

dVW = -Bdep (2-28)
from Eq. 2-13. But de = de and Vp = VW so that
do
== (2-29)
p %

Substitution of Eq. 2-29 into Eq. 2-26 results in

pg dh
S R R (R T (2-30)

dp_ ° o T8

Recalling that f s always less than or equal to unity
and that g and ap are positive, it is apparent that

dhp/dpaO is negative, thus verifying the previous statement
that water Tevels hp decrease when the barometric pressure
increases. Note that the absolute value of Eq. 2-30 is the
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barometric efficiency. Should the pore-volume compressibility
be zero, the barometric efficiency is unity regardless of the
value of f . The barometric efficiency is also unity when
f=0 . This case is approached when the overlying strata are
thick, rigid formations that transmit only a small part of the

increased load dpa0 to the top of the confined aquifer. The

other extreme occurs where the entire additional load is trans-
mitted to the confined aquifer, in which case f=1 ,

BE = —b , (2-31)

and the barometric efficiency is characteristic of the aquifer
itself. Provided that f=1 , the barometric efficiency observed
in the field is inversely proportional to the specific storage
or the storage coefficient. It is left to the student to

derive the relationship between BE , Ss and S .

The Water Table and Barometric Pressure

In contrast to the case of the confined aguifer, a change
in barometric pressure is transmitted equally to the water in
an unconfined aquifer and to the water surface in a piezometer
or observation well penetrating the aquifer. One might suppose,
therefore, that no change in water level in the piezometer or
well should be observed. Indeed, such would be the case but
for the presence of entrapped air (isolated air bubbles) in the
water above and below the water table. Air entrapment results
during periods of infiltration and rising water tables. The
entrapped air exists in discontinuous assemblages that are
isolated from the continuous external air phase.

An increase in barometric pressure increases the pressure
in the entrapped air and a decrease in air volume results. On
the other hand, the water table elevation decreases because of
the reduction of the volume of entrapped air. The decrease in
water level reduces the hydrostatic pressure on the air and
tends to offset the increase in barometric pressure. Peck
(1960) has studied the fluctuation of the water table in
response to changes in atmospheric pressure, and his analysis
illustrates the essential features of the phenomena.

Let Va be the volume of entrapped air per unit volume

of aquifer. In a vertical column of unit cross-sectional area
that extends from the floor of the aquifer to the ground surface
(Fig. 2-15), the total volume of entrapped air is the integral
of Va over z from 0 to H . Any change in the total

volume of entrapped air is reflected by a change in the water
table elevation h according to

43



Ground Surface

Figure 2-15. Definition of symbols used in the calculation of
water table fluctuations in response to baro-
metric pressure changes.

H
Syadh = d<f Vad%> . (2-32)

0

The volume Va of entrapped air per unit volume of aqui-

fer undoubtedly varies with elevation z in a very complex

way in the field due to diffusion, gas solubility, and biologic-
al activity (Hansen, 1977). The problem of evaluating the

right side of Eq. 2-32 becomes tractable if it is assumed that
the mass of entrapped air per unit volume is a constant inde-
pendent of 2z and that the water is static. Hence the ideal
gas law can be used to deduce the function Va(z) . The abso-

Tute pressure of the entrapped air at a particular elevation
is the sum of the atmospheric pressure Py > the hydrostatic

gage pressure of the adjacent water pg(h-z) , and the capil-
lary pressure P, across the air-water interfaces of the dis-

continuous air bubbles. The latter can be neglected relative
to the sum of the hydrostatic and atmospheric pressures, pro-
vided that the analysis is restricted to water table depths
less than about 9 m (Peck, 1960). From the ideal gas equa-
tion,

- MRT _ -
Vy(py/eg + h-2) = J= = ¢ (2-33)

wherein M is the mass of entrapped air per unit of aquifer
volume, R 1s the gas constant, and T 1is temperature.
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With Va(z) known, Eq. 2-32 yields

H ? (p,/eg + h) ?
Syadh = dl7 S92 s gle gl 22— 1
0

ya p
_a - _a -
o5 e ]|
(2-34)
from which
dh c H i
a,/58 b, o, - (2-35)
=+ -2 4 p-
Syaloq * NS+ hoH) + ¢ H

Equation 2-35 is an expression analogous to the barometric
efficiency defined for confined aquifers. Notice that if there
is no entrapped gas (i.e., ¢=0), the water-table elevation

(the water level in a piezometer or well) does not change in
response to a change in barometric pressure. However, when

c#0 the water level falls when the atmospheric pressure
increases. The special case in which the top of the capillary
fringe is coincident with the ground surface yields

dh

dpa/og

= -1 (2-36)

because the apparent specific yield is zero under this circum-
stance. It is further recognized that thick aguifers should
exhibit lTarge water-level changes relative to that in thin
aquifers.

A closely related case is that of an unconfined aquifer
for which the interchange of air above the water table with
the atmosphere is restricted by overlying strata. Restricted
flow of air between the atmosphere and the aquifer causes the
equilibration of air pressure in the aquifer with the atmos-
phere to lag a change in barometric pressure and the response
of the water Tevels in piezometers may indicate substantial
barometric efficiencies. In some cases, the most direct con-
nection between air in the aquifer and the atmosphere is pro-
vided by well bores, in which case, air passes through the
well bore at very substantial velocities following a change
in barometric pressure.

Water Levels, Tides and Other External Loads
The water level in wells and piezometers responds to
external loads other than atmospheric pressure. Because the

change in load due to fluctuating tides or the passage of a
train, for example, are applied only to the aquifer and not
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to the water surface in the piezometer, the water level re-
sponse is opposite that observed for changes in barometric
pressure. In other words, the increased load produces a rise
in water levels.

