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PREFACE

This manual has been prepared as a guide to field personnel in the
more practical aspects and commonly encountered problems of
ground-water investigations, development, and management.

Information is presented concerning such aspects as ground-water
occurrence and movement, well-aquifer relationships, ground-water
investigations, aquifer test analyses, estimating aquifer yield, data
collection, and geophysical investigations. In addition,
permeability tests, well design, dewatering systems, well
specifications and drilling, well sterilization, pumps, and other
aspects have been discussed. An extensive bibliography has also
been included.

The manual has been developed over a period of years, and its
many contributors have diversified technical backgrounds.
Contributors include personnel from the Bureau of Reclamation
Engineering and Research Center (now Technical Service Center)
and field offices, other agencies, foreign governments, and many
individual scientists and engineers.

Principal Bureau of Reclamation contributors include W.T. Moody,
R.E. Glover, R.W. Ribbens, D. Jarvis, C.N. Zangar, H.H. Ham,
W.A. Pennington, T.P. Ahrens, D. Wantland, H.R. McDonald,

L.A. Johnson, A.C. Barlow, W.N. Tapp, C.R. Maierhofer,

R.J. Winter, Jr., W.E. Foote, and R.D. Mohr. All references to
their works are included in the bibliographies. The works of
non-Bureau of Reclamation authors including C.V. Theis,

M.I. Rorabaugh, W.C. Walton, C.E. Jacob, R.W. Stallman,

M.S. Hantush, S.W. Lohman, F.G. Driscoll, and other scientists
and engineers have also been cited.

The second edition of the Ground Water Manual has been re-
organized with the objective to make the material more accessible
to the occasional user. No material has been removed unless it
was obviously obsolete. New material has been added to stay
abreast with modern technology. Also, metric units have been
added except where: (1) actual field data is reproduced, (2) units
given in exarmples are incidental to the concept, and (3) exact
dimensions are critical to the user and industry has not retooled to
metric. In such cases, nominal metric units may be given in
parentheses. Approximate dimensions are converted using the
approximate conversion table located in the appendix.
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Principal contributors to the second edition include L.V. Block,

R.P. Burnett A.J. Cunningham, K.D. Didricksen, J.L. Hamilton,
J.E. Lacey, P.J. Matuska, N.-W. Prince, T.D. Pruitt, R.A. Rappmund,
C.R. Reeves, G.D. Sanders, S.J. Shadix, R. Bianchi, W.R. Talbot,
and D.E. Watt.

There are occasional references to proprietary materials or
products in this publication. These must not be construed in any
way as an endorsement, as the Bureau of Reclamation cannot
endorse proprietary products or processes of manufacturers or the
services of commercial firms for advertising, publicity, sales, or
other purposes.
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GLOSSARY

Alluvial
Pertaining to or composed of alluvium or deposited by a stream
or running water.

Aquiclude
A term for a saturated, but poorly permeable bed, formation, or
group of formations that does not yield water freely to a well or
spring.

Aquifer
A formation, group of formations, or part of a formation that
contains sufficient saturated permeable material to yield
economical quantities of water to wells or springs.

Aquifuge
A material or rock which contains no interconnected openings or
interstices and therefore neither absorbs nor transmits fluids.

Aquitard
A term for a geologic bed, formation, group of formations, or part
of a formation with relatively very low permeabilities through
which virtually no water moves. Commonly referred to as a
confining unit.

Coefficient
A number, constant for a given substance, used as a multiplier
in measuring the change in some property of the substance
under given conditions.

Collector pipe
A pipe or system of piping used to intercept and redirect surface
or subsurface flows.

Confined aquifer
An aquifer bounded above and below by impermeable or
distinctly lower permeability beds.

Conjunctive
Connected or joined together; serving to connect or join together.

Consolidated material
Firm coherent rock.
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Drilling mud
Any substance mixed with drilling water to increase the viscosity
of the water.

Exponential
Of or relating to an exponent; involving a variable or unknown
quantity as an exponent.

Gravel pack
Also called a filter pack; smooth, clean, uniform, well-rounded,
siliceous sand or gravel that is placed in the annulus of a well
between the borehole wall and the well screen to prevent
formation material from entering the screen.

Infiltration gallery
One or more horizontal screens placed adjacent to or beneath a
water body in permeable alluvial materials.

Invert
The elevation of the flow line (lowest point on the inside) of a

pipe.

Leakance
The rate of flow across a unit (horizontal) area of a semipervious
layer into (or out of) an aquifer under one unit of head difference
across this layer. The leakance equals the vertical hydraulic
conductivity divided by the thickness of the semipervious layer.

Lens
A body of material that is thick in the middle and thin at the
edges.

In
Log to base e

Perched aquifer
Unconfined ground water separated from an underlying main
body of ground water by an unsaturated zone.

Perennial stream
A stream that flows year round and from the source to the
mouth.

Permeable materials
A material with the property or capacity for transmitting a fluid.
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Screen
Also called a well screen; a filtering device used as the intake
section of a water well to keep sediment from entering a water
well. Usually constructed of casing with slots cut into it, or of
specially constructed, continuous slot, wire-wrapped screens.

Sediment-colloid
Extremely small solid particles, 0.0001 to 1 micron in size, which
will not settle out of a solution; intermediate between a true
dissolved particle and a suspended particle which will settle out
of solution.

Sink
An area where ground water evaporates or is otherwise removed
from the hydrologic system.

Stickup
The height of the measuring point of a well above natural
ground, usually the top of the casing.

Subsurface
Underground; zone below the surface whose geologic features are
interpreted on the basis of drill records and various kinds of
geophysical evidence.

Subsurface drain
A drain installed to enhance subsurface drainage for the removal
or control of ground water and the removal or control of soil
salts.

Sump
A hole or pit which serves for the collection of fluids.

Storativity
Also called the coefficient of storage; a measure of the volume of
water an aquifer releases from or takes into storage per unit
surface area of the aquifer per unit change in head.

Time yield curve
A curve showing the change in yield of a well over time.

Unconfined aquifer
Also free aquifer; an aquifer having a water-table which is at
atmospheric pressure at the water surface.
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Unconsolidated material
Earth materials which are not firm coherent rock.

Winters Doctrine
A 1908 court decision concerning Native American reserved

water rights.

Yield
The measured or estimated volume of water discharged from a

well or released from an aquifer.
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GROUND-WATER OCCURRENCE, PROPERTIES,
AND CONTROLS

1-1. Introduction.—Ground-water engineering is the art and
science of investigating, developing, and managing ground water
for the benefit of man. The technology involves specialized fields of
oil science, hydraulics, hydrology, drainage, geophysics, geology,
mathematics, agronomy, metallurgy, bacteriology, and electrical,
mechanical, and chemical engineering. The ever-increasing
demand for water will make ground-water engineering increasingly
important.

In addition to the solution of ground-water recovery problems for
water supply, ground-water engineering is important in problems
concerning seepage from surface reservoirs and canals, the effects
of bank storage, stability of slopes, recharging of ground-water
reservoirs, controlling of saltwater intrusion, dewatering of excava-
tions, subsurface drainage, and construction, land subsidence,
waste disposal, and contamination control.

