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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



GROUND-WATER OCCURRENCE, PROPERTIES, AND CONTROLS 13

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



23

GROUND-WATER OCCURRENCE, PROPERTIES, AND CONTROLS

saEly PaU) snongdryuod ayj jo LHuspyyns A[ddns 197em pue s:jelg £q SoULoOp SIYSLI J9jep\- 'g-T aInSig

Kouardigap jo soady

AN

K3ua1o144ns Ja}0M [DJ3UBD JO SDAUY [

\

;ershib rights

__o_._ azw‘a@%. Eﬂ___...._._._.._,. g

ln-_md own

[ e s 8

F o




24 GROUND WATER MANUAL

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. Deterministic
mathematical models (both analytical and numerical) retain a good
measure of physical insight while permitting a larger class of
problems to be considered with the same model. Analytical
methods, such as type curve analysis, are relatively easy to use.
Numerical models, although more difficult to apply, are not limited
by many of the simplifying assumptions necessary for the
analytical methods. Finally, purely statistical methods are useful
in classifying data and describing poorly understood systems but
generally offer little physical insight.

Each type of model has advantages and disadvantages. Conse-
quently, no single approach should be considered superior to others
for all applications. The selection of a particular approach should
be based on the specific aquifer problem addressed. Whichever
approach is taken, the final step in modeling a ground-water flow
system is to translate the mathematical results back to their
physical meanings. In addition, these results must be interpreted
in terms of both their agreement with reality and their effective-
ness in answering the hydrologic questions that motivated the
model study.

(b) Types of Ground-Water Models.—Four general types of
ground-water models are listed on figure 2-2. The problem of
water supply is normally described by one equaticn, usually in
terms of hydraulic head. The resulting model providing a solution
for this equation is referred to as a ground-water flow model. If
the problem involves water quality, then an additional equation(s)
in the ground-water flow equation must be solved for concen-
tration(s) of the chemical species. Such a model is referred to as a
solute transport model. Problems involving heat also require an
equation in addition to the ground-water flow equation, similar to
the solute transport equation, but in terms of temperature. This
model is referred to as a heat transport model. Finally, a
deformation model combines a ground-water flow model with a set
of equations that describe aquifer deformation.

Ground-water flow models have been most extensively used for
such problems as regional aquifer studies, ground-water basin
analysis, and near-well performance. More recently, solute
transport models have been used to aid in understanding and
predicting the effects of problems involving hazardous wastes.
Some of the applications include: seawater intrusion, underground
storage of radioactive wastes, movement of leachate from sanitary
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| Model Types |
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RADIOACTIVE POLLUTION
GROUND WATER/ WASTE STORAGE
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Figure 2-2.—Types of ground-water models and typical applications.

landfills, ground-water contamination from holding ponds, and
waste injection through deep wells. Heat transport models have
been applied to problems concerning geothermal energy, heat
storage in aquifers, and thermal problems associated with
high-level radioactive waste storage. Deformation models have
been used to examine field problems where fluid withdrawal has
decreased pressures and caused consolidation. This compaction of
sediments results in subsidence at the land surface.

This classification of ground-water models is by no means
complete. All of the above models can be further subdivided into
those describing porous media and those describing fractured
media. Ground-water models can be combined with statistical
techniques in an effort to characterize uncertainty in model
parameters. These models can also be used to estimate aquifer
parameters. In addition, other models deal with multifluid flow
(e.g., oil and water) and multiphase flow (e.g., unsaturated zone
problems). Some resource management models combine flow
models and linear programs, which are used to optimize certain
decision parameters, like pumping rates. Other models combine
some or all of the models on figure 2-2 (e.g., a thermal loading
problem may require that a heat transport model be combined with
a deformation model). The type of model used will obviously
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depend on the application. For further information on the various
models and their availability, the interested reader is referred to
Bachmat et al. (1978) and Appel and Bredehoeft (1976).

A numerical model is most appropriate for general problems
involving aquifers having irregular boundaries, heterogeneities, or
highly variable pumping and recharge rates. The remaining
sections are therefore generally concerned with numerical ground-
water models giving the most emphasis to ground-water flow
models and the least emphasis to deformation models.

(c) Model Use.—Because the number of ground-water models
available today is large, when beginning a study, the first question
that may come to mind is, "Which one should I use?" Actually, the
first question should be, "Do I need a numerical model study for
this problem?" The answers to both of these questions can be
determined by first considering the following: (1) What are the
study objectives? (2) How much is known about the aquifer system
(i.e., what data are available)? (3) Does the study include plans to
obtain additional data?

The study objectives may be such that a numerical model is
unnecessary. Or, if necessary, objectives may require only a very
simple model. Additionally, lack of data may not justify a
sophisticated model; however, if a field study is in its initial stages,
the ideal approach is to integrate the data collection and analysis
with a model. Once it is decided that a model is necessary, the one
used will, in part, depend on the study objectives (e.g., if the
drawdowns near a well are of interest, then a regional model,
where the local effects are lost because of the large spacing
between nodes, should not be used). Instead, perhaps a radial flow
model with small grid spacing would be sufficient.

The application of a ground-water model to an aquifer involves
several areas of effort. These areas are shown on figure 2-3 and
include: data collection, data preparation for the model, history
matching, and predictive simulation. These tasks should not be
considered separate steps of a chronological procedure; rather, they
should be considered as a feedback approach. The model is best
used not only as a predictive tool, but also as an aid in
conceptualizing the aquifer behavior. For example, a model used
in the early stages of a field study can help in determining which
and how much data should be collected.
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Figure 2-3.—Diagram showing model use.

Data preparation for the ground-water model first involves
determining the boundaries of the region to be modeled. The
boundaries may be physical (impermeable or no flow, recharge or
specified flux, and constant head) or merely convenient (small
subregion of a large aquifer). Once the boundaries of the aquifer
are determined, the region must be discretized (i.e., subdivided into
a grid). Depending on the numerical procedure used, the grid may
have rectangular or irregular polygonal subdivisions. Figure 2-4
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shows a hypothetical aquifer with a well field development.
Figures 2-4a, 4b, and 4c show typical two-dimensional grid
patterns for both the finite-difference and finite-element methods.

Figure 2-4a.—Map view of aquifer showing well field and boundaries.
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Figure 2-4b.—Finite-difference grid for aquifer model, where
Ax is the spacing in the x direction, Ay is the spacing
in the y direction, and b is the aquifer thickness.
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e nodal point
o source/sink

Figure 2-4c.—Finite-element configuration for aquifer model,
where b is the aquifer thickness.

Once the grid is designed, aquifer parameters and initial data
must be specified for the grid. For descriptive purposes, the
following discussion refers to the finite-difference method, using a
rectangular grid. Required program input data include aquifer
properties for each grid block, such as storage coefficients and
transmissivities (see table 2-1). For solute transport (i.e., programs
used for tracking hazardous wastes) and heat transport, additional
data are required, such as hydrodynamic dispersion properties and
thermal conductivity, respectively. Computed results generally
consist of hydraulic heads at each of the grid blocks throughout the
aquifer. These spatial distributions of hydraulic head are
determined at each of a sequence of time levels covering the period
of interest. For transport problems, computed results might also
include concentrations and temperatures at each of the grid blocks.

Initial estimates of aquifer parameters constitute the first step in
a trial-and-error procedure known as history matching. The
matching procedure (often referred to as model calibration) is used
to refine initial estimates of aquifer properties and to determine
boundaries (i.e., the areal and vertical extent of the aquifer) and
the flow conditions at the boundaries (boundary conditions);
aquifer tests generally provide the initial estimates for storage
coefficients and transmissivities. For certain ground-water
problems, steady-state (or equilibrium) heads must also be
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determined and used as initial or beginning conditions. Simulated
wells in the aquifer grid system are then allowed to pump at the
observed rates, and computed (simulated) drawdowns are
compared with observed drawdowns.

Assuming that the model is correct, comparison between these
two indicates the accuracy of the initial estimates of input data.
Some of the input data may require modification until observed
and calculated data compare sufficiently well. In the past, this
procedure has been done by trial and error; more recently, the
amount of work in matching has been reduced by using parameter
estimation methods that modify initial estimates of input data in a
more objective fashion.

No hard and fast rules exist to indicate when a satisfactory
match is obtained. The number of "runs" required to produce a
satisfactory match depends on the objectives of the analysis, the
complexity of the flow system and length of observed history, as
well as the patience of the hydrologist. Once completed, the model
can be used to predict the future behavior of the aquifer. Of
course, confidence in any predictive results must be based on (1) a
thorough understanding of model limitations, (2) the accuracy of
the match with observed historical behavior, and (3) knowledge of
data reliability and aquifer characteristics.

