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PREFACE

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

Surprisingly, for a resource that is so widely used and so important to the health and to the
economy of the country, the occurrence of ground water is not only poorly understood but is
also, in fact, the subject of many widespread misconceptions. Common misconceptions in-
clude the belief that ground water occurs in underground rivers resembling surface streams
whose presence can be delected by certain individuals. These misconceptions and others
have hampered the development and conservation of ground water and have adversely af-
fected the protection of its quality.

In order for the Nation to receive maximum benefit from its ground-water resource, it is
essenfial that everyone, from the rural homeowner to managers of industrial and municipal
water supplies to heads of Federal and State water-regulatory agencies, become more
knowledgeable about the occurrence, development, and protection of ground water. This
report has been prepared to help meet the needs of these groups, as well as the needs of
hydrologists, well drillers, and others engaged in the study and developrment of ground-water
supplies. It consists of 45 sections on the basic elements of ground-water hydrology, arranged
in order from the most basic aspects of the subject through a discussion of the methods used
lo determine the yield of aquifers to a discussion of common problems encountered in the
operation of ground-water supplies,

Each section consists of a brief text and one or more drawings or 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 llustrations 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 U.S. 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 aguifer
(pumpingl test data, equations are given in both consistent units and in the inconsistent inch-
pound units still in relatively common use among ground-water hydrologists and well drillers.
As an aid to those who are not familiar with metric units and with the conversion of 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 time to time as they read the text. Finally, 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 conversions is included at the end of the text.

Ralph C. Heath



















































































































































































































































REFERENCES

A large number of publications on ground-water hydrology were consulted in the preparation of this report. A citation is
shown in the text only where a publication was used as a specific source of tabular data.
The following list of principal references consulted is included to identify sources of specific information and fo- the

benefit of those who wish to obtain additional information.

General References

Bouwer, Herman, 1978, Groundwater hydrology: New York, McGraw-
Hill, 480 p. :

Fetter, C. W., Jr., 1980, Applied hydrogeology: Columbus, Charles
E. Merrill, 488 p.

Freeze, R. A., and Cherry, J. A., 1979, Groundwater: Englewood Cliffs,
N.J., Prentice Hall, 604 p.

Heath, R. C., and Trainer, F. W., 1981, Introduction to ground-water
hydrology: Worthington, Ohio, Water-Well Journal Publishing
Co., 285 p.

Todd, D. K., 1980, Groundwater hydrology, 2d ed.: New York, John
Wiley, 535 p.

Walton, W. C., 1970, Groundwater resource evaluation: New York,
McGraw-Hill, 664 p.

Section References

A few publications were consulted in the preparation of two or
more sections. To save space, the complete citation to a publication is
shown only the first time that it is mentioned.

Ground-water hydrology
L'vovich, M. 1., 1979, World water resources and their future (English

translation, edited by R. L. Nace): Washington, D.C., American
Geophysical Union, 415 p.

Underground water

Meinzer, O. E., 1923, The occurrence of ground water in the United
States, with a discussion of principles: U.S. Geological Survey
Water-Supply Paper 489, 321 p.

Hydrologic cycle

L'vovich (1979)

Porosity

Meinzer (1923)

Specific yield and specific retention

Meinzer (1923)

Hydraulic conductivity

Lohman, S. W., and others, 1972, Definitions of selected ground-
water terms—Revisions and conceptual refinements: U.S. Geo-
logical Survey Water-Supply Paper 1988, 21 p.

Stratification and unsaturated flov

Palmquist, W. N., Jr., and Johnson, A.-l., 1962, Vadose flow in layered
and nonlayered materials, in Short papers in geology and hydrol-
ogy: U.S. Geological Survey Professional Paper 450-C, 146 p.

Saturated flow and dispersion

Danel, Pierre, 1953, The measurement of ground-water flow, in
Ankara Symposium on Arid Zone Hydrology, Paris 1953, Pro-
ceedings: UNESCO, p. 99-107.

Source of water derived from wells

Theis, C. V., 1940, The source of water derived from wellz essential
factors controlling the response of an aquifer to development:
Civil Engineering, v. 10, no. 5, p. 277-280.

Aquifer tests

Stallman, R. W., 1971, Aquifertest design, observations, and data
analysis: U.S. Geological Survey Techniques of Water-Resources
Investigations, Book 3, Chapter B1, 26 p.

Analysis of aquifer-test data

Jacob, C. E., 1963, Determining the permeability of water-table
aquifers: U.S. Geological Survey Water-Supply Paper 1536-l,
p. 1245-1271.

Lohman, S. W., 1972, Ground-water hydraulics: U.S. Geological
Survey Professional Paper 708, 70 p.

Theis, C. V., 1935, The relation between the lowering of the piezo-
metric surface and the rate and duration of discharge of a well
using ground-water storage: Transactions of the American Geo-
physical Union, v. 16, p. 519-524.