Ground-water engineering involves the determination of aquifer
properties and characteristics and the application of hydraulic
principles to ground-water behavior for the solution of engineering
problems. Determination of aquifer characteristics and the
application of those data by appropriate mathematical and other
methods are essential to the solution of complex problems in which
ground water is a factor. The extent to which the determination of
aquifer properties and characteristics must be made depends upon
the complexity of the problem involved. The required investigation
may range from cursory to detailed. It may entail study or
consideration of all or only one or two aquifer properties and
hydraulic principles. Conditions often may be so complex as to
preclude the determination of finite values and the application of
available theory to the solution of some problems. Such
circumstances require an understanding of the hydrologic cycle
developed in the latter part of the 17th century. During the 18th
century, fundamentals in geology were established that provided a
basis for understanding the occurrence and movement of ground
water (Todd). The French engineer Henry Darcy (1803-58) studied
the movement of water through sand and developed the
fundamental law of ground-water flow which was largely
subjective. The reliability of these principles depends upon the
experience and judgment of the ground-water technical specialist.
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1-2. History of Use.—The first use of ground water as a source
of supply is lost in antiquity. Ancient man obtained water from
springs, but hand-dug wells were widely used in the earliest of
Biblical times, and the ancient Chinese are generally regarded as
the inventors of drilled and cased wells (McWhorter and Sunada,
1984). For centuries (Tolman, 1957; U.S. Department of
Agriculture, 1956) ground-water use was limited by developmental
difficulties and by the absence of a clear understanding of its origin
and occurrence.

Shallow, hand-dug wells and crude water-lifting devices marked
the early exploitation of ground water. The introduction of well-
drilling machinery and motor-driven pumps allowed the recovery of
ground water at increased depths. Expanded knowledge of ground-
water hydrology and other sciences added to man’s ability to
understand and use this resource.

As technology has improved, the benefits of ground-water
development have become increasingly important. The use of
water for domestic purposes (human and animal consumption)
usually has the highest priority, followed by individual
requirements and then agricultural usage (irrigation).
Development of the ground-water resources of the United States
has been inereasing in recent years as development of surface-
water sources approaches the point of full potential.

1-3. Origin.—

(a) The Hydrologic Cycle—Precipitation, storage, runoff, and
evaporation of the earth’s water follow an unending sequence
known as the hydrologic cycle (Meinzer, 1949; Todd, 1980;

U.S. Department of Agriculture, 1956). During this cycle, the total
amount of water in the atmosphere and in or on the earth remains
the same; however, its form may change. Although minor
quantities of magmatic water or water from other deep-seated
sources may find its way to the surface, all water is assumed to be
part of the hydrologic cycle.

The movement of water within the hydrologic cycle is shown on
figure 1-1. Water vapor in the atmosphere is condensed into ice
crystals or water droplets that fall to the earth as rain or snow. A
portion evaporates and returns to the atmosphere. Another portion
flows across the ground surface until it reaches a stream and then
flows to the ocean. The remaining portion infiltrates directly into
the ground and seeps downward. Some of this portion may be
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transpired by the roots of plants or moved back to the ground
surface by capillarity and evaporated. The remainder seeps
downward to join the ground-water body.

Ground water returns to the ground surface through springs and
seepage to streams where it is subject to evaporation or is directly
evaporated from the ground surface or transpired by vegetation.
The water vapor rises into the atmosphere and the cycle continues.

The elements of the hydrologic cycle for any area can be
quantified in an equation. For ground-water investigations, the
equation can be expressed in terms of ground-water components.
However, it may be necessary to evaluate the broad hydrologic
picture to quantify the ground-water components. Determination
of components in the ground-water equation is tedious and time
consuming, and the results, at best, are only approximate.
Therefore, an analysis should be made to determine that such an
evaluation is necessary and justified before it is undertaken.

(b) Ground-Water Equation.—A basic ground-water equation
(Meinzer, 1949; Todd, 1980), which will permit an approach to a
quantitative estimate of ground-water availability, can be
established for an area to account for those factors of the
hydrologic cycle that directly affect flow and storage of ground
water. The equation can be stated as:

AS,, = recharge-discharge 11

where AS_ is the change in ground-water storage during the
period of study. Theoretically, under natural conditions and over a
long period of time, which includes both wet and dry cycles, AS,,
will be zero and inflow (recharge) will equal outflow (discharge).
However, man’s activities can significantly affect the equation,
resulting in long-term increases or decreases in ground-water
storage.

The natural recharge to the ground-water body includes deep
percolation from precipitation, seepage from streams and lakes,
and subsurface underflow. Artificial recharge includes deep
percolation from irrigation and water spreading, seepage from
canals and reservoirs, and recharge from recharge wells. The
natural discharge or outflow from the ground-water body consists
of seepage to streams, flow from springs, subsurface underflow,
transpiration, and evaporation. Artificial discharge occurs by wells
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or drains. If ground-water storage in an area is less at the end of
the selected period of time than at the beginning, discharge is
indicated as having exceeded recharge. Conversely, recharge may
exceed discharge.

(c) Recharge to and Discharge from Aquifers.—Recharge from
natural sources includes the following:

¢ Deep percolation from precipitation.—Deep percolation of
precipitation is one of the most important sources of
ground-water recharge. The amount of recharge in a
particular area is influenced by vegetative cover,
topography, nature of soils, as well as the type, intensity,
and frequency of precipitation.

® Seepage from streams and lakes.—Seepage from streams,
lakes, and other water bodies is another important source of
recharge. In humid and subhumid areas where ground-
water levels may be high, the influence of seepage may be
limited in extent and may be seasonal. However, in regions
where the entire flow of streams may be lost to an aquifer,
seepage may be of major significance.

¢ Underflow from another aquifer—An aquifer may be
recharged by underflow from a nearby, hydraulically
connected aquifer. The amount of this recharge depends on
the head differential, the nature of the connection, and the
hydraulic properties of aquifers.

¢ Artificial recharge.—Artificial recharge to the ground water
may be achieved through planned systems, or may be
unforeseen or unintentional. Planned major contributions
to the ground-water reservoir may be made through
spreading grounds, infiltration ponds, and recharge wells.
Irrigation applications, sewage effluent spreading grounds,
septic tank seepage fields, and other activities have a
similar, but usually unintentional effect. Seepage from
reservoirs, canals, drainage ditches, ponds, and similar
water impounding and conveyance structures may serve as
local sources of major ground-water recharge. Recharge
from such sources can completely change the ground-water
regimen over a considerable area.
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(d) Ground-Water Discharge.—Losses from the ground-water
reservoir occur in the following four ways:

* Seepage to streams.—In certain reaches of streams and in
certain seasons of the year, ground water may discharge
into streams and maintain their baseflows. This condition
is more prevalent in humid areas than in semiarid areas.

* Flow from springs and seeps.—Springs and seeps exist
where the water table intersects the land surface or a
confined aquifer outlets to the surface.