The main purpose of prediction is estimation of aquifer
performance under a variety of development schemes. Although
the aquifer can be developed only once at considerable expense, a
model can be run many times at low expense over a short period of
time. Observation of model performance under differing
development schemes then aids in selecting an optimum set of
operating conditions for using the ground-water resource. More
specifically, ground-water modeling allows estimates of:

(1) recharge (both natural and induced) caused by leakage from
confining beds, (2) effects of boundaries and boundary conditions,
(3) effects of well locations and spacing, and (4) effects of various
withdrawal (or injection) rates.

Other purposes for prediction include estimating the rates of
movement of hazardous wastes from sanitary landfills and other
containment areas. Models are used to predict the encroachment
rate of saltwater in coastal regions caused by fresh-water
withdrawal. They are also used to help determine what, if any,
remedial action is best to take in a contamination. situation.
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Table 2-1.—Data requirements to be considered for a
predictive model (after Moore, 1979)

I Physical Framework
A. Ground-Water Flow

1.

8.

Hydrogeologic map showing
areal extent, boundaries, and
boundary conditions of all
aquifers.

Topographic map showing
surface-water bodies.
Water-table, bedrock-
configuration, and saturated -
thickness maps.
Transmissivity map showing
aquifer and boundaries.
Transmissivity and specific
storage map of confining bed.
Map showing variation in
storage coefficient of aquifer.
Relation of saturated thickness
to transmissivity.

Relation of stream and aquifer
(hydraulic connection).

B. Solute Transport (in addition to

above)
9.

10.
11.

12.

13.

14.

Estimates of the parameters
that comprise hydrodynamic
dispersion.

Effective porosity distribution.
Background information on
natural concentration
distribution (water quality) in
aquifer.

Estimates of fluid density
variations and relationship of
density to concentration.
Hydraulic head distributions
(used to determine
ground-water velocities).
Boundary conditions for
concentrations.

C. Heat Transport (in addition to above)

15.

16.

17.

18.

Estimates of thermal
conductivities and specific
heats of rock and water.
Background information on
natural temperature
distribution in aquifer,
including heat flow
measurements.

Estimates of fluid density
variations and relationships of
density and viscosity to
temperature.

Boundary conditions for
temperature.

II Stresses on System
A. Ground-Water Flow

1.

4.

5

Type and extent of recharge
areas (irrigated areas,
recharge basins, recharge
wells, etc.).

Surface-water diversions.
Ground-water pumpage
(distributed in time and
space).

Streamflow (distributed in
time and space).
Precipitation.

B. Solute Transport (in addition to

above)
6.

8.

Areal and temporal
distribution of water
quality in aquifer.
Streamflow quality
(distribution in time and
space).

Sources and strengths of
pollution.

C. Heat Transport (in addition to

above)

9.

10.

Areal and temporal
distribution of temperature
in aquifer.

Strengths of heat sources.

III Other Factors
A. Ground-Water Flow and Transport

1.

2.

@

Economic information of
water supply.

Legal and administrative
rules.

Environmental factors.
Planned changes in water
and land use.
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Finally, heat transport models are used to help predict the
behavior of geothermal reservoirs and aquifers used for thermal
storage.

In addition to these site-specific applications, models are also
used to examine general problems. Hypothetical (but typical)
aquifer problems may be designed to study various types of flow
behavior, such as ground-water and surface-water interactions or
flow around a deep radioactive waste repository. The feasibility of
certain proposed mechanisms for observed behavior can be tested.
Parameters may be changed to learn what effect they may have on
the overall process. This process is sometimes referred to as a
sensitivity analysis because results from these runs will indicate
what parameters the computed hydraulic heads are most sensitive
to. Sensitivity analysis is also useful for site-specific applications
to indicate what additional data need to be determined and areas
where additional data are needed.

(d) Model Misuse.—Models can be misused in a variety of ways
(Prickett, 1979). Three common and related misuses are: overkill,
inappropriate prediction, and misinterpretation. The temptation to
apply the most sophisticated computational tool to a problem is
difficult to resist. A question often arises regarding under what
circumstances should simulation be three-dimensional as opposed
to two- or even one-dimensional. Inclusion of flow in the third
(nearly vertical) direction is often recommended only if aquifer
thickness is "large" in relation to areal extent or if pronounced
heterogeneity exists in the vertical direction (e.g., high
stratification). Another type of overkill involves using grid sizes
that are finer (smaller) than necessary considering available
information about aquifer properties; this error results in
additional work and expense.

In some applications, complex models are used too early in the
study. For example, one generally should not begin the study of a
hazardous waste problem with a solute transport model. Rather,
the first step is to be sure the ground-water hydrology (velocity in
particular) can be characterized satisfactorily; therefore, one begins
by modeling ground-water flow alone. Once this modeling is done
to satisfaction, then solute transport can be included. One must
assess the complexities of the problem, the quantity of data that
are available, and the objectives of the analysis, and then
determine the best approach for the particular situation. A
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general rule might be to start with the simplest model and a
coarse aquifer description and refine the model and data until the
desired estimation of aquifer performance is obtained.

One must always be aware that the history match portion of the
simulation occurred under a given set of field conditions, and that
these conditions are subject to change during the prediction portion
(e.g., during the history match portion, the aquifer may be confined
but may also be on the verge of becoming desaturated). Using a
confined model for prediction will give erroneous results because
the saturated thickness and storage coefficient will be incorrect.
Because ground-water models deal with the subsurface, unknown
factors always exist that could affect results. In general, one
should not predict more than about twice the period used for
matching, and only then, under similar pumping schemes.

Perhaps the worst possible misuse of a model is blind faith in
model results. Calculations that contradict normal hydrologic
intuition almost always are the result of some data entry mistake,
a "bug" in the computer program, or misapplication of the model to
a problem for which it was not designed. Proper application of a
ground-water model requires an understanding of the specific
aquifer. Without this conceptual understanding, the whole
exercise may become a meaningless waste of time and money.

(e) Limitations and Sources of Error in Modeling.—To avoid
model misuse, the limitations and possible sources of error in
numerical models must be known and understood. All numerical
models are based on a set of simplifying assumptions which limit
their use for certain problems. To avoid applying an otherwise
valid model to an inappropriate field situation, it is not only
important to understand the field behavior but also to understand
all of the assumptions that form the basis of the model. An areal
(two-dimensional) model, for example, should be applied with care
to a three-dimensional problem involving a series of aquifers,
hydrologically connected by confining beds, because the model
results may not be indicative of the field’s behavior. Errors of this
type are considered conceptual errors.

In addition to these limitations, several potential sources of error
exist in the numerical model results. First, replacement of the
model differential equations by a set of algebraic equations
introduces truncation error (i.e., the exact solution of the algebraic
equations differs from the solution of the original differential
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equations). Second, the exact solution of the algebraic equations is
not obtained because of round-off error, as a result of the finite
accuracy of computer calculations. Finally, and perhaps most
importantly, aquifer description data (for example, transmis-
sivities, storage coefficients, and the distribution of heads within
the aquifer) are seldom known accurately or completely, thus
producing data error.

The level of truncation error in computed results may be
estimated by repeating runs or portions of runs with smaller space
or time increments. Significant sensitivity of computed results to
changes in these increment sizes indicates a significant level of
truncation error and the corresponding need for smaller spatial or
time increments. Compared to the other error sources, round-off
error is generally negligible.

Error caused by erroneous aquifer description data is difficult to
assess because the true aquifer description is never known. An
adage used to describe the error associated with these data is,
"Garbage in, garbage out." A combination of core analysis, aquifer
tests, and geological studies often give valuable insight into the
nature of transmissivity, storage coefficients, and aquifer geometry.
However, much of this information may be very local in extent and
should be regarded carefully when used in a model of a large area.
As discussed, the final parameters that characterize the aquifer
are usually determined by obtaining the best agreement between
calculated and observed aquifer behavior during some historical
period.

(f) Summary.—Numerical ground-water models are an important
tool for the ground-water specialist. They can be used to simulate
the behavior of complex aquifers including the effects of irregular
boundaries, heterogeneity, and different processes such as ground-
water flow, solute transport, and heat transport. The use of
numerical models involves data collection, data preparation,
history matching, and prediction. The process of constructing a
model for an aquifer study forces one to develop a conceptual
understanding of how the aquifer behaves. Models, therefore, can
be used in all phases of the aquifer study, including conceptualiza-
tion and data collection, as well as prediction. To be most effective,
the specialist must have a thorough understanding of the specific
aquifer studied, must be familiar with alternative modeling
techniques, and must realize the limitations and sources of error in
models. Upon meeting these criteria, a successful model study will
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not only improve one’s understanding of the particular hydrologic
system but should also provide appropriate prediction and analysis
of the problem under study.

2-3. Planning.

