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PREFACE

Ground water is one of the Nation's most valuable natural resources, It is the source of
abaut 40 percent of the water used for all purposes exclusive of hydropower generation and
electric powerplant cooling.

Surprisingly, for a resource that is so widely used and so important to the heakh and to the
economy of the country, the occurrence e& gmund waler ls not on ;

also, in fact, the subject of mai Spire

have hampered the development and conservation of ground water and have adverse!y .!l—
fected the protection of its quality.

Each section consists of a brief text and ane or more drawings ar maps that illustrate the
main points covered in the text. Because the text is, in effect, an expanded discussion of the il-
lustrations, most of the illustrations are not captioned. However, where more than one draw-
ing is included in a section, each drawing Is assigned a number, given in parentheses, and
these numbers are inserted at places in the text where the reader should refer to the drawing,

In accordance with U5, Geological Survey policy to encourage the use of melric units,
these units are used in most sections. In the sections dealing with the analysis of aquifer
ipumping) lest data, equations are given in bath consistent units and in the inconsistent inch-
pound units still in relatively commen use among ground-water hydrologists and well drillers.
As an aid to those who are not familiar with metric units and with the conversion ol ground-
water hydraulic units from inch-pound units to metric units, conversion tables are given on
the inside back cover,

Definitions of ground-water terms are given where the terms are first introduced. Because
some of these terms will be new to many readers, abbreviated definitions are also given on
the inside front cover for convenient reference by those who wish 1o review the definitions
from tirmie to time as they read the text. Firally, for those who need to review some of the sim-
ple mathematical operations that are used in ground-water hydrology, a section on numbers,
equations, and canversions is included at the end of the text.

Ralph C. Heath



GROUND-WATER HYDROLOGY

The science of hydrology would be refatively simple if water were
unable to penetrate below the earth’s surface.
Harold E. Thomas

Ground-water hydrology is the subdivision of the science of
hydrology that deals with the occurrence, movement, and
quality of water beneath the Earth’s surface. It is interdiscipli-
nary in scope in that it involves the application of the
physical, biological, and mathematical sciences. It is also a
science whose successful application is of critical importance
to the welfare of mankind. Because ground-water hydrology
deals with the occurrence and movement of water in an
almost infinitely complex subsurface environment, it is, in its
most advanced state, one of the most complex of the
sciences. On the other hand, many of its basic principles and
methods can be understood readily by nonhydrologists and
used by them in the solution of ground-water problems, The
purpose of this report is to present these basic aspects of
ground-water hydrology in a form that will encourage more
widespread understanding and use,

The ground-water environment is hidden from view except
in caves and mines, and the impression that we gain even from
these are, to a large extent, misleading. From our observations
on the land surface, we form an impression of a “solid’* Earth.
This impression is not altered very much when we enter a
limestone cave and see water flowing in a channel that nature
has cut into what appears to be solid rock. In fact, from our
observations, both on the land surface and in caves, we are
likely to conclude that ground water occurs only in under-
ground rivers and “veins.”” We do not see the myriad openings
that exist between the grains of sand and silt, between par-
ticles of clay, or even along the fractures in granite. Conse-
quently, we do not sense the presence of the openings that, in
total volume, far exceed the volume of all caves,

R. L. Nace of the U.S. Geological Survey has estimated that
the total volume of subsurface openings (which are occupied
mainly by water, gas, and petroleum) is on the order of
521,000 km* (125,000 mi*) beneath the United States alone. If
we visualize these openings as forming a continuous cave
beneath the entire surface of the United States, its height
would be about 57 m (186 ft). The openings, of course, are not
equally distributed, the result being that our imaginary cave
would range in height from about 3 m (10 ft) beneath the Pied-
mont Plateau along the eastern seaboard to about 2,500 m
(8,200 ft) beneath the Mississippi Delta. The important point to
be gained from this discussion is that the total volume of
openings beneath the surface of the United States, and other
land areas of the world, is very large.

Maost subsurface openings contain water, and the impor-
tance of this water to mankind can be readily demonstrated
by comparing its volume with the volumes of water in other
parts of the hydrosphere.! Estimates of the volumes of water
in the hydrosphere have been made by the Russian hydrolo-
gist M. |. L'vavich and are given in a book recently translated
into English. Most water, including that in the oceans and in

"The hydrosphere is the term wsed to refer to the waters of the Farth and, in its
broadest usage. includes all water, water vapor, and ice regardless of whether
they occur beneath, on, or above the Earth's surface.

the deeper subsurface openings, contains relatively large con-
centrations of dissolved minerals and is not readily usable for
essential human needs. We will, therefore, concentrate in this
discussion only on freshwater. The accompanying table con-
tains L'vovich's estimates of the freshwater in the hydro-
sphere. Not surprisingly, the largest volume of freshwater
occurs as ice in glaciers. On the other hand, many people im-
pressed by the “‘solid” Earth are surprised to learn that about
14 percent of all freshwater is ground water and that, if only
water is considered, 94 percent is ground water.