¢ Evaporation and transpiration.—Ground water may be lost
by evaporation if the water table is near enough to the land
surface to maintain flow by capillary rise. Also, plants may
transpire ground water from the capillary fringe or the
saturated zone.

¢ Artificial discharge.—Wells and drains are imposed artifi-
cial withdrawals on ground-water storage and in some
areas are responsible for the major depletion.

Ground water moves in response to a hydraulic gradient in the
same manner as water flowing in an open channel or pipe.
However, the flow of ground water is appreciably restricted by
friction with the porous medium through which it flows. This
friction results in low velocities and high head losses compared to
open channel or pipe flow.

1-4. Occurrence of Ground Water.—

(a) General. —Webster defines an aquifer as "a water-bearing bed
or stratum of earth, gravel, or porous stone." Some strata are good
aquifers, whereas others are poor. The most important
requirement is that the stratum must have interconnected
openings or pores through which water can move. The nature of
each aquifer depends on the material of which it is composed, its
origin, the relationship of the constituent grains or particles and
associated surface, its exposure to a recharge source, and other
factors.

Ground water occurs in almost all types of unconsolidated and
consolidated section 1-2 sedimentary material and, to a lesser
extent, in fractured igneous and metamorphic rocks. The potential
of aquifers depends not only on lithology, but also on stratigraphy
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and geologic structure. In general, coarse-grained sediments,
whether unconsolidated or consolidated, are the best aquifers.

(b) Sedimentary Material and Rocks.—In general, the best
aquifers are the coarse-grained, saturated portions of the
unconsolidated, granular sedimentary material (Hen, 1959) which
covers the consolidated rocks over much of the surface of the earth.
Widespread presence of unconsolidated sediments is more common
at lower elevations in proximity to streams. These sediments
consist of stream alluvium, glacial outwash, wind-deposited sand,
alluvial fans, and similar water- or wind-deposited, coarse-grained,
granular materials. In addition, some residual materials resulting
from the in-place weathering of consolidated rock are good
aquifers.

The coarser-grained, consolidated sedimentary rocks, such as
conglomerates and sandstones, are often good aquifers, but
consolidated sedimentary rocks are usually found below the
granular sedimentary deposits. Their value as aquifers depends to
a large extent on the degree of cementation and fracturing to
which they have been subjected. Sandstones may have both
primary (between grain) and secondary (fracture) permeability. In
many cases, particularly where the sandstones are well indurated,
secondary permeability contributes the majority of the yield. Some
massive sedimentary rocks such as limestone, dolomite, and
gypsum may also be good aquifers. These rocks are relatively
soluble and, over the years, solution along fractures or partings
may form voids which range in size from several millimeters to
several hundred meters (a fraction of an inch to several hundred
feet). Some of the best known and most productive aquifers are
cavernous limestones.

(c) Igneous and Metamorphic Rocks.—The value of igneous and
metamorphic rocks as aquifers depends greatly on the amount of
stress and weathering to which they have been subjected after
their initial formation. In general, the igneous rocks are very poor
aquifers if they remain undisturbed. However, mechanical and
other stresses cause fractures and faults in these rocks in which
ground water may occur. Such openings may range from hairline
cracks to voids several centimeters wide. In general, these
openings disappear with depth and do not yield significant
quantities of water below depths of about 300 meters (1,000 feet).
Also, although initial flows from fractures may be quite high, such
high yields generally decrease with time.
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In coarse-grained igneous rocks, where in-place weathering has
occurred, a thin permeable zone may be found in the transition
zone between the unweathered rock and the thoroughly weathered.
Some lavas, especially those of viscous basaltic composition, may
contain good to excellent aquifers in the zones between successive
flows. The scoriaceous upper and lower surfaces of flows are
usually porous and permeable, and cooling fractures may be
present in a zone extending into the flow from the upper and lower
surfaces. Furthermore, coarse-grained sedimentary material may
also be present between flows.

(1) Unconfined Aquifers.—An unconfined aquifer (figure 1-2)
does not have an overlying confining layer. It is often referred to
as a free or "water table" aquifer or as being under "water-table"
conditions. Water infiltrating into the ground surface percolates
downward through air-filled interstices of the material above the
saturated zone and joins the ground-water body. The water table,
or upper surface of the saturated ground-water body, is in direct
contact with the atmosphere through the open pores of the
material above and is in balance with atmospheric pressure at all
points. Movement of the ground water is in direct response to

gravity.

(2) Confined Aquifers—A confined or artesian aquifer
(figure 1-2) has an overlying, confining layer of lower permeability
than the aquifer and has only an indirect or distant connection
with the atmosphere. Water in an artesian aquifer is under
pressure and when the aquifer is penetrated by a tightly cased well
or piezometer, the water will rise above the bottom of the confining
bed to an elevation at which it is in balance with the atmospheric
pressure and that reflects the pressure in the aquifer at the point
of penetration. If this elevation is greater than that of the land
surface at the well, water will flow from the well. The imaginary
surface, conforming to the elevations to which water will rise in
wells penetrating an artesian aquifer, is known as the
potentiometric or piezometric surface. The confining bed may be
almost completely impermeable, or it may permit some flow.
Types of confining beds include:

e Aquiclude.—A saturated but relatively impermeable
material that does not yield appreciable quantities of water
to wells; clay is an example.

s Aquifuge.—A relatively impermeable formation that neither
contains nor transmits water; solid granite is an example.
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o Acquitard.—A saturated but poorly permeable stratum that
impedes ground-water movement and does not yield water
freely to wells but that may transmit appreciable water to
or from adjacent aquifers and, if sufficiently thick, may
serve as an important ground-water storage zone; sandy
clay is an example (Todd, 1980).

(3) Perched Aquifers.—Beds of clay or silt, unfractured
consolidated rock, or other material with relatively lower
permeability than the surrounding materials may be present in
some areas above the regional water table. Downward percolating
water may be intercepted and a saturated zone of limited areal
extent may be formed. This process results in a perched aquifer
with a perched water table (Meinzer, 1949). An unsaturated zone
is present between the bottom of the perching bed and the regional
water table. A perched aquifer is a special case of an unconfined
aquifer. Depending on climatic conditions or overlying land use, a
perched water table may be a permanent phenomenon or may be
seasonally intermittent (figure 1-2).

(d) Zones of Moisture.—~Water may occur in several recognizable

subsurface zones under different conditions, as shown in table 1-1,
which was adapted from Meinzer (1949).

Table 1-1.—Status of water in various soil zenes

Zone Horizon Condition of water Condition of sofl

Aeration (above
water table)

Saturation (below Unconfined Under pressure
water table) ground water but upper surface at
atmospheric pressure
Confined or Under pressure Saturated
artisan ground but upper surface
water above atmospheric
pressure

The thickness of each zone above the zone of rock flowage varies
according to the area and with time. During a period of recharge,
the zone of saturation thickens at the expense of the zone of
aeration. When discharge exceeds recharge, the zone of saturation
thins and the zone of aeration thickens. During periods of
recharge, a temporary downward migrating saturated lens may
move through the zone of aeration.
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The foregoing comments refer to ground water in temperate and
tropical areas. However, in the colder areas of the northern and
southern hemispheres, permafrost or permanently frozen ground
may extend to considerable depths and influence ground-water
conditions. The engineering problems associated with such
conditions may be unusual and are not considered in this manual.