(a) Purpose and Scope.—In the planning stage, the sequence of
activities preceding the start of field investigations, the purpose,
scope, and requirements of the project should be clearly defined
and documented. During the planning stage, the organizational
structure for the management of all stages of the project will need
to be established. The planner(s) of the project should identify
what data are currently available on the project and what
additional data are required for the completion of the project. If
the project will require additional field work, a field reconnaissance
of the project area should be made. To complete the planning
stage, a plan of study (POS) that defines all of the tasks that will
need to be completed to produce the final product should be
written. If a ground-water model is to be used in the analysis, the
modeler should be heavily involved in the planning of data
collection. Otherwise, the data collected may not fit the modeling
needs.

As a minimum, the following information is needed: (1) required
field work and additional data collection, (2) ground-water
modeling needs, (3) the size and location of the study area, (4) the
scheduled start, duration, and due date of the project, (5) level of
study (preliminary examination, reconnaissance, feasibility,
construction), and (6) any special problems or requirements
associated with the project (permits, accessibility, hazardous
conditions, design etc.).

After review of the existing data, a determination of the
additional data requirements should be made. In the data
collection and field work stage, additional work that may be
required, depending on the scope of the investigation, includes:

* Preparing new or supplemental planimetric, topographic,
and geologic maps of suitable scale

® Geologic field mapping to obtain, clarify, or add information
on structure, stratigraphy, and lithology

¢ Inventories of wells and similar facilities
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e Initiating ground-water level measurement and sampling
programs

¢ Locating test sites and the selection of existing wells or the
design, preparation of specifications, and construction of
new wells for pump tests, together with the location, design,
construction, and sampling of exploration holes, observation
wells, and piezometers

¢ Establishing gauging stations on streams and springs

¢ Determining the location and measuring point elevations on
wells and springs

¢ The logging of all new drill holes and wells
¢ The selection and location of geophysical surveys

¢ The selection of type of borehole logs, electrical resistivity,
gamma ray, etc.

¢ Providing for mechanical analysis of drill hole samples

® Providing for chemical and bacterial analysis of water
samples

¢ Completing required National Environmental Policy Act
(NEPA) compliance documents

A POS should be developed that presents the results of the
planning stage activities discussed above and defines the
remainder of the tasks to be completed in order to produce the
final product. The size and content of the report will be dictated
by the purpose and scope of the investigation. The descriptions of
the tasks to be completed (for all data collection, compilation,
analysis, and report preparation) should be as detailed as possible,
including equipment, staff, schedule, and reporting requirements.
Flowcharts showing work elements, sequence, and duration should
be developed, especially in complex projects, to help identify and
prevent scheduling problems.

A field reconnaissance survey of the area should be made,
especially if the project will require additional field work. The
survey could be conducted any time prior to the preparation of the
POS. The field survey will provide information needed to
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determine field conditions, obstacles, limits, and possible
alternative methods for completing any additional work
contemplated.

Consideration should be given to the accessibility of the area by
personnel and equipment. Such aspects of the area as location,
extent, topography, transportation facilities, land ownership
patterns, cultural development, climate, permits, and potential for
exposure to hazardous materials or activities should be determined
prior to planning of field investigations. In many cases, an
archeological review is required before work may begin.

The organizational structure for all stages of the project will
need to be established early in the planning stage. A project team
is generally created to manage the project. The team leader
acquires required authorizations and funding. The size and
composition of the project team will vary considerably depending
on the scope of the project. For a large project, the team members
may represent a variety of Federal, State, local, and private
agencies and groups. On the other hand, for a very small project,
one individual may serve as the project team, team leader, and
team member.

(b) Field Investigations.—A successful field investigation does not
just happen; it must be carefully planned to achieve the desired
results. Choosing the most effective methods, outlining the tasks,
mobilizing personnel and equipment, acquiring materials,
establishing criteria for reporting results, and arranging for
reviews are all part of the planning process. Field investigations
are controlled by data requirements, available personnel and
equipment, funding, and accessibility. In most cases, some
compromise must be made between the ideal and the affordable.

To find this compromise, the planner must have a very clear
understanding of what data are truly required to answer the
question being investigated.

Data needs vary according to the level of study and the method
of analysis to be used. At the reconnaissance or appraisal level,
field work may be limited to observations of local geology and
topography and gathering data from existing wells or springs. At
the other end of the spectrum are extensive drilling and logging,
hydraulic conductivity testing, water quality testing, and other
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activities that will promote understanding of the problem at hand.
If a model is to be used, the type of data needed may differ from
those needed for more basic analytic procedures.

Equipment needs and availability must be considered. Choices
often must be made between methods which have different
strengths and weaknesses. For instance, hollow stem augers may
obtain better samples than a rotary system but cannot be used to
install a large diameter test well. The planner must decide which
option is more critical or whether both are warranted. Personnel
are generally more flexible than equipment, but their abilities may
still influence the approach to the study.

Funding almost always imposes restraints on the amount and
type of data that can be obtained. The planner must determine
the most efficient uses of available funds, and if available funds
are inadequate, must seek more funding or consider terminating
the project. Time restraints are similar to, and often related to,
funding restraints.

2-4. Data Collection and Field Work.—

(a) Identify Existing Data.—In estimating funding, time, and
staff requirements, a review of previous reports on an area is
essential. The U.S. Geological Survey (USGS) reports on geology
and hydrology often provide valuable information. Other pertinent
data may be found in the records of the National ‘Weather Service
and in U.S. Department of Agriculture reports. A search of
engineering and geological bibliographies may provide additional
references. Many State engineers, State geological surveys, water
resource centers, State colleges and universities, and similar
agencies have records of wells and other subsurface investigations
which may include location, logs, yields, and methods of
construction. The references obtained should be abstracted,
analyzed, and summarized; then one can determine additional data
required, methods of acquisition, and the time, manpower, and
funds necessary to accomplish the work.

(b) Subsurface Investigations.—Information on the stratigraphy,
structure, and hydraulic characteristics of the subsurface
materials, and water-table and piezometric surface levels and
fluctuations are important. Information can be obtained from logs
of wells previously drilled in the area, samples of material from
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wells, well pump tests, and records of levels of the water-table or
piezometric surface. Some of this information may be available
from local well drillers, but care must be exercised in using it.

Surface geophysical surveys and borehole geophysical logs
combined with test drilling may provide valuable information on
subsurface conditions including approximate depth to water and
bedrock. Prior to undertaking geophysical investigations, an
experienced geophysicist should be consulted regarding the
probable value of geophysics and the best procedures to use in
solving a particular problem. Federal and State agencies and oil
and mining companies are sources of geophysical data. Chapter 4
of this manual gives an overview of common geophysical methods
and their typical applications in ground-water investigations.

(c) Water Quality Data.—The chemical and bacterial qualities of
water may be items of necessary information in ground-water
investigations. For water intended for human consumption, the
bacterial and chemical qualities of the water must be known to
determine its suitability and also to furnish a guide for the type
and intensity of treatment required to make it potable. The
chemical quality must also be known for industrial and irrigation
water supplies because the presence of selected chemical
constituents may not only make water unfit for consumption by
either humans or livestock, but also unsuitable for industrial or
irrigation use.

Chemical analyses are also helpful in preparing well and pump
designs and specifications for permanent facilities where corrosive
or encrusting waters are or may be present. In addition, chemical
analyses can often be used to determine the source of the water or
its contaminants. State or local health agencies may have records
of bacterial and chemical analyses of ground water within their
area of responsibility. The USGS Water-Supply Paper 2254 (Hem,
1989) contains an excellent discussion on the interpretation of the
chemical characteristics of natural water.

Finally, the quality of water usually must meet Federal, State,
and local water quality standards if it is to be used for aquifer
recharge or discharged to a surface-water body.

(d) Climatic Data.—In major ground-water investigations,
records of precipitation, temperatures, wind movement,
evaporation, and humidity may be essential or useful supplemental
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data. The source of such records in the United States is the
National Weather Service. In ground-water studies, climatic data
are used principally for estimating the seasonal variations and
amounts of precipitation which may be available for ground-water
recharge. This precipitation availability estimate must be
determined for any complete estimate of ground-water availability.
However, in many studies of limited extent, such detail is not
necessary or justifiable. If the determination is needed, the
detailed methods can be found in any complete text on hydrology
(American Society of Civil Engineers [ASCE], 1952; Criddle, 1958;
Freeze and Cherry, 1979; Fetter, 1988; Hamon, 1961; Skeat, 1969;
Kazmann, 1965; Linsley et al., 1949, Linsley et al., 1958; Lowry
and Johnson, 1942; Rouse, 1949; Todd, 1980; Wisler, 1959).

(e) Streamflow and Runoff.—Surface-water data may be essential
in solving the ground-water equation because seepage to or from
streams is a major element of discharge or recharge of ground
water. Records of water use, runoff distribution, reservoir
capacities, return flows, and stream section gains or losses may be
available on the area under investigation. The best records on
streamflow are those obtained from continuously recording gauges,
but some information can be obtained from staff gauges and rating
curves if the gauges have been read frequently. If the study is
sufficiently critical, the installation of continuous recorders may be
justified. The Water Resources Division of the USGS and State
and local water resource agencies are sources of streamflow data.