The response of water levels to slowly changing external
loads can be analyzed in a manner similar to that for baromet-
ric loading. For example, consider a cenfined aquifer extend-
ing beneath the ocean floor or beneath a river or estuary in
which the water stage, H , changes with the tide. Provided
that the entire change in pressure pg dH s transmitted to
the confined aquifer,

h
_p_. 1 )
@ T T do (2-37)

From Egs. 2-29 and 2-37, the tidal efficiency, TE , is

dh o
TE = EE =-—P (2-38)

Note that the sum of the tidal and barometric efficiencies is
unity when f=]

Water level changes, in response to tidal fluctuations,
are observed in both confined and unconfined aquifers that out-
crop in the sea. In this case, the change in pressure head due
to tides is transmitted directly to the water in the aquifer
at the outcrop, however, and the tidal efficiency near the out-
crop is unity. A pressure wave is transmitted through the
aquifer, the amplitude of which decreases with increasing dis-
tance from the outcrop. A change in stage of a river in which
an aquifer is exposed produces a similar effect. A thorough
discussion of these phenomena requires, as a prerequisite, a
knowledge of ground-water hydraulics and will therefore be
treated in a subsequent chapter.

A local, external load, applied rapidly on a small portion
of the aquifer and held constant thereafter (Fig. 2-16) causes
a sharp increase in water levels followed by a gradual decline.
A part of the load is born by the water in the aquifer in the
vicinity of the application, thus increasing the pressure head
there. The pressure head is greater than at Tocations more
remote from the load, therefore. The result is a period of
water flow away from the Tocation of the load, during which the
granular skeleton of the aquifer bears an increasingly larger
portion of the load and the pressure head decreases. The pres-
sure head eventually approaches its original value in all but
very smail aquifers.
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Figure 2-16. Variation of pressure head in an aquifer subject-
ed to an external load.

A similar phenomenon occurs in highly compressible uncon-
fined aquifers. The load causes the pore volume to be reduced,
expelling water. If the load is applied rapidly, the water
table near the site of loading rises and eventually dissipates
by flow away from the loaded area. For a given load the rise
of the water level in the unconfined aquifer is not as pro-
nounced as in the confined aquifer, because the ground water,
being free to move upward, does not support as great a portion
of the applied load as in the confined case. Notwithstanding
the fact that the aquifer is unconfined, the water does, in-
deed, bear a portion of the applied load because the water
experiences a resistance to flow and thereby resists compres-
sion of the aquifer.

Water Levels and Evapotranspiration

Evapotranspiration is the combined processes of evapo-
ration from the soil and the evaporation from the stoma in
plant leaves. The Tlatter is known as transpiration. Evapo-
transpiration is an important component of the hydrologic water
balance that is discussed in the following section. Plants
that take up water directly from the capillary fringe and the
water table are phreatophytes. Among the most common phreato-
phytes are saltcedar, willow, saltgrass, cottonwood, and al-
falfa. Because they extract water from the saturated zone,
phreatophytes produce daily water-table fluctuations in re-
sponse to their transpiration (Fig. 2-17). This is in contrast
to plants that derive their water from partially saturated soil
high above the water which have no direct, immediate effect on
the water-table elevation.
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Figure 2-17. Water level fluctuation due to phreatophyte
transpiration (After Robinson, 1950).

Water use by phreatophytes is especially important in the
flood plains adjacent to streams and rivers. 1In some instances,
the effect of phreatophyte transpiration is so pronounced that
daily fluctuations in river stage are directly attributable to
ground-water extraction by these plants. Annual water use is

sometimes as great as 2 m3/m2 , but depends upon the type of
plant, climatic and meteorological conditions, depth to ground
water and availability of soil water.

In Fig. 2-17, it is apparent that the water level falls
during the daylight hours, reaching a minimum in the evening,
after which a rise is observed that persists until early morn-
ing. The water-table decline is caused by transpiration at a
rate that exceeds the rate of lateral ground-water inflow to
the phreatophyte area. During the night, transpiration is
negligible and lateral ground-water inflow occurs in response
to the depressed water table. Thus, the water table rises
during the night. Notice also, that there is a general decline
of water level, upon which the diurnal fluctuations are super-
imposed. The decline of daily average water level is not nec-
essarily a result of evapotranspiration only, but may be influ-
enced by natural drainage, pumping, or a number of other factors
not related to phreatophyte water use.

2.4 HYDROLOGIC BUDGETS
0. E. Meinzer wrote in 1932: "the most urgent problems in
ground-water hydrology at the present time are those relating

to the rate at which rock formations will supply water to wells
in specified areas -- not during a day, a month, or a year,
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out perennially." The problem became known as the determin-
ation of "safe yield", a concept that has been the object of
considerable controversy. It has not been possible to divorce
from safe yield the practical aspects of extraction methods,
iistribution, legal considerations, and costs. Thus, safe
yield as a hydrologic characteristic of aquifers has fallen
into disuse. Even so, Meinzers' problem of ground-water supply
remains a central issue.

An indispensable tool in the study of ground-water supply
is the hydrologic budget. The hydrologic budget is nothing
nore than a material balance that accounts for all inputs, out-
Juts, and changes in storage within a system defined by pre-
scribed boundaries. A judicious selection of the system
soundaries to correspond with physical locations where sources
aind discharges are known helps to maximize the usefulness of
the budget. For example, lateral surface inputs and outputs
ire zero across surface water divides and likewise in the
jround water. The ground water catchment does not always
correspond in geometry to the overlying surface catchment, how-
aver, and it is often convenient to define subsystems that are
related to one another by the exchange of water across their
common boundaries. The time period over which the water bal-
ince is made can be selected so as to simplify the analysis
in many cases. For example, it is sometimes possib