1-5. Ground-Water Quality —

(a) General —Precipitation usually contains minute amounts of
silica and other minerals, and dissolved gases such as carbon
dioxide, sulphur dioxide, nitrogen, and oxygen, which are present
in the air and become entrained as droplets, form and fall. As a
result, the pH value of most precipitation is below 7.0 (acidic) and
the water is slightly corrosive. Upon reaching the earth’s surface,
the rainfall may pick up organic acids from humus and similar
materials which increase its corrosive characteristics. While the
acidic water is percolating through soil and rock, minerals may be
attacked and dissolved, forming salts which are taken into
solution. The relative concentrations and variety of the salts
depend upon the initial chemical composition of the water; the
mineralogy exposed and the weathered state of the rock and soil
encountered; and the temperature, pressure, and duration of
contact.

Nearly all elements may be present in ground water, and its
mineral content varies from aquifer to aquifer and from place to
place within an aquifer. The most commonly encountered elements
and compounds are listed in table 1-2.

Table 1-2.—Chemical constituents
commonly found in ground water

Cations Anions
Calcium, Ca Bicarbonate, HCO,
Magnesium, Mg Sulphate, SO,
Sodium, Na Chloride, C1
Potassium, K Nitrate, NO,

Iron, Fe Fluoride, F

Silica, SiO,
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Less commonly encountered constituents which are nevertheless
important because of their known beneficial or detrimental effects
on the use of water are: arsenic (As), barium (Ba), boron (B),
cadmium (Cd), carbon dioxide (CO,), copper (Cu), hydrogen sulfide
(H,S), lead (Pb), manganese (Mn), mercury (Hg), methane (CH)),
oxygen (0,), selenium (Se), trihalomethanes (THM), various
radionuclides, volatile organic compounds (VOC’s), and
polychlorinated biphenyls (PCB’s). Many of these latter
contaminants are manmade recent additions to ground water.

(b) Acceptable Limits for Chemical Constituents in Water.—
Standards for ground water are currently determined by water use
or aquifer classification. The Environmental Protection Agency
(EPA) currently designates aquifers (450 CFR Part 149) as sole
source aquifers (SSA), which carry special project review criteria
for Federal actions possibly affecting designated aquifers. Ground
water withdrawn for public drinking water supplies currently falls
under the Safe Drinking Water Act (SDWA) (Public Law 93-523)
regulations, as amended and reauthorized (1974). Current (July
1993) maximum contaminant levels (MCL’s), or National Primary
Drinking Water Standards, which are human health based, and
Secondary Standards, governing aesthetic qualities, are shown in
tables 1-3a and 1-3b. Note that the number of regulated
constituents and their respective MCL’s are frequently updated.
Also note that standards for aquatic plant and animal life may be
considerably more stringent. Obtain a current copy of the
regulations (40 CFR Part 141), which includes monitoring
requirements, or call the Safe Drinking Water Hotline (1-800-426-
4791) for current MCL’s. Noncompliance is covered in 40 CFR 142,
“National primary drinking water regulations implementation."

Water discharged by municipalities, corporations and other
entities identified as point sources, and certain other nonpoint
sources, which may well become ground water, is regulated by the
Clean Water Act (Public Law 95-217) (U.S. Geological Survey
[USGS]), 1977) as amended. Section 402 of the Act deals with the
National Pollution Discharge Elimination System (NPDES)
permitting program; Section 404 deals with dredge and fill
permits; Section 319 covers nonpoint source pollution; and
Section 320 concerns the National Estuary Program. Regulations
promulgated under the Act, including the NPDES permits and oil
spill criteria, are found in 40 CFR 109, 110, 112, 113, 114, 121,
122, 125, 129, 130, 131, and 133. The Coastal Zone Act
Reauthorization Amendments (CZARA) of 1990, Section 6217, fill

the gaps and complement existing nonpoint source pollution
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Table 1-3a.—Safe Drinking Water Act Standards (July 1993)

Primary MCL!
(milligrams per liter Secondary MCL?
[mg/L}], unless otherwise (mg/L, unless
Parameter noted) otherwise noted)
Inorganics/Esthetics

Aluminum 0.05 to 0.2
Arsenic 0.05
Antimony 0.006
Asbestos 7MF/L >10pm
Barium 2
Beryllium 0.004
Cadmium 0.005
Chloride
Chromium 0.1
Color 15 color units
Copper 1.3 AL? 1.0
Corrosivity noncorrosive
Cyanide 0.2
Fluoride 4.0 2.0
Foaming agents 0.5
Iron 0.3
Lead 0.015 AL
Manganese 0.05
Mercury 0.002
Nickel 0.1
Nitrate as N 10
Nitrite as N 1
Nitrate+Nitrite as N 10
Odor 3 threshold odor Nos.
pH 6.5-85
Selenium 0.05
Silver 0.1
Sulphate 250
Thallium 0.002
TDS
Turbidity 0.5- 1.0 NTU
Zinc 5

! See 40 CFR 141 G for applicable water-supply systems.
% See 40 CFR 143 for applicable water-supply systems.
¥ AL = action level.
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Table 1-3b.—Safe Drinking Water Act Standards (July 1993)

Parameter

MCL in mg/L

(unless otherwise noted)

Organics - Pesticides, PCB’s, Herbicides

Adipates (diethylhexyl) - synthetic
Alachlor

Aldicarb

Aldicarb sulfone

Aldicarb sulfoxide

Atrazine

Carbofuran

Chlordane

2,4-D

Dalapon
Di[2-ethylhexylladipate - synthetic
Dibromochloropropane (DBCP)
Dinoseb

Diquat

Endothall

Endrin

Ethylene dibromide (EDB)
Glyphosate

Heptachlor

Heptachlor epoxide

Lindane

Methoxychlor

Oxamyl (Vydate)
Pentachlorophenol

Picloram

Polychlorinated biphenyls (PCB) - synthetic

Simazine

2,3,7,8-TCDD (Dioxin) - synthetic
Toxaphene

2,4,5-TP (Silvex)

0.5
0.002
0.003
0.002
0.004
0.003

0.04
0.002
0.07
0.2
0.4
0.0002
0.007
0.02
0.1
0.002
0.00005
0.7
0.0004
0.0002
0.0002
0.04
0.2
0.001
0.5
0.0005
0.004

0.00000003

0.003
0.05
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Table 1-3b.—Safe Drinking Water Act Standards (July 1993) - continued