() Soil and Vegetative Cover.—Soil maps and reports are readily
available for most areas of the United States and are very useful in
estimating recharge rates. Soil maps and reports supply
information on soil characteristics and surface gradients which
influence runoff and infiltration. Vegetative cover maps serve
multiple purposes. They may show areas of phreatophytes where
the ground water is close to the surface and may indicate the
density and type of vegetation which intercepts precipitation,
retards runoff, and transpires moisture. Both soil and vegetative
cover maps can usually be obtained from the U.S. Department of
Agriculture, State colleges and universities, or other Federal and
State agencies interested in forestry, grazing, and agriculture.
Where maps are not available, field observations and notes may be
adequate for interpretative purposes.
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2.5. Data Analysis.

(a) Maps and Diagrams.—Analysis and evaluation of subsurface
data for a ground-water study are readily performed using maps,
cross sections, fence diagrams, and other similar illustrations. The
size, scale, and symbols used for illustrations during the
investigation stage are largely a matter of convenience and ease of
use. Many drawings are maintained in an incomplete stage, and
new data are added as they become available until the work is
practically completed. However, consistent with Reclamation prac-
tice, the size, scale, and symbols used in final illustrations
intended for inclusion in final reports should conform to a set
standard such as Appendix A, Drafting Standards (Bureau of
Reclamation, 1972) and the Engineering Geology Office Manual
(Bureau of Reclamation, 1988). Whenever feasible, the scales of
such illustrations showing related or interconnected information
should be uniform to permit ready comparison and interpretation
through overlays and other similar means.

The number and types of illustrations may vary depending upon
the scope and intensity of the work and the complexity of the area.
It may be advisable to construct a geographic information system
(GIS) base as a tool for understanding and manipulating the data
that are recorded on various maps and diagrams. The term GIS
encompasses the concepts of both automated mapping and data
base management and uses computer graphics to show the spatial
relationships of information contained therein. A GIS can be very
useful for data manipulation. The process allows system and user
to ask logical questions to extract meaningful information from a
GIS data base. However, the data base may require a considerable
upfront effort to construct; sufficient data may be available to
make it worth the effort, and simply knowing the mechanics does
not guarantee a useful tool. Like most analytical tools, a GIS
requires considerable ground-water-related experience and
judgment, in addition to computer skills, to be of much value. The
information presented in the following section summarizes the
maps more commonly used in ground-water studies and
interpretations.

(1) Topographic Maps.—Although topographic maps may not
be necessary for all ground-water studies, appreciation and under-
standing of topography are useful if not essential. For some recon-
naissance studies, either a good planimetric map or aerial
photographs may be used in the field study instead of a
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topographic map. However, for more detailed studies, good
topographic maps are a necessity. Topographic maps supply
information on surface gradients and drainage patterns and are
used as the basis for construction of cross sections and maps
showing geology, depth to water, surface and water-table
gradients, contributing and recharge areas, and related features
and phenomena. Depending upon the type of terrain and the
detail required, scales of satisfactory topographic maps range from
1/2 inch to the mile (1:126,700) to 4 inches to the mile (1:15,800).
At times, maps with a scale of 1 inch to 400 feet (1:4,800) may be
desirable for the detailed study of local phenomena within larger
areas of interest. Desirable contour intervals range from 1 foot in
areas of low relief or for large-scale detailed maps to 25 to 50 feet
for rugged areas or small scale maps.

The USGS is the primary source of topographic maps, but other
Federal agencies, including the U.S. Department of Agriculture
and the U.S. Army Corps of Engineers, as well as various State
agencies, are also sources of suitable maps. If a satisfactory map
is not available, one may need to be prepared.

(2) Aerial Photographs.—Aerial photographs must serve as a
substitute for topographic maps in many areas. Photographs are
available either as contact prints or enlargements at scales ranging
from 1:20,000 to 1:4,000. Where the photographs have been taken
with sufficient overlap, they may be used with a stereoscope to
obtain a three-dimensional view of the terrain. Also, mosaics
compiled from numerous individual pictures covering large areas
are frequently available.

The U.S. Department of Agriculture Soil Conservation Service
and the USGS are major sources of aerial photographs and
mosaics. These agencies, as well as Bureau of Reclamation, will
usually have access to other sources of photographs. In addition to
conventional black and white and color photography, side-looking
radar, infrared photography, thermal scanner imagery, and other
remote sensing techniques are often very useful.

(3) Geologic Maps and Sections.—Geologic maps and sections
(figure 2-5 is an example), especially when accompanied by
adequate reports, are useful in most ground-water investigations
and are essential where complex stratigraphy and structures are
involved. Analyses of reports and maps give information on
recharge areas, possible aquifers, water-level conditions, structural
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and stratigraphic control of water movement, and related factors.
The USGS and State geological agencies are primary sources of
these materials.

Universities and colleges, geological societies, oil and mining
companies, and other similar organizations also have data which
may be obtainable. In areas for which no geologic reports or maps
exist, a reconnaissance geologic investigation may be necessary as
a minimum alternative.

(4) Water-Table Contour Maps.—A water-table contour map is
the most commonly constructed and most useful map for studies of
unconfined ground water. It is a topographic map of the water
table, and the contour lines are usually lines of equal elevation
(figure 2-6).

The map is constructed using water-level elevation in
observation wells, stream and lake surfaces, and spring discharge
points for controls.

(5) Piezometric Surface Maps.—A piezometric surface map is
similar to a water-table contour map, except that it is based on the
piezometric potential developed in piezometer or tightly sealed
wells which penetrate a single confined aquifer (figure 2-7).

(6) Depth-to-Water-Table Maps.—Depth-to-water-table maps
are of particular interest when considering drainage and
dewatering problems (see figure 2-8).

They are most easily prepared by overlaying a water-table
contour map on a surface topographic map. The points at which
the contours intersect are a whole number of feet apart in
elevation and are the control points for drawing & contour map of
depth to water. They can also be prepared by calculating the
depth to water from the ground surface and placing this depth
figure on a map at the location of the observation well. Contours
are then drawn connecting these points.

Care should be exercised in the preparation, use, and evaluation
of ground-water level and depth maps. Initially, it should be
remembered that only a limited number of spaced control points
(observation wells, etc.) can normally be used and that ground-
water conditions between the points may deviate widely from the
expected. Furthermore, unless the control point facilities are
constructed to reflect a specific condition, a composite condition
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such as a combined water-table and piezometric level may be
reflected. This condition could yield erroneous and misleading
data.

(7) Profiles or Cross Sections.—Vertical geologic and
hydrogeologic profiles drawn through lines of wells or drill holes
depict information on subsurface conditions by spatially relating
surface features and subsurface conditions (see figure 2-9).

At each location, the geologic log of the hole is plotted vertically
to show the top and bottom of each stratum that can be identified,
and adjacent holes are compared to show continuity of strata.
Unconfined water-table or piezometric surface levels can also be
plotted at each well location for one reading or for a series of
readings taken over a period of time. This plot will show the
relative location of the free water-table or piezometric surface and
its fluctuation during the period of the readings. Professional
judgment is used to augment the available data. Cross sections
should be referenced to a map for convenience in location. The
horizontal scale of the section should conform to that of the map,
but the vertical scale generally will need to be larger than the
horizontal scale to make the drawing understandable. The vertical
scale should be large enough so the smallest significant feature can
be easily identified. This scale size may require a broken scale to
show a thin stratum in a relatively deep geologic log.

(8) Isopach Map.—The isopach map is a thickness drawing
shown as contours. It may show the thickness of saturated
materials of a free aquifer or the thickness of an artesian aquifer
between the upper and lower confining beds. A similar map may
be drawn to show the thickness of a confining bed. Construction of
maps of this type, of course, depends upon the availability of the
logs of holes and wells that fully penetrate the beds of interest.

(9) Structure Contour Maps.—Structure contour maps are
drawn to show the upper surface of a particular stratum or
formation. These maps are primarily useful in conjunction with
stratigraphy in interpreting structural features, such as faults and
folds, which may control ground-water movement beneath an area.
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(10) Fence Diagrams.—Fence diagrams are three-dimensional
cross sections that are helpful in presenting an areal picture of
geologic and ground-water conditions. As with the sections, they
are based on the logs of the holes, measurements of ground-water
levels, and topography (figure 2-10).

(11) Hydrographs.—Hydrographs of individual observation
wells and piezometers are essential in depicting ground-water
fluctuations, trends, and other time-related factors. Hydrography
is plotted on cross-section paper with water elevations as the
ordinate and time as the abscissa (figure 2-11). Plotting the
geologic log at the left margin usually enhances the value of the
hydrograph.