Ground-water hydrology, as noted earlier, deals not only
with the occurrence of underground water but also with its
movement. Contrary to our impressions of rapid movement as
we observe the flow of streams in caves, the movement of
most ground water is exceedingly slow. The truth of this obser-
vation becomes readily apparent from the table, which shows,
in the last column, the rate of water exchange or the time re-
quired to replace the water now contained in the listed parts
of the hydrosphere. It is especially important to note that the
rate of exchange of 280 years for fresh ground water is about
1/9,000 the rate of exchange of water in rivers,

Subsurface openings large enough to yield water in a usable
quantity to wells and springs underlie nearly every place on
the land surface and thus make ground water one of the most
widely available natural resources. When this fact and the
fact that ground water also represents the largest reservoir of
freshwater readily available to man are considered together, it
is obvious that the value of ground water, in terms of hoth
economics and human welfare, is incalculable. Consequently,
its sound development, diligent conservation, and consistent
protection from pollution are important concerns of every-
one, These concerns can be translated into effective action
only by increasing our knowledge of the basic aspects of
ground-water hydrology.

FRESHWATER OF THE HYDROSPHERE AND ITS RATE OF
EXCHANGE
[Modified from L'vavich (1979), tables 2 and 10]

Share in total
volume of Rate of water
Parts of the Volume of freshwater freshwater exchange
hydrosphere km? mi’ percent) lyr)
lee sheets and
glaciers —-— 24,000,000 5,800,000 84.945 8,000
Cround water — 4,000,000 960,000 14.158 280
Lakes and
TESEVOINS —-— 155,000 37.000 549 vi
Soil moisture -— 83,000 20,000 294 1
Vapors in the
atmosphere —- 14,000 3,400 .49 027
River water -=-- 1,200 300 004 031
Total —---- 28,253,200 6,820,700 100.000

Ground-Water Hydrology 1



UNDERGROUND WATER

All water beneath the land surface is referred to as under-
ground water (or subsurface water). The equivalent term for
water on the land surface is surface water. Underground water
occurs in two different zones. One zone, which occurs im-
mediately below the land surface in most areas, contains both
water and air and is referred to as the unsaturated zone. The
unsaturated zone is almost invariably underlain by a zone in
which all interconnected openings are full of water. This zone
is referred to as the saturated zone.

Water in the saturated zone is the only underground water
that is available to supply wells and springs and is the only
water to which the name ground water is correctly applied.
Recharge of the saturated zone occurs by percolation of
water from the land surface through the unsaturated zone.
The unsaturated zone is, therefore, of great importance to
ground-water hydrology. This zone may be divided usefully
into three parts: the soil zone, the intermediate zone, and the
upper part of the capillary fringe.

The soil zone extends from the land surface to a maximum
depth of a meter or two and is the zone that supports plant
growth. It is crisscrossed by living roots, by voids left by

Surfaoce
waler

decayed roots of earlier vegetation, and by animal and worm
burrows. The porosity and permeability of this zone tend to be
higher than those of the underlying material. The soil zone is
underlain by the intermediate zone, which differs in thickness
from place to place depending on the thickness of the soil
zone and the depth to the capillary fringe.

The lowest part of the unsaturated zone is occupied by the
capillary fringe, the subzone between the unsaturated and
saturated zones. The capillary fringe results from the attrac-
tion between water and rocks. As a result of this attraction,
water clings as a film on the surface of rock particles and rises
in small-diameter pores against the pull of gravity. Water in
the capillary fringe and in the overlying part of the unsatu-
rated zone is under a negative hydraulic pressure—that is, it is
under a pressure less than the atmospheric (barometric)
pressure. The water table is the level in the saturated zone at
which the hydraulic pressure is equal to atmospheric pressure
and is represented by the water level in unused wells. Below
the water table, the hydraulic pressure increases with increas-

ing depth.
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HYDROLOGIC CYCLE
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The term hvdrologic cycle refers to the constant movement
of water above, on, and below the Earth’'s surface. The con-
cept of the hydrologic cycle is central to an understanding of
the occurrence of water and the development and manage-
ment of water supplies.

Although the hydrologic cycle has neither a beginning nor
an end, it is convenient to discuss its principal features by
starting with evaporation from vegetation, from exposed
moist surfaces including the land surface, and from the ocean.
This moisture forms clouds, which return the water to the land
surface or oceans in the form of precipitation.

Precipitation occurs in several forms, including rain, snow,
and hail, but only rain is considered in this discussion. The first
rain wets vegetation and other surfaces and then begins to in-
filtrate into the ground. Infiltration rates vary widely, depend-
ing on land use, the character and moisture content of the
soil, and the intensity and duration of precipitation, from
possibly as much as 25 mm/hr in mature forests on sandy soils
to a few millimeters per hour in clayey and silty soils to zero in
paved areas. When and if the rate of precipitation exceeds the
rate of infiltration, overland flow occurs.

The first infiltration replaces soil moisture, and, thereafter,
the excess percolates slowly across the intermediate zone to
the zone of saturation. Water in the zone of saturation moves
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downward and laterally to sites of ground-water discharge
such as springs on hillsides or seeps in the battoms of streams
and lakes or beneath the ocean.

Water reaching streams, both by overland flow and from
ground-water discharge, moves to the sea, where it is again
evaporated to perpetuate the cycle.

Movement is, of course, the key element in the concept of
the hydrologic cycle. Some “typical” rates of movement are
shown in the following table, along with the distribution of the
Earth's water supply.

10's of kilometers per day 019

Meters per year 4.12
= 93.96