MCL in mg/L
Parameter (unless otherwise noted)
Organics - Volatile (VOC’s)
Benz(a)anthracene (PAH) 0.0001
Benzene 0.005
Benzo(a)pyrene (PAH) 0.0002
Benzo(b)fluoranthene (PAH) 0.0002
Benzo(k)fluoranthene (PAH) 0.0002
Butyl benzyl phthalate (PAE) 0.1
Carbon tetrachloride 0.005
Chrysene (PAH) 0.0002
Dibenz(a,h)anthracene (PAH) 0.0003
Dichlorobenzene o- 0.6
Dichlorobenzene m- 0.6
Dichlorobenzene p- 0.075
Dichloroethane (1,2-) 0.005
Dichloroethylene (1,1-) 0.007
Dichloroethylene (cis-1,2-) 0.07
Dichloroethylene (trans-1,2-) 0.1
Dichloromethane 0.005
Dichloropropane (1,2-) 0.005
Diethylhexyl phthalate (PAE) 0.006
Ethylbenzene 0.7
Hexachlorobenzene - synthetic 0.001
Hexachlorocyclopentadiene (HEX) - synthetic 0.05
Monochlorobenzene 0.1
Styrene 0.1
Tetrachloroethylene (PCE) 0.005
Toluene 1.0
Trichlorobenzene (1,2,4-) 0.07
Trichloroethane (1,1,1-) 0.2
Trichloroethane (1,1,2-) 0.005
Trichloroethylene (TCE) 0.005
Vinyl chloride 0.002
Xylenes 10.0

Organics - Chlorination Disinfection Byproducts (THM’s)

Bromodichloromethane 0.1
Bromoform 0.1
Chlorodibromomethane 0.1

Chloroform 0.1
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Table 1-8b.—Safe Drinking Water Act Standards (July 1993) - continued

MCL in mg/L
Parameter (unless otherwise noted)

Microbiology

Giardia lamblia TT
Legionella TT
Standard plate count TT

Total coliforms @

Viruses TT
Radionuclides

Beta particle and photon activity 4 mrem/y®
Gross alpha particle activity 15 pCi/L3
Radium 226 20 pCi/L?
Radium 228 20 pCi/L3
Radon 300 pCi/L?
Uranium 20 pg/L?

1T = treatment technique. Disinfection or filtration is required to deactivate
or remove.

2 <1 positive sample per month for systems collecting less than 40 samples per
month, <5 percent positive for systems collecting over 40 samples per month.

3 Proposed.

regulations for coastal States in five major source categories:

(1) urban, construction, highways, airports/bridges, and septic
systems; (2) agriculture; (3) forestry; (4) marinas and recreational
boating; and (5) hydromodification and wetlands.

Chemical constituents in drinking and wastewater are to be
determined according to standard test methods. Those methods
are specified in 4 CFR 141 C for drinking water and 40 CFR 136
for wastewater.

The following chemicals have been listed for action, but no
primary MCL has been set: aluminum, boron, chlorate, chlorite,
manganese, molybdenum, strontium, vanadium, zinc, and zinc
chloride (as of December 1994).

The following chemical and organisms are listed, but primary
MCL’s have not been set: bromacil, bromobenzene,
bromochloroacetonitrile, chloroethane, chloromethane, chloropicrin,
chlorotoluene o-, chlorotoluene p-, cyanogen chloride, DCPA
(Dacthal), dibromoacetonitrile, dibromomethane, dicamba,
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dichloroacetaldehyde, dichloroacetonitrile, dichlorodifluoromethane,
dichloroethane (1-1-), dichloropropane (1,3-) and (2,2-),
dichloropropene (1,1-), dinitrotoluene (2,4-) and (2,6-), ETU,
fluorotrichloromethane, hexachloroethane, isophorone, methomyl,
methyl tert butyl ether, metolachlor, metribuzin, monochloroacetic
acid, prometon, 2,4,5-T, tetrachloroethane (1,1,1,2-) and (1,1,2,2-),
trichloroacetonitrile, trichloroethanol (2,2,2-), trichlorophenol
(2,4,6-), trichloropropane (1,2,3-), trifluralin, and cryptosporidium
(as of December 1994).

The determination of required water quality for irrigation
purposes is a complex process. Many factors, such as soil,
drainage, climate, and crop, must be considered. The U.S.
Department of Agriculture Handbook No. 60 (1954) has been the
standard guide on the acceptability of certain waters for irrigation
and on the relationship of the chemicals in water to soils. This
handbook also contains laboratory procedures for the analysis of
irrigation water. More recent references include Water Quality for
Agriculture (Ayers and Westcot, 1985) and Irrigation Induced
Water Quality Problems (National Research Council, 1989) also
published by the U.S. Department of Agriculture.

Water quality is also important because of its influence on the
operating efficiency and life of equipment and materials, including
pumps, well screens, and piping. Acidic water is usually corrosive,
whereas alkaline water (pH >7) forms deposits more readily. Hard
(alkaline) water may form deposits if it contains large amounts of
sulphate, bicarbonate, and chloride radicals. Entrained gases, such
as hydrogen sulfide, carbon dioxide, methane, nitrogen, and oxygen
may cause corrosion and cavitation damage. Care should be taken
to specify materials compatible with water quality for minimum
operation and maintenance costs.

(c) Contamination and Pollution.—Contaminated or polluted
water contains organisms and/or substances which make it unfit
for an intended purpose. Ground water may become contaminated
from traditional sources like septic tanks or their associated leach
fields, garbage dumps or landfills, or improper manufacturing
waste disposal activities (all of which are on the decline) or
through natural processes. Other sources of pollution include
improperly sealed wells, mining activities (including radioactive
ores), aviation and military activities, oil field brine injection wells,
and unlined or leaking industrial waste evaporation ponds. On the
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increase are potential ground-water contamination activities
involving illegal dumping of regulated hazardous wastes and
illegal disposal of wastes down constructed or abandoned wells.

The horizontal and vertical distance from the source a
contaminant may migrate depends upon the contaminant, its
introductory path, the local and regional soil and geological
character and structure, and the local and regional hydrology.
Microbiological organisms and disinfectant byproducts, i.e.,
trihalomethanes (THM’s), do not appear to have much subsurface
viability or mobility. Other organic and inorganic constituents
may be very persistent and highly mobile under favorable
conditions. Two newly recognized classes of chemicals, dense
nonaqueous phase liquids (DNAPL’s) and light nonaqueous phase
liquids (LNAPL’s) are proving to be persistent and difficult to
detect and remove once introduced into the subsurface hydrology.
Accordingly, no ground water should be assumed suitable for an
intended use without chemical analysis verification.

(d) Other Uses of Water Quality Data.—A study of the difference
and changes in the chemical content of water may be useful in
determining the source or sources of recharge, direction of flow,
and presence of boundaries (Hem, 1959; Todd, 1980). The age of
water determined by tritium content, carbon dating, and similar
analyses may be useful in estimating time in the ground, recharge
conditions, or paleohydrology. Current uses of ground-water
quality data include determining proposed inject water
compatibility, contaminant plume vector, THM fate and transport,
and differentiating native ground water from inject water for water
banking accounting.

1-6. Ground- and Surface-Water Relationships.