(b) Ground-Water Map Interpretation.—The basic principle of
ground-water flow holds that water moves from a higher level or
potential toward the lower. The contours on ground-water
elevation contour maps are those of equal potential and the
direction of movement is at right angles to the contours. This
movement is true whether the contours are of an unconfined water
surface or of a piezometric surface. In an unconfined free aquifer,
the contours often tend to parallel the land surface contours. In
many instances, however, little apparent relationship exists
between surface and subsurface flow.

Ground-water mounds can result from downward seepage of
surface water or upward leakage from deeper artesian aquifers in
areas of local recharge. In an ideal aquifer, gradients from the
center of a recharge mound will decrease radially and at a
declining rate. An impermeable boundary or change in
transmissivity will affect this pattern and may provide clues in
determining such changes.

Analysis of conditions revealed by ground-water contours is in
accordance with Darcy’s law, @=KiA, which is discussed in sec-
tion 5-1. Accordingly, the spacing of contours (the gradient)
depends on the flow rate and on the aquifer thickness and perme-
ability. If continuity of the flow rate is assumed, the spacing
depends only on aquifer thickness and permeability. Thus, areal
changes in contour spacing may be indicative of changes in aquifer
conditions. However, in view of the heterogeneity of most aquifers,
changes in gradients must be carefully interpreted with
consideration of all possible combinations of factors.
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Figure 2-10.—Isometric fence diagram showing subsurface

stratigraphy of a Yuma, Arizona, area (sheet 1 of 2).
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Figure 2-11.—Hydrographs of observation wells.

Pumping from a relatively small area of an extensive aquifer
may cause little change in static water level over the unpumped
area although the water level in the pumped portion continues to
lower rapidly. This occurrence is the result of the pumpage
exceeding the ability of the aquifer to transmit water to the
pumped area, a condition that can be recognized by contours of the
water levels within the aquifer.

An overlay of two ground-water contour maps made from
measurements taken at different times permits an estimate of the
change in ground-water storage which has occurred in the interval
between the two series of measurements if the storativity
(section 5-4) is known. Similarly, the same volume of change
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multiplied by the porosity gives an estimate of the change in gross
storage. The latter is useful only in the event of a rising water
table which saturates a volume that previously was relatively dry.
The volume of water required to saturate the material can be
estimated in this manner. To obtain the volume of water released
from storage when the water table lowers, the storativity factor
must be applied because the entire pore space will not be
evacuated.

If the permeability and cross-sectional area (or transmissivity
and width) of the aquifer are known and the gradient is available
from a contour map, an estimate may be obtained of the rate of
flow by applying Darcy’s law.

Because aquifers act both as reservoirs and conduits, periodic
estimates of the change in storage during the year may permit an
estimate of the annual recharge. Similar estimates for a number
of years may give an estimate of the average annual recharge.

The accuracy of the foregoing estimates depends upon the
uniformity of the aquifer and the overall applicability of the
aquifer characteristics as determined from pumping or other tests.
Although the theory is simple, the heterogeneity of most aquifers
necessitates caution and requires considerable judgment in the
application of resultant data.

At some point the question should be asked, do the data base
and analyses meet the objectives of the investigation? The data
collection and analysis task is almost always an iterative process
in which the results of early investigations are used to guide the
direction and magnitude of ongoing investigations. The investi-
gator must focus on stated objectives of the project and work
toward these objectives, usually in an evolving plan of study. Only
the very simplest investigations can be economically planned and
carried out in a single stage. This process must incorporate a
balance between economy and accuracy. We can never learn all
there is to know about a ground-water unit, so experience and
judgment must determine when the data base is sufficient to meet
the objectives of the investigation.

Each discrete ground-water activity and product is treated in
some part of this manual. The user should use this information as
a guide—but not a constraint—as the investigation moves toward
the obiectives.
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2-6. Report Preparation.—A ground-water report may range
from less than a page long, containing a statement of the problem
and a conclusion or recommendation, or both, to a voluminous
work of many pages containing text, numerous maps, charts,
graphs, and tables. The importance and complexity of the task,
and the time and funds expended, generally determine the length
and content of the report.

The author of the report should exercise judgment in
determining the type of information that is necessary and the
amount of detail required. The main body of the report may
contain some or all of the following data in greater or lesser detail
as required to clearly state the problems, conclusions, and
recommendations. An outline of a typical report could be as
follows:

A. Problem or purpose of study
B. Location and size of the area of interest

C. Cultural features of the area:
1. Public utilities.—Electric power availability, location of
existing lines, number of phases, and power rate schedule.
2. Natural gas facilities.—Location, capacity, and rate schedule.
3. Water supplies.—Domestic, municipal, industrial, irrigation,
and stock. Sources, capacities, quality of raw and treated water,
reliability of sources, and rate schedules.
4. Sewage disposal.—Location and capacity of treatment plant,
type of treatment, method of disposal of effluent, quality of
effluent, and method of disposal of residue.
5. Transportation.—Highways, roads, railroads, and shipping
points.
6. Settlement.—History if pertinent, location and size of towns,
land ownership, and present and contemplated use.
7. Cover and crops.—Vegetative cover, natural types and
densities, crops, and crop acreage.
8. Irrigation.—Extent, practices, and trends.

D. Climatic summary:
1. Amount, rates, distribution, seasonal occurrence, and type of
precipitation.
2. Temperature extremes, monthly means, length of growing
Season.
3. Wind directions, velocity, and seasonal occurrence.



66 GROUND WATER MANUAL

4. Humidity.
5. Evapotranspiration.

E. Surface hydrology:
1. Natural surface drainage, channel characteristics, runoff
volumes and characteristics, flood potential, location of gauging
stations, and the losing and gaining reaches of channels.
2. Surface-water bodies including natural lakes, swamps,
reservoirs, etc., with their location, size, capacity, and
fluctuations in water levels.
3. Present and proposed canals and drains: location, size,
length, capacity, lining, losing and gaining reaches, and physical
condition.
4. Quality of surface water: chemical, bacteriological, seasonal
fluctuations, and trends in quality.

F. Geology and geomorphology:

Summary of the physiography.

Elevations and relief.

Surface gradients.

Summary of the regional geology.

Stratigraphy and lithology.

Geologic structure.

Summary of the more important hydrogeologic provinces.
. Unstable formations from standpoint of well (drilling,
construction, and design).

9. Areas of possible subsidence.

10. Earthquake danger or potential.

PP W

G. Ground-water hydrology:
1. Location, depth, thickness, lithology, areal extent, and type of
aquifer or aquifers present.
2. Water-table and piezometric surface gradients, direction of
flow, recharge and discharge areas, areas of artesian pressure,
contributing areas.
3. Seasonal and annual fluctuations in ground-water levels,
extremes, and long-time trends.
4. Present ground-water development, including: number of
wells, locations, depths, screen diameters, settings, lengths, and
types; casing diameter, type, and weights; yields; drawdowns;
pumping lifts; and annual pumpage.
5. Well history, average life, experience with erncrustation,
corrosion, sand pumping, collapse, and surface caving.
6. Transmissivity and storativity of aquifers.
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7. Quality of ground water, chemical, bacterial, and trends;
corrosivity of water and soils.
8. Suitability of aquifers for proposed development or use.

H. Analytical methods used:
1. Techniques used.
2. Discussion of assumptions and measured values.
3. Modeling.
a. Description of models.
b. Format of results.

I Proposed ground-water development program:
1. Number, location, and spacing of proposed production wells.
2. Probable capacitor, pump lifts, and horsepower requirement of
proposed wells.
3. Proposed well design.
4. Recharge possibilities; location, type, and design of facilities
required; sources, volume, and quality of recharge water,
probable operation and maintenance problems.

J. Factors and facilities for ground-water development:
1. Number of drilling contractors in area; number, type, and
capacities of rigs.
2. State and local laws and regulations governing ground-water
rights, drilling permits, design and construction of wells, and
licensing of drillers; name and location of State or local offices
administering such rules and regulations.
3. Water well supply dealers, pipe dealers, chemical supply
houses, well logging and geophysical survey companies,
laboratories capable of making mechanical analyses of samples,
chemical and bacterial water analyses and soil tests, and sources
of materials such as gravel for packs.

K. Maps of the study and adjacent area are usually of uniform
scale except for the location map. The following is a list of maps
which frequently appear in reports:

General location map.—shows location at study area within
a larger area which includes known features such as
counties, cities, and towns. An inset usually shows location
within the State.

Planimetric.—Shows county and land office subdivision
lines, existing location of wells, towns, highways, railroads,
public utilities, etc. May be used as a base for other maps.
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e Topographic.—May be used as base for other maps.
¢ Geologic.—Usually shows surficial geology with symbols

indicating structural features, cross-section lines,
geophysical surveys, etc. (figure 2-5).