Time-drawdown analysis

Jacob, C. E., 1950, Flow of ground water, in Rouse, Hunter, Engineer-
ing hydraulics: New York, John Wiley, chapter 5, p. 321-386.

Distance-drawdown analysis

Jacob (1950)

Aquifer boundaries
Ferris, . G., Knowles, D. B., Brown, R. H., and Stallman, R. W., 1962,

Theory of aquifer tests: U.S. Geological Survey Water-Supply
Paper 1536-E, p. E69-E174.

References 81



Tests affected by lateral boundaries

Moulder, E. A., 1963, Locus circles as an aid in the location of a
hydrogeologic boundary, in Bentall, Ray, comp., Shortcuts and
special problems in aquifer tests: U.S. Geological Survey Water-
Supply Paper 1545-C, p. C110-C115.

Tests affected by leaky confining beds

Hantush, M. S., 1960, Modification of the theory of leaky aquifers:
Journal of Geophysical Research, v. 65, no. 11, p. 3713-3725.
Hantush, M. S., and Jacob, C. E., 1955, Non-steady radial flow in an
infinite leaky aquifer: Transactions of the American Geophys-
ical Union, v. 36, no. 1, p. 95-100.

Jacob, C. E., 1946, Radial flow in a leaky artesian aquifer: Transac-
tions of the American Geophysical Union, v. 27, no. 2, p. 198-205.

Well-construction methods
Campbell, M. C., and Lehr, J. H., 1973, Water well technology: New
York, McGraw-Hill, 681 p.

U.S. Environmental Protection Agency, 1974, Manual of individual
water-supply systems: EPA-430/9-74-007, 155 p.

Well logs

Edward E. Johnson, Inc., 1966, Ground water and wells, 1st ed.:
Saint Paul, Minn., 440 p.

82 Basic Ground-Water Hydrology

Water-well design

U.S. Bureau of Reclamation, 1977, Ground-water manual: Wash-
ington, D.C., U.S. Government Printing Office, 480 p.

Specific capacity and transmissivity

McClymonds, N. E., and Franke, O. L., 1972, Water-transmitting
properties of aquifers on Long Island, New York: U.S. Geological
Survey Professional Paper 627-E, 24 p.

Quality of ground water

Hem, J. D., 1970, Study and interpretation of the chemical charac-
teristics of natural water: U.S. Geological Survey Water-Supply
Paper 1473, 363 p.

U.S. Environmental Protection Agency, 1977, National interim primary
drinking water regulations: EPA-570/9-76-003, 159 p.

Pollution of ground water

U.S. Environmental Protection Agency (1977)

Saltwater encroachment

Feth, . H., and others, 1965, Preliminary map of the conterminous
United States showing depth to and quality of shallowest
ground water containing more than 1,000 parts per million dis-
solved solids: U.S. Geological Survey Hydrologic Investigations
Atlas 199, scale 1:3,168,000, two sheets, acccmpanied by
31-p. text.









DEFINITIONS OF TERMS

[Number in parentheses is the page on which the term is first mentioned]

AQUIFER ( 6 ): A water-bearing layer of rock that will yield water in a usable quantity to a well or spring.

BEDROCK ( 2 ): A general term for the consolidated (solid) rock that underlies soils or other unconsolidated surficial
material.

CAPILLARY FRINGE ( 4 ): The zone above the water table in which water is held by surface tension. Water in the capillary
fringe is under a pressure less than atmospheric.

CONE OF DEPRESSION ( 30 ): The depression of heads around a pumping well caused by the withdrawal of water.

CONFINING BED ( 6 ): A layer of rock having very low hydraulic conductivity that hampers the movement of wa‘er into
and out of an aquifer.

DATUM PLANE (10 ): An arbitrary surface (or plane) used in the measurement of ground-water heads. The datum most
commonly used is the National Geodetic Vertical Datum of 1929, which closely approximates sea level.

DISPERSION (19 ): The extent to which a liquid substance introduced into a ground-water system spreads as it moves
through the system.

DRAWDOWN ( 34 ): The reduction in head at a point caused by the withdrawal of water from an aquifer.

EQUIPOTENTIAL LINE ( 21): A line on a map or cross section along which total heads are the same.

FLOW LINE ( 21 ): The idealized path followed by particles of water.

FLOW NET ( 21 ): The grid pattern formed by a network of flow lines and equipotential lines.

GROUND WATER ( 4 ): Water in the saturated zone that is under a pressure equal to or greater than atmospheric pressure.

HEAD See TOTAL HEAD.

HYDRAULIC CONDUCTIVITY (12 ): The capacity of a rock to transmit water. It is expressed as the volume of wate~ at the
existing kinematic viscosity that will move in unit time under a unit hydraulic gradient through a unit area measured at
right angles to the direction of flow.