(a) Humid Area Relationships.—Ground water in humid areas
maintains the baseflow of streams by seepage into stream
channels. However, the headwater reaches of some streams may
be above the water table, and therefore are dry during seasons of
low precipitation. In such reaches, seepage from the streambed
may charge an underlying aquifer. Consequently, some reaches of
a stream may be replenished by ground water and others may lose
water to the ground-water reservoir.

(b) Arid Area Relationships.—In many arid drainage basins, the
perennial master streams receive seepage from the ground-water
reservoir; whereas other streams may be above the water table and
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streamflow occurs only during periods of high surface runoff.
Where the water table is below the streambed, practically all the
streamflow may be lost by seepage to the ground-water reservoir.
Beneath many streambeds, considerable underflow may be present
in the channel fill although the channel is dry.

In semiarid to arid areas, where irrigation is usually practiced,
water losses from canals and deep percolation from irrigation
applications frequently alter natural ground-water conditions.
Such alterations include water-table rise and waterlogging and
salination of soils. Artificial drainage by open or buried pipe
drains, wells, or other means is often required to lower the water
table, maintain a salt balance, and permit the continued
production of crops.

(¢) Artificial Ground-Water Recharge.—In recent years, much
interest has developed in recharging ground-water reservoirs with
excess surface water (Rima et al., 1971; Signor et al., 1970). The
purposes for artificial recharge include: (1) ground-water (well
field) management, (2) reduction of land subsidence, (3) renovation
of wastewater, (4) improvement of ground-water quality,

(5) storage of stream water during periods of high or excessive
flow, (6) reduction of floodflows, (7) well yield increase, (8) decrease
the size of the areas needed for water-supply systems, (9) reduction
of saltwater intrusion or leakage of mineralized water,

(10) increase streamflow, (11) store fresh water derived from rain
and snowmelt, and (12) secondary recovery of oil (Pettyjohn, 1981).
In addition, pollutants such as oil field brines and toxic and
radioactive industrial wastes are often disposed of by storing them
in deep, isolated, nonpotable aquifers; however, the injection wells
are generally referred to as disposal wells rather than artificial
recharge wells.

Artificial recharge can be accomplished by surface spreading or
by injection well. The choice of a particular method is governed by
the local topographic, geologic, and soil conditions; the quality of
the water to be recharged, water use, land value, water quality,
and climate (Todd, 1980). In general, recharge water must be
potable to prevent potential bacterial or chemical contamination of
the aquifer. Although recharge generally uses excess surface
water, increasing use is being made of tertiary-treated sewage
effluent. This usage is particularly the case where sewage effluent
would otherwise be transported to the ocean for final disposal.
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(1) Surface Spreading.—Surface spreading facilities can be
constructed by excavating or installing low dams or berms. Initial
construction costs for surface spreading facilities are generally less
expensive than for wells, but maintenance costs can be high. In
addition, land costs can be excessive in developed areas. High land
costs can sometimes be overcome by installation of facilities in the
riverbed where flooding potential precludes other development.
Inflatable rubber dams can be used to retain flood or other flows.
These dams can be deflated to permit passage of initial debris-
laden floodwaters and then reinflated to retain the later flow.

If water used for spreading contains fines, frequent scraping of
the sides and bottom of the spreading grounds may be required to
maintain permeability. Also, deposition of iron or other materials
may reduce infiltration. Composition of the proposed infiltration
water, as well as hydrogeologic conditions at the site, should be
carefully evaluated prior to initial design of surface spreading
facilities.

(2) Injection Wells.—Design and construction of injection wells
is generally more complicated than design of production wells
because of clogging potential. Injected water must be clear and
free of fines. Also, compatibility of injected water with ambient
water must be evaluated to ensure that adverse chemical reactions
which could cause clogging of the well screen or filter pack will not
occur.

In cases where injection and production occur in alternating
sequence, "bulbs" of injection water may be created, with little
mixing with the aquifer water. This procedure can permit
temporary storage of fresh water even in saline aquifers.

(d) Ground-Water Reservoirs.—Suitable surface water reservoir
sites are becoming scarce. Consequently, interest has increased in
the underground storage of water. While underground reservoirs
are not as obvious or as readily delineated as surface reservoirs,
they offer a possible alternative in many areas where conventional
storage would be costly or otherwise undesirable. As is true of all
alternative solutions, each type of reservoir offers advantages and
disadvantages. To assist in the evaluation of the alternatives,
table 1-4 lists the major advantages of each type of reservoir.
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Table 1-4.—Advantage of surface versus subsurface reservoirs

Subsurface reservoirs

Surface reservoirs

Many large capacity sites available

Slight to no evaporation loss

Require little land area

Slight to no danger of catastrophic
structure failure

Uniform water temperature
High biological purity

Safe from 1nmediate radioactive
fallout

Reservoir serves as conveyance
system - canals or pipeline across
lands of others unnecessary

Water must be pumped

Storage and conveyance use only

Water may be mineralized

Minor flood control value
Limited flow at any point
Power head usually not available

Difficult and costly to investigate,
evaluate, and manage

Recharge opportunity usually depends
on surplus surface flows

Recharge water may require expensive
treatment

Continuous, expensive treatment of
recharge areas or wells

Few new sites available

High evaporation loss even in humid
climate

Require large land area

Ever-present danger of catastrophic
failure

Fluctuating water temperature
Easily contaminated

Easily contaminated by radioactive
material

Water must be conveyed

Water may be available by gravity
flow

Multiple use

Water generally of relatively low
mineral content

Maximum flood control value
Large flows
Power head available

Relatively easy to evaluate,
investigate, and manage

Recharge depends on annual
precipitation

No treatment required

Little treatment required

1-7. Ground-Water Rights.—

(a) General.—In the United States, doctrines of law and statutes
relating to the ownership and use of water (Thomas, 1953) are the
responsibility of the courts and legislative bodies of the States. No
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Federal statutes exist under which a water right can be acquired;
that is, a right granted by law to use or take possession of water in
a natural source and put it to a beneficial use. However, Indian
water rights granted by treaty may take precedence over State
water laws. In the past, both surface- and ground-water rights for
Reclamation projects were obtained in conformance with the laws
of the States in which the project was located. This procedure is
still followed except where Indian water rights pre-empting State
water rights are involved.

Two entirely different systems for acquiring water rights are
followed in the contiguous 48 States. These systems are the
doctrine of riparian rights, recognized in the 31 predominantly
Eastern States, and the doctrine of prior appropriation, recognized
in the 17 Western States (figure 1-3). Indian water rights
generally are determined based on the Winters Doctrine, which is
summarized below.

(b) Doctrine of Riparian Rights.—The doctrine of riparian rights
is based on the common law of England and stems from ownership
of land contiguous to a natural water source such as a stream or
lake. For ground water, ownership of land overlying an aquifer is
sufficient to establish a ground-water right. This doctrine is often
referred to as the English rule of unlimited use.