* Ground-water and piezometric surface maps showing water

surface elevation contours at minimum and maximum
periods; the location and elevation notations at each point of
measurement; and contributing, recharge, and discharge
areas and flowing well areas, if present. Several maps may
be used to show changes with time or season (figure 2-6).

¢ Isobathic or depth of water.—Similar to No. 5 above, but

shows depth to water by contours (figure 2-8).

e Isopachic of aquifer or aquifers.—Similar to No. 6, but

shows thickness of aquifers by contours.

¢ Surface-water map showing natural surface drainage,

surface- water bodies, existing and proposed dams, canals
and drains, and stream gauging stations.

Land ownership.—Farm unit boundaries.

Land use and vegetative cover.

Quality of water.—Chemical and bacteriological.

Aquifer characteristics.—Variations in transmissivity and
storativity values by contours or by areas containing values
within a given range.

¢ Isohyetal or Theisen polygons for precipitation showing

location of weather stations.

¢ Well field and service area, ground-water facilities, and

plans.

L. Cross sections, fence diagrams, and hydrographs:

1.
2.

Geologic.—Includes control exploration hole designations.
Hydrologic.—Could be several cross sections showing seasonal

variations, including measuring point well locations (figure 2-9).

M. Graphs, charts, and tables:

PN E LD

1

Temperature range and growing season.

Average annual monthly precipitation.
Annual precipitation, minimum, mean, and extreme.

Cumulative precipitation.

Stream and lake hydrographs—baseflows.
Ground-water observation well hydrographs.
Quality of water, both areal and seasonal.
Projections of water use, population, power, etc.
Ground- and surface-water use.

0. Mechanical analyses of aquifer samples.

11. Chemical and bacterial analyses of water samples.
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12. Pump test measurements and analyses.

13. Well logs.—Drillers, geologist, resistivity, etc.
14. Geophysical surveys.

15. Evapotranspiration.—Records or estimates.

N. Drawings:
1. Well and infiltration gallery designs.
2. Test site layouts.
3. Special equipment designs.

No report will include all of the items listed here, but preparers
of reports can use this outline as a checklist to produce complete
and useful reports. The outline may also be used in the planning
stage to provide insight into what activities will take place.
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<< Chapter llI

INITIAL OPERATIONS AND AQUIFER
YIELD ESTIMATES

3-1. Introduction.-—Proper management of a resource such as
ground water requires knowledge of the magnitude, distribution,
depletion, and replenishment, if any, of the resource. Without such
-an assessment, the effects of past development and predictions of
the influences of future development cannot be adequately
determined. Budgets and inventories provide the means of
assessment of ground-water resources and involve such factors as
storage, recharge, and discharge. Because of the interrelationship
of surface and ground water, comprehensive, quantitative budgets
and inventories must consider both modes of water occurrence.

The ground-water basin boundaries, both vertical and horizontal,
and aquifer dimensions and characteristics must be determined
before ground-water storage capacity can be estimated. Aquifer
characteristics are rarely uniform over large areas, so the
variations must be quantified and delineated using subsurface
geologic and hydrologic conditions, well capacities, and similar
differentiating factors.

Ground water is a dynamic resource with constantly changing
water levels caused by natural or artificial influences.
Interpretation is facilitated by careful analysis of water level
fluctuations as related to these influences. Such interpretation
may need to be supplemented by pumping tests located on the
basis of the initial studies to clarify localized variations in aquifer
characteristics and boundaries.

Such data are essential to aquifer analysis, including electric
analog or digital computer analysis of aquifer response to develop-
ment. For assessments of long-time aquifer yield and performance,
evaluations are usually based on an average annual basis and
maximum high and low water conditions. The basic results of a
ground-water inventory are the determination of the total water in
storage and the annual change. Further studies involve the
response of the system to various schemes of development,
possibilities of induced additional recharge caused by development,
artificial recharge, desirability and probable life of a water mining
operation, design of wells, conjunctive use of surface and ground
water, and possibilities of subsidence.
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The techniques of a ground-water evaluation are relatively
subjective, and the degree of accuracy and the reliability of the
initial result are often questionable. Many evaluation studies
involve a continued reassessment and refinement of the estimates
as more data on actual response of the aquifer to development
become available.

As previously mentioned, a ground-water study involves consid-
eration not only of ground water but of surface water. The bound-
aries of a ground-water reservoir may or may not coincide with
those of an overlying surface-water basin. If they do, the study
may be simplified. Many investigations may require the setting of
arbitrary boundaries.

Most ground-water inventory methods were revised for applica-
tion in semiarid and arid zones, generally in response to obvious
overdevelopment. No wholly standardized investigation procedure
exists because conditions and needs vary. Methods will vary
depending upon areal development; complexity of the geology;
climate; availability of existing data; time, funds, equipment, and
manpower available to obtain data; and similar factors. The
following sections summarize many of the factors involved in
ground-water inventory and methods of procedure.

3-2. Hydrologic Budgets.—The hydrologic budget is a
quantitative evaluation of the total water gained or lost from a
basin or part of a basin during a specific period of time. It
considers all water, whether surface or ground water, entering,
leaving, or stored within the area of study. The hydrologic budget
is summarized in the following equation:

AS=P-E+RzU 3-1
where:

AS = changes in storage in channel and reservoirs, in ground-
water storage, and in soil moisture

= precipitation on the area of study

evapotranspiration from the area

net surface-water inflow or outflow

= net ground-water outflow and inflow

o
]
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The components of AS are:

AS,, changes in surface storage which may be available in the
form of reservoir or lake capacity curves

AS,, changes in stream channel storage, which are of minor
importance in a long-time budget (usually ignored in the budget
analysis)

AS,,, changes in soil moisture which are also of minor
importance, hence ignored

AS,, changes in ground-water storage

which can be estimated from contour maps of the water table or
piezometric surface and the storativity of the aquifer at the
beginning, during, and end of the study period or periods.

Precipitation consists of all the rain and snow falling on the area.
Records are usually available from weather stations in or adjacent
to the area of study. Methods of analysis of the various factors are
discussed in several references (Butler, 1957; DeWiest, 1966;
Skeat, 1969; Kazmann, 1965; Wisler and Brater, 1959).

Estimating the long-term evapotranspiration is an intricate
process which has been studied and discussed by numerous
authors. Many methods of analysis have been developed, all of
which are approximate. American Society of Civil Engineers
(ASCE) - Methods and Reports on Engineering Practice - No. 70,
Evapotranspiration and Irrigation Water Requirements, 1990,
provides and indepth discussion of these parameters. Generally, it
is advisable to seek the assistance of someone familiar with the
subject of evapotranspiration when estimating quantities for a
water budget.

Streamflow, R, consists of surface runoff of precipitation within
the area, R,; surface inflow to the area, R;; water pumped from
aquifers and exported from the basin, R; and ground-water
seepage to streams, R,. The value of R; can be estimated from
stream gauging records. A number of methods for estimating R,
are discussed in the literature, particularly for individual
basins (ASCE, 1952; Butler, 1957; DeWiest, 1966; Skeat, 1969;
Kazmann, 1965; Linsley et al., 1949; Linsley et al., 1958;

Rouse, 1950; Wisler and Brater, 1959).
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Ground-water flow components are U,, the underflow from, and
U,, the underflow to adjacent basins. Flow can be estimated by
determining the width of the flow path from knowledge of the
aquifer dimensions, the gradient from water level contour maps,
and the transmissivity from results of pumping tests or other
sources. These factors can be applied to the solution of Darcy’s
equation (chapter II) to determine total underflow.

3-3. Ground-Water Inventories.—The ground-water
components of the hydrologic cycle used in estimating a ground-
water budget are summarized in the equation:

G-D=AS, 3-2
where:
G = recharge to the aquifer
D = discharge from the aquifer
AS, = change in storage in the aquifer

The components of G may include: deep percolation from pre-
cipitation; seepage from surface-water bodies; ground-water under-
flow from adjacent areas; artificial recharge including deep
percolation from irrigation, sewage disposal facilities, and recharge
wells; and leakage through confining beds.

Components of D may include evapotranspiration; seepage to
surface-water bodies; ground-water underflow to adjacent areas;
discharge of springs; artificial discharge including drainage
systems, wells, and infiltration galleries; and discharge through
confining beds.

Adequate records to permit an accurate and reliable appraisal of
all the factors involved are seldom available.

Changes in ground-water storage are reflected by fluctuations in
the ground-water levels. Because most assessments are based on
long-term averages with the beginning and end of the study period
occurring at about the same season of the year, changes in soil
moisture can usually be ignored.