HYDRAULIC GRADIENT ( 10 ): Change in head per unit of distance measured in the direction of the steepest chang=.

POROSITY ( 7 ): The voids or openings in a rock. Porosity may be expressed quantitatively as the ratio of the volime or
openings in a rock to the total volume of the rock.

POTENTIOMETRIC SURFACE ( 6 ): A surface that represents the total head in an aquifer; that is, it represents the height
above a datum plane at which the water level stands in tightly cased wells that penetrate the aquifer.

ROCK ( 2 ): Any naturally formed, consolidated or unconsolidated material (but not soil) consisting of two or more
minerals.

SATURATED ZONE ( 4 ): The subsurface zone in which all openings are full of water.

SOIL ( 4 ): The layer of material at the land surface that supports plant growth.

SPECIFIC CAPACITY ( 58 ): The yield of a well per unit of drawdown.

SPECIFIC RETENTION ( 8 ): The ratio of the volume of water retained in a rock after gravity drainage to the volume of the
rock.

SPECIFIC YIELD ( 8 ): The ratio of the volume of water that will drain under the influence of gravity to the volume of satu-
rated rock.

STORAGE COEFFICIENT ( 28 ): The volume of water released from storage in a unit prism of an aquifer when the head is
lowered a unit distance.

STRATIFICATION (18 ): The layered structure of sedimentary rocks.

TOTAL HEAD ( 10 ): The height above a datum plane of a column of water. In a ground-water system, it is composed of
elevation head and pressure head.

TRANSMISSIVITY ( 26 ): The rate at which water of the prevailing kinematic viscosity is transmitted through a unit width
of an aquifer under a unit hydraulic gradient. It equals the hydraulic conductivity multiplied by the aquifer thickness.

UNSATURATED ZONE ( 4 ): The subsurface zone, usually starting at the land surface, that contains both water and air.

WATER TABLE ( 4 ): The level in the saturated zone at which the pressure is equal to the atmospheric pressure.
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RELATION OF UNITS OF HYDRAULIC CONDUCTIVITY, TRANSMISSIVITY, RECHARGE RATES, AND FLOW RATES

Hydraulic conductivity (K)

Centimeters per

Gallons per day

Meters per day second Feet per day per square foot
(md-" {cm s~ ftd=" (gal d~' ft=3)
1 1.16x1073 3.28 2.45x 10}
8.64x 102 1 2.83x10° 2.12%10*
3.05x107" 3.53x10°4 1 7.48
4.1x1072 4.73x1073 1.34x1077 1

Transmissivity ()

Gallons per day

Square meters per day Square feet per day per foot
m2d- (ft2d") (gald~" ="
1 10.76 80.5
.0929 1 7.48
0124 134 1
Recharge rates
Unit depth Volume
per year m3d-Tkm™? fd-" mi~9 (gald~"mi~?
(In millimeters) 2.7 251 1,874
(In inches) 70 6,365 47,748
Flow rates
(m3s1) (m3 min~") (ft> s (f min~) (gal min™"
1 60 353 2,120 15,800
.0167 1 .588 353 264
.0283 1.70 1 60 449
.000472 .0283 .0167 1 7.48
.000063 .00379 .0023 134 1

UNITS AND CONVERSIONS
Metric to inch-pound units

LENGTH

1 millimeter (mm)=0.001 m=0.03937 in.

1 centimeter (cm) =0.01 m=0.3937 in.=0.0328 ft
1 meter (m)=39.37 in.=3.28 ft=1.09 yd

1 kilometer (km)=1,000 m=0.62 mi

AREA

1 cm?=0.155 in.?

1 m2=10.758 ft2=1.196 yd?
1 km?=247 acres=0.386 mi?

VOLUME

1 cm?*=0.061 in.?

1 m*=1,000 =264 U.S. gal=35.314 f©*
1 liter (1)=1,000 cm*>=0.264 U.S. gal

MASS

1 microgram {ug) =0.000001 g

1 milligram (mg)=0.001 g

1 gram (g) =0.03527 0z=0.002205 Ib
1 kilogram (kg)=1,000 g=2.205 Ib
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Inch-pound to metric units

LENGTH

1 inch (in.)=25.4 mm=2.54 cm=0.0254 m
1 foot (ft)=12 in.=30.48 cm=0.3048 m

1 yard (yd)=3 ft=0.9144 m=0.0009144 km
1 mile (mi)=5,280 ft=1,609 m=1.603 km

AREA

1in.2=6.4516 cm?

1 f2=929 cm2=0.0929 m?
1 mi2=2.59 km?

VOLUME

1 in.*=0.00058 ft*=16.39 cm?

1 f*=1728 in.*=0.02832 m?

1 gallon (gal) =231 in.*=0.13368 ft*=0.00379 m?

MASS
1 ounce (02)=0.0625 |b=28.35 g
1 pound (Ib)=16 0z=0.4536 kg