(c) Doctrine of Prior Appropriation.—Under this doctrine, owner-
ship of water is vested in the State (i.e., the common property of
the people). An appropriator who is first in time to beneficially use
a certain water source has a prior right to its use. However, water
for domestic use usually is not subject to the need for
appropriation.

(d) Prescriptive Rights.—In some States where the doctrine of
prior appropriation is followed, a prescriptive water right can be
acquired by taking and putting to beneficial use, for some number
of consecutive years, water to which other landowners or prior
appropriators have rights.

(e) Indian Water Rights.—Indian water rights established for
reservations have been determined to be based on potential need
rather than present use, and in many cases have not been
quantified. The Winters Doctrine (Winters v. United States,

207 US 564) established in 1908 that the Federal Government’s
reservation of land for the Indians implicitly carried with it a
reservation of water needed to make the land "adequate and
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valuable" for the inhabitants. Also, it established that the rights of
Indians to such waters could not be diminished by the application
of State law (Price and Weatherford, 1976). This decision
recognized a power in the Federal Government to reserve and
exempt water from appropriation under State law, and
implicitlyreserved from appropriation under State law an amount
of water sufficient for irrigation purposes, its appropriation in this
case relating back to the treaty date (Nelson, 1977). The quantity
of water is measured by the amount necessary to fulfill the
purposes of the reservation.

The Winters Doctrine has been clarified and expanded over the
years in numerous court cases. It has generally been held that the
Winters Doctrine applies to ground water as well as surface water
(Nelson, 1977).

() Ground-Water Regulations.—In addition to those providing for
water rights, other statutes and rules relating to the adminis-
tration and control of ground water have been established in some
States to protect the public interest and to provide for orderly
development of this resource. Some of the more common
regulations provide for licensing and bonding of well drillers,
obtaining permits to drill new wells or to rehabilitate existing
wells, filing of geologic logs of new wells, and following
construction practices that ensure against contamination. Also,
some States have regulations restricting the subsurface disposal of
pollutants, such as brines and industrial wastes that might
contaminate the public ground-water supplies.

(g) Conjunctive Use of Surface and Ground Water—Conjunctive
use is any scheme that capitalizes on the flexibility and efficiency
that can be gained through integrated management of surface- and
ground-water supplies. Conjunctive use involves the coordinated
and planned operation of surface-water and ground-water
resources to meet water demands. It particularly applies to ground
water in alluvium, which may either deplete or recharge the
adjacent stream. Particularly, in the Western United States,
streams may go dry during the summer months while considerable
water still flows in the alluvium. In some States, holders of
surface water rights can alluvial ground water at such times.

On a larger scale, conjunctive use involves river basin planning,
reservoir storage and operation, and ground-water recharge.
Tdeally, from a water-supply standpoint, surface-water reservoirs
would be operated to maximize ground-water recharge. However,
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other factors generally are included in reservoir operation which
may restrict or make infeasible such operation. Also, less than full
conjunctive use may be subject to legal restrictions. Planning for
conjunctive use requires evaluation of physical (geologic,
topographic, and hydrologic) conditions, legal aspects, and public
acceptance.

1-8. Application of Ground-Water Engineering. —

(a) Water Supply.—The major application of ground-water
engineering has been, and probably always will be, the provision of
a water supply by means of wells and infiltration galleries.
Facilities range from isolated individual small wells yielding a few
liters per minute for domestic and stock purposes to well fields
consisting of a number of irrigation, municipal, or industrial water-
supply wells with individual discharges in excess of 20,000 liters
per minute. The small individual well seldom presents a problem
if it is designed according to good engineering practice. The larger
installations, particularly those with numerous wells, require
evaluation of the aquifer characteristics, estimates of well spacing,
drawdowns, quality of water, and possibly recharge-discharge
relationships. Wells must be designed and pumps selected for
economical, long, and trouble-free operation within the capabilities
of the aquifer, with the consideration of any possible corrosion and
encrustation problems which may be present.

Proposed development may be further complicated by restrictions
imposed by overlying or underlying saline aquifers, salt-water
intrusion, influences on the discharge of adjacent surface water
streams, and land subsidence.

Some aquifers have little measurable recharge or discharge but
contain large quantities of water in storage which have
accumulated over long periods. Estimates can be made of the
desirability of mining the water and the probable economic life of
such aquifers under various degrees of development.

(b) Ground-Water Reservoirs and Artificial Recharge.—The
storage of surface waters in underground reservoirs and the
recharge of depleted ground-water reservoirs are other aspects of
ground-water engineering of growing importance and interest.
Recharge wells, basins, channels, and waste disposal facilities
present special problems of aquifer plugging caused by chemical,
biological, and physical factors, and of contamination of overlying
or adjacent potable aquifers.
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The maintenance of minimum streamflows by supplementing
surface water with pumped ground water during low flow periods
and recharging the ground-water reservoir during high runoff is
also of growing interest.

(¢c) Drainage.—Drainage may involve the lowering of ground-
water levels beneath irrigated lands to permit crop growth, the
lowering of water levels or prevention of boils in limited areas to
permit excavation and construction activities in the dry, reduction
of pressures to maintain stability of slopes, and the reduction of
pressures and exit velocities to ensure stability of dams and
similar structures incident to reservoir and dam construction.
Applications of ground-water hydraulics and engineering are
involved in all such problems.

(d) Contamination Problems.—In recent years, ground-water
engineering has become increasingly important in investigation,
evaluation, and mitigation of subsurface contamination. Ground-
water modeling is usually a major aspect of predicting direction
and rate of contamination potential and mitigation. Situations
involving contamination are generally much more complex than
those involving water supply or drainage because of complex
chemical and biological interactions. In addition, flow of
contaminants may not coincide with direction and rate of ground-
water flow. The ground-water engineer involved in these projects
must work closely with chemists, biochemists, and geologists, in
evaluating conditions.
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<« Chapter I

PLANNING GROUND-WATER INVESTIGATIONS AND
PRESENTATION OF RESULTS

2-1. Introduction.—In ground-water investigations, each study
is unique in the problems presented and the solutions available.
Guidelines are available, but no single step-by-step approach will
be very successful over the range of investigations encountered by
ground-water professionals. Most ground-water investigations
proceed in four stages:

Planning

Data collection and field work
Data analysis

Report preparation

Planning a ground-water investigation or project requires a
thorough appreciation of the purpose, the scope of the work
required, the areal extent and geologic complexity of the area
involved, and the limitations imposed by available financing and
allotted time. Ground-water hydrology is a dynamic and inexact
science. The accuracy and reliability of acquired data usually
increase with the time available for observation and interpretation,
and much of the success and value of such an investigation
depends on the imagination, experience, and judgment of the
ground-water technical specialists involved. Ground-water
investigations generally are costly because of the time factor and
the need for extensive subsurface and data collection.