Estimates on the portion of rainfall which may enter an aquifer
are generally made by an analysis of the fluctuations of ground-
water level as the result of a specific isolated storm or on the basis
of a long-time correlation between water level hydrographs and
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precipitation records. The deep percolation from an individual
storm is influenced by the intensity and duration of the
precipitation and the deficiency of soil moisture at the beginning of
the storm. The long-period correlation will therefore usually give a
more nearly effective average. In using such analyses, it must be
recognized that during the recharge, discharge from the aquifer
continues, and the net change in the water table represents the
difference between the recharge and discharge. Where artificial
recharge, specifically for recharge of aquifers, is practiced,
adequate records of rate and volume of inflow usually are
available. Recharge from irrigation may be estimated from the
difference between the consumptive use and water deliveries less
the surface waste.

Where surface- and ground-water basins do not coincide,
underflow may be a major factor in an inventory. Estimates of
such flow should be based on dimensions of the aquifer, gradient,
and transmissivity as described earlier.

Rough estimates of ground-water withdrawals for irrigation
during a given period can be made by several methods including:

Survey of well owners to determine rates and duration of
pumping of all sizable wells in the area

¢ Survey of landowners and agricultural agencies to
determine total acreages of common crops and normal water
application for such crops

¢ Survey of utility companies to determine installed ratings of
all sizable pumps and the power usage of these pumps

These data can be combined with other data, such as areawide
depths to ground-water and pump efficiencies, to arrive at
reasonably reliable rough estimates of withdrawals. Similar
information for wells serving municipal and industrial uses may be
available from owners, utility companies, and local or State
regulatory agencies.

Evapotranspiration can be estimated by use of Blaney-Criddle
(Criddle, 1958), Lowry-Johnson (Lowry and Johnson, 1942), or
similar equations if data on crop types and acreages and vegetative
cover maps are available.
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Estimates of seepage to or from streams can be made based on
the difference between surface inflow and surface outflow plus
evapotranspiration. Based on ground-water contour maps, reaches
of the stream where seepage predominates can be segregated and
inflow-outflow measurements of each section can be made. Similar
estimates of ground-water seepage for lakes or reservoirs are
sometimes possible on the basis of inflow-outflow data corrected for
evaporation plus or minus the change in storage.

Surface discharge of springs often can be measured. They are
seldom uniform, however, so periodic measurements taken when
the water-table elevations are measured are recommended to
obtain a value of average discharge or to correlate the discharge
with ground-water elevation.

As discussed previously, ground-water inventory studies are
often subjective and influenced by local condition, availability of
data, time and funds, and climatic variations.

3-4. Perennial Yield Estimates of Aquifers.—An estimate is
often desired of the probable perennial yield of an aquifer. A
number of methods that have been derived for such estimates in
arid areas are summarized by Todd (1959, 1980).

O.E. Meinzer (1932) wrote: "The most urgent problems in
ground-water hydrology at the present time are those relating to
the rate at which rock formations will supply water to wells in
specified areas—not during a day, a month, or a year, but
perennially" (McWhorter and Sunada, 1984).

The concept that is presently used is "safe yield," which is
defined as the amount of naturally occurring ground water that
can be economically and legally withdrawn from an aquifer on a
sustained basis without impairing the native ground-water quality
or creating an undesirable effect such as environmental damage
(Fetter, 1988). In this case, recharge must equal discharge.

Because safe yield is based on a long-term average recharge,
pumping and recharge may be out of balance for any given year.
Water levels will usually rise in wet years and fall in drought
years, reflecting this imbalance.

3-5. Initial Operations.—Before initiating field work, the field
force should be familiar with the requirements and procedures
outlined in chapters II and VIII of this manual and should review
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the basic data available for the area involved. A preliminary
reconnaissance survey should then be made of the area, paying
particular attention to those subareas for which published reports
lack data or indicate the existence of problems such as ground-
water overdevelopment, waterlogging or poor drainage, and saline
or alkaline soils. In addition, observations should be made of:

¢ Geomorphological features which might influence the
occurrence of ground water

® Surface elevations and gradients
* Soil and rock textures

¢ Stream pattern, gradients, and bed characteristics springs,
seeps, and marshy areas

Vegetation types and densities; distribution, density, and
type of water wells

¢ Land-use patterns, size of farm units, and land ownership

* Present water use and the relationships of these features to
the general geology

During the survey, information on the location and capabilities of
laboratory facilities, drilling contractors, well service companies,
and similar organizations whose services might be required should
be obtained and, if possible, initial contacts should be made. The
survey should permit a delineation of those subareas requiring
additional geologic, topographic, or other mapping, and the outline
of an initial program for the work to be done.

On large projects, much of the required information on political,
social, and economic factors, such as utilities, land use, and
ownership, will have previously been prepared within the Bureau
of Reclamation or by other agencies. Similarly, these offices may
have data on climate and surface-water hydrology. When the data
are not readily available and the ground-water hydrologist is
unfamiliar with surface-water hydrology, the type of information
that may be required should be carefully determined and
knowledgeable advice should be sought on obtaining these data.

3-6. Records of Wells, Springs, Seeps, and Marshes.—One
of the early activities usually undertaken in a ground-water
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investigation is an inventory of existing ground-water facilities and
collection of well logs. In many States, the State Iingineer’s Office,
the Water Resources Board, or similar organizations will usually
have files of well records giving location, depth, formation, logs,
casing and screen used, static water level, pumping water level,
yield, date drilled, the driller, and similar data. Copies of the
records should be obtained, and the data for each well should be
entered on a form similar to the form shown on figure 3-1. Each
well should be numbered, and a map showing its location should be
prepared.

The records in the State offices are often incomplete or
questionable, so each well should be checked in the field. If not
included in the State records, the ground surface elevation at the
well should be determined either by leveling or, if a suitable
topographical map is available, by observation and interpolation.
In the case of especially useful wells, the owner should be
contacted for additional data and permission to measure the depth
of water in the well and, if required, to make a pumping test.
Also, the driller (if available) can often furnish data.

Wells which are not on the State records may be found in the
field, and such wells should be inventoried. Also, data on new
wells drilled during the study should be obtained from the driller
and owner.

Wells are usually tied to the state plane coordinate system or the
township-range system shown on figure 3-2 used by the U.S.
Geological Survey (USGS) for location and mapping purposes.

One of the first steps normally taken during a ground-water
investigation is the measurement of water levels in wells. Because
ground-water levels are dynamic, measurements should be made in
all wells in as short a period as possible. Figure 3-3 is a typical
form used in making such a survey. On completion of the first
complete ground-water elevation measuring program, a ground-
water contour map should be prepared, preferably using a
topographic map as a basis. A study of the map will permit
recognition of those points where control is poor or lacking and will
serve as a guide in locating observation wells that must be drilled.
The contour intervals on the topographic map control the precision
of interpretation. Larger contour intervals are subject to greater
inaccuracy. In addition, the map can be used to indicate possible
ground- and surface-water interrelationships. It also indicates
locations for observation wells near streams, canals, lakes
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WELL RECORD

Region Date 19 Recorded by
Project Well No.

or Unit or Name
Source of data

1. Location: State County
Map

Va /s Sec, T __  N/SR_____ E/W
2.0wner; 55
Tenant 58
Driller ss
3. Topography,
4. Elevation my(ft)
5. Type: Dug, drilled, driven, bored, jetted
date__ 19
6. Depth: Reported
Measured
7.Casing: Diam.,
mm(in), type
Depth, __m(ft), Finish, ]
8. Chief aquifer m(ft)to m(ft)
Others

m(ftJrept./ meas. 18__below.

whichis m(ft)below surface

10.Pump:Type_ Capacity |/min(gal /min)
PowerKind Horsepower

11 Yield:Flow, 1/ min{gal,/min),Pump I/min(gal/min)
Drawdown, mft)after hours pumping |/min

12.Use: Dom..Stock, PS.R.R.. Ind., Irr., Obs.
Adequacy, permanence

13 .Quality Temp °F
Taste, ordor, color Sampleyes/no
Unfit for

14 Remarks

Figure 3-1.—Typical well record form.
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Figure 3-2.—USGS township-range numbering system.
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WATER LEVEL MEASUREMENTS (Field)

Measured by

Location of project

DATE

HOUR

WELL

TAPE READING AT-

[MEAS.POINT|WATER LV.

DEPTH TO
WATER

REMARKS

Figure 3-3.—Typical water level record form.
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reservoirs, and other bodies of water, as well as locations for staff
gauges (Bureau of Reclamation, 1967). Staff gauge locations are
also plotted on the map, and a form similar to the one on figure 3-4
can be completed.

The presence of springs, seeps, and marshes is usually the result
of the water table intersecting the ground surface or of leakage
from an artesian aquifer. Accordingly, the location, discharge, and
water level elevation of such features may be significant. During
the initial well survey, all springs, seeps, and marshes should be
visited, given a distinctive symbol and number, plotted on the map,
and recorded on a form similar to the one on figure 3-4. The
approximate water level elevation should be determined, a gauge
or weir should be installed,and an effort should be made to
determine the geologic and hydrologic conditions giving rise to the
feature. Flow may vary diurnally, seasonally, or in some other
regular or irregular pattern. If these variations are significant,
they should be measured and recorded for use in analyzing the
ground-water system.