Some typical purposes of a ground-water investigation include:
¢ Locating a small domestic or stock water well

¢ Designing a large well field to furnish irrigation, industrial,
or municipal water

* Lowering the water table where drainage is required
¢ Locating and designing ground-water recharge facilities
e Estimating the safety and economic aspects of water loss

and effect on adjacent lands of seepage from a reservoir or
canal
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e Estimating the average annual volume of water recoverable
and the storage space available in a ground-water reservoir

e Dewatering an excavation for construction purposes
e Planning conjunctive surface- and ground-water uses

e Investigating the nature and extent of contaminated or poor
quality ground water to identify the source (natural or man-
made) of the ground-water degradation

¢ Defining the hydraulic properties of wetland complexes
e Design water treatment facility

Each purpose may present unique problems and require different
concepts, data, approaches, funding, and time. The location of a
single small well may require only a cursory reconnaissance of an
area and an examination of a few existing wells, all of which may
be accomplished in a day or two. Investigations leading to
dewatering of an excavation of limited size may require one or
more test wells and a pumping test, which usually can be -
completed in several weeks to several months. In other instances,
where conditions are complex and cover a large area, the work may
entail many months or even years of study, investigations, and
modeling. Layout of sizeable well fields for any purpose may
require a comprehensive ground-water inventory to determine the
relationships between climate, long-time, ground-water
fluctuations, ground- and surface-water interaction, spatial
variation in aquifer characteristics, recharge and discharge,
contaminant distribution, and other similar factors.

Ground-water data based on short-term investigations may be
more indicative than substantive. When reliable quantitative
information is required, provision should be made for refinement of
data by continued observation and data collection.

In the planning of an investigation, a review of previous work
provides a basis for planning additional work, and reconnaissance
field surveys provide the information needed to determine field
conditions, obstacles, limits, and possible alternative methods for
completing any additional work contemplated.

When the required field work has been tentatively determined,
the minimum number and type of field personnel, cooperative
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arrangements with other offices, necessary equipment, and the
time and fund requirements can be estimated. Adjustments can
then be made to conform to the requirements of the overall project.
The program and plan should be kept flexible, allowing for
curtailment or expansion as determined from information acquired
as the investigation progresses.

Upon completion of the field investigations and data collection, a
final review of the data should be conducted and a written
summary of the field investigations should be prepared. The final
report, which presents the results of the investigation, should
contain a compilation of the data, the results of the analysis of the
data, and the supporting maps, figures, and tables.

2-2. Ground-Water Modeling.—The following brief introduc-
tion to the basic concepts of ground-water modeling, which focuses
primarily on deterministic numerical ground-water models, is a
reprint with slight revision from Mercer and Faust (1986).!

Numerical models have been extensively used for ground-water
analysis since the mid-1960’s, yet confusion and misunderstanding
over their application still exists. As a result, some hydrologists
have become disillusioned and have overreacted, concluding that
models are worthless. At the other extreme are those who have
been willing to accept any model results, regardless of whether or
not they make hydrologic sense.

(a) Modeling Approaches.—Simulation of a ground-water system
refers to the construction and operation of a model whose behavior
assumes the appearance of the actual aquifer behavior. The model
can be physical (for example, a laboratory sand tank or Hele-Shaw
model), electrical analog, or mathematical. Other model divisions
may be found in Karplus (1976) and Thomas (1973). A mathemat-
ical model is simply a set of equations which, subject to certain
assumptions, describes the physical processes active in the aquifer.
Although the model itself obviously lacks the detailed reality of the
real ground-water system, the behavior of a valid model approxi-
mates that of the aquifer. Mathematical models may be deter-

! The book Ground-Water Modeling can be purchased from the National Ground
Water Association, 6375 Riverside Drive, Dublin, Ohio, 43017. The material
presented here is reprinted with minor revision from "Chapter 1 — Ground-Water
Modeling: An Overview" with the authors’ permission.
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ministic, statistical, or some combination of the two. This section
is restricted to deterministic models (i.e., those that define cause
and effect relationships based on an understanding of the physical
system).

The procedure for developing a deterministic, mathematical
model of any physical system can be generalized as shown on
figure 2-1. The first step is to understand the physical behavior of
the system. Cause-effect relationships are determined and a
conceptual model of how the system operates is formulated. For
ground-water flow, these relationships are generally well known
and are expressed using concepts such as hydraulic gradient to
indicate flow direction. For the movement of hazardous wastes,
these relationships, especially those involving physical-chemical
behavior, are only partially understood.

The next step is to translate the physics into mathematical terms
(i.e., make appropriate simplifying assumptions and develop the
governing equations). This process constitutes the mathematical
model. The mathematical model for ground-water flow consists of
a partial differential equation together with appropriate boundary
and initial conditions that express conservation of mass and that
describe continuous variables (for example, hydraulic head) over
the region of interest. In addition, the mathematical model entails

CONCEPTUAL MODEL
MATHEMATICAL MODEL
§ANALYTICAL MODEL NUMERICAL MODEL
! APPROXIMATE
SIMPLIFY EQUATION SO EQUATIONS
THAT SOLUTIONS MAY NUMERICALLY

BE OBTAINED BY

RESULTING IN A
ANALYTICAL METHODS

MATRIX EQUATION
THAT MAY BE SOLVED

Figure 2-1.—Logic diagram for developing a mathematical model.

.
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various phenomenological "laws" describing the rate processes
active in the aquifer. An example is Darcy’s law for fluid flow
through porous media; this law is generally used to express
conservation of momentum. Finally, various assumptions may be
invoked such as those of one- or two-dimensional flow and artesian
or water-table conditions.

For solute (e.g., hazardous wastes) and heat transport, additional
partial differential equations with appropriate boundary and initial
conditions are required to express conservation of mass for the
chemical species considered and conservation of energy,
respectively. Examples of corresponding phenomenological
relationships are Fick’s law for chemical diffusion and Fourier’s
law for heat conduction.

Once the mathematical model is formulated, the next step is to
obtain a solution using one of two general approaches. The
ground-water flow equation can be simplified further (e.g.,
assuming radial flow and infinite aquifer extent, to form a subset
of the general equation that is amenable to analytical solution).
The equations and solutions of this subset are referred to as
analytical models. The familiar Theis-type curve represents the
solution of one such analytical model.

Alternatively, for problems where the simplified analytical
models no longer describe the physics of the situation, the partial
differential equations can be approximated numerically (e.g., with
finite-difference techniques or with the finite-element method). In
so doing, one replaces continuous variables with discrete variables
that are defined as grid blocks (or nodes). Thus, the continuous
differential equation, defining hydraulic head everywhere in an
aquifer, is replaced by a finite number of algebraic equations that
define hydraulic head at specific points. This system of algebraic
equations is generally solved using matrix techniques. This
approach constitutes a numerical model and, generally, a computer
program to solve the equations on a digital computer.

Probably the most frequent application of ground-water models is
that of history matching and prediction of site-specific aquifer
behavior. Of the various types of models discussed, the numerical
model offers the most general tool for simulating aquifer behavior.
Physical models usually offer the most intuitive insight into
aquifer behavior but are limited in application (once constructed)
and have the difficulty of scaling results to field level.
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Electric analog models can be applied to field problems but are
usually site specific and expensive to construct. Determ