Remote sensing can often detect the discharge of seeps and
springs because the wet areas exhibit more vegetation growth
during dry weather than adjoining areas. On summer nights, the
wet areas are cooler than the surrounding ground, and on winter
nights, the wet areas are warmer. The contrast can be detected by
airborne thermal sensing and infrared film that senses the 0.9- to
1.0-um wavelength and that detects subtle differences in the
ground surface temperature (Zimmie and Riggs, 1981).

3-7. Initiation and Frequency of Ground-Water Level
Measurements.—Water level measurements may be made of the
water table or the piezometric surface under numerous conditions.
Continuous measurements such as those supplied by a continuous
water stage recorder or of periodic measurements with a time
interval extending from less than 1 minute (for a pump test) to
6 months may be required. The frequency of measurement should
be adjusted to the circumstances. In some instances, only a few
measurements are possible or expedient to make, but in other
instances, frequent measurements over a long period of time may
be required. The possibility of error in interpretation decreases as
the frequency of measurement and length of record increase. In
ground-water inventory and drainage investigations, water level
observations may continue for many years. Initially, measure-
ments are made often until the annual regimen is established. The
frequency may then be reduced to about four a year with the
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STAFF_GAGE_or WEIR_RECORD (field)

Region:

Date:

Recorded by:

Project or Unit:

Staff Gage or Weir No.

1. Location:State

County

Map

Ya V4 Sec

T N/SR E/W

2. Owner of property:

Address:

Tenant of property:

Address:

Installed by:

3. Gage name and type:

(Staff gage, cipoletti weir, etc.)
4. Feature measured, name and type:

(Stream, lake, marsh, spring, etc.)

9. Elevation, zero index on gage or weir crest: m (ft)
6. Measured water surface: m (ft)
7. Elevation measuraed water surface; m [ft)
8. Discharge if determined: m®/s (ft3/s)

9. Date of measurement;

18,

10.Measured by:

11.Remarks:

Figure 3-4.—Staff gauge or weir record form.
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exception of a few carefully selected observation wells. These wells
may be read 6 to 24 times a year or equipped with continuous
recorders.

Where water storage structures or new irrigated areas are
contemplated, it is advisable to install a number of observation
wells at least 2 years prior to construction and to take measure-
ments monthly or bimonthly to determine pre-existing ground-
water conditions. The program should be continued after
construction and full operation to permit comparison of pre-existing
and post-facility conditions. Such data may be invaluable in the
event of claims or suits for damage.

3-8. Water Level Measuring Devices.—Measurements may be
made with a number of different devices and procedures
(figure 3-5). The most common device for measuring static water
levels is probably the chalked steel tape, which has a weight
attached on the lower end. The weight keeps the tape taut and
aids in lowering it into the well. The tape is chalked with
carpenter’s chalk, ordinary blackboard chalk, or dry soil which
changes shade upon becoming wet. The line of the color change
denotes the length of tape immersed in water. Subtracting this
length from the reading at the measuring point gives the depth to
water. Cascading water in a well may mask the mark of the true
water level on the tape; however, this condition usually occurs only
in a well that is being pumped and may require the use of another
measurement method. In small-diameter wells, the volume of the
weight may cause the water level to rise in the pipe, and the
measurement may be inaccurate.

Electric sounders are becoming more widely used to measure the
depth to water in wells. A number of commercial models are
available. Many sounders use brass or other metal indicators
clamped around a conductor wire at 1.5-meter (5-foot) intervals to
indicate the depth to water when the meter indicates contact. The
spacing of these indicators should be checked periodically with a
surveyor’s tape to ensure accurate and reliable readings.

Some electric sounders use a single-wire line and probe and rely
on grounding to the casing to complete the circuit; others use a
two-wire line and double contacts on the electrode. Most sounders
are powered with flashlight batteries, and the closing of the circuit
by immersion in water is registered on a milliammeter.
Experience has shown the two-wire circuits with a battery are by
far the most satisfactory. Electric sounders are generally more
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Electric sounder.
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Figure 3-5. -Devices for measuring depth to water in well.
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suitable than other devices for measuring the depth to water in
wells that are being pumped because they generally do not require
removal from the well for each reading. However, when oil is
present on the water, water is cascading into the well, or the well
has a turbulent water surface, measuring with an electric sounder
may be difficult. Oil not only insulates the contacts of the probe,
but also results in an erroneous reading if it is considerably thick.
Some instances may require insertion of a small pipe in the well
between the column pipe and the casing from the ground surface to
about 0.6 meter (2 feet) above the top of the pump bowls. This
pipe should be plugged at the bottom with a cork or similar seal
which is blown out after the pipe is set. Measurements with the
electric sounder can then be made in the smaller pipe where the
disturbances are eliminated or dampened, the true water level is
measured, and the insulating oil is absent. Figure 3-6 illustrates a
convenient arrangement for direct measurement of drawdown
during pumping tests. A marker on the sounder wire is referred to
a value on the tape, and the same marker is used as a reference to
determine drawdown by changes on the tape when contact with the
water is made. A new marker is used each time the water level
drops a 1.5-meter (5-foot) increment.

A simple and reliable method for measuring the depth to water
in observation holes between 40 and 150 millimeters (1 1/2 and
6 inches) in diameter is a steel tape with a popper (figure 3-5).
The popper is a metal cylinder 25 to 40 millimeters (1 to
1 1/2 inches) in diameter and 50 to 75 millimeters (2 to 3 inches)
long with a concave undersurface and is fastened to the end of a
steel tape. The popper is raised a short distance and then dropped
to hit the water surface, where it makes a distinct "pop." By
adjusting the length of tape, the point at which the popper just
hits the surface is rapidly determined. Poppers generally are not
satisfactory for measuring pumping wells because of the operating
noise and lack of clearance.

Electronic data loggers offer significant advantages over most
other water measurement devices and are highly suitable for
aquifer testing and long-term monitoring. Data loggers can be set
to record data at intervals of 0.1 second at the beginning of a test
and logarithmically increase the interval according to a present
pattern. The data are automatically stored in electronic memory
and can be transferred directly to a printer or to a personal
computer. The water level is sensed by a pressure transducer
located at some point below the lowest water level expected during
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the test. Therefore, readings are not influenced by noise, and
cascading water, or oil on top of the water column can be
compensated for in the initial setup. The disadvantages are initial
investment in the instruments and the technical knowledge
required to operate the equipment. Also, because of the required
setup time at each measurement point, data loggers generally are
not suitable for a reconnaissance or survey of water levels in a well
field or in widely scattered wells.

Permanent pump installations should always be equipped with
an access hole for probe insertion or an air line and gauge, or
preferably both, to measure drawdown during pumping. An air
line is accurate only to about 0.15 meter (0.5 foot) unless calibrated
against a tape for various drawdowns, but is sufficiently accurate
for checking well performance.

Artesian wells with piezometric heads above the ground surface
are conveniently measured by capping the well with a cap that has
been drilled, tapped, and fitted with a plug which is removed for
the insertion of a pressure gauge or mercury manometer stem.

The static level is determined from the gauge or manometer
reading after the pressure has stabilized. Figure 3-7 is a drawing
of a mercury gauge, designed by S.W. Lohman of the USGS, that is
particularly suited to field use, especially when running a recovery
test after constant head tests of artesian aquifers

(section 9-9). A recording pressure gauge may be used for
continuous records.

Continuous records of a well can be obtained by mechanical
devices, electrical devices, or a pressure transducer connected to an
electronic data logger. Data loggers can be programmed to
transmit data directly to a computer for processing.

3-9. Records of Water Level Measurements.—Accurate
permanent records should be kept of all water level measurements
and should include:

¢ Identification of the well by number and location
¢ Location and elevation of reference point

* Elevation of ground surface

¢ Date of measurement
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One - 6mm (V.in) stainless steel stop cock.

One - 1.2m (4ft) length of 16mm (%sin) i.d. rubber hose.
One - 50mm (2in) dia. ink bottle.

One - 3 holed No. 8 rubber stop.

One - 19mm (%in) hose coupling.

One - 1200mm (48in) length of 2mm i.d. glass tubing.
One - 1125mm (45in) length of stainless steel strip with
graduations which give readings in m (ft) of water.

*One - 100mm (4in) length of 8mm (Vin) o0.d. stainless steel

tubing with fittings.

One - 8mm (¥/,4in) stainless steel stop cock.

One - 100mm (4in) length of 8mm (*/,4in) o.d. stainless steel
or plastic tubing with fitting.

Assorted lumber (marine plywood)
Assorted 3mm (&in) bolts with nuts.

(After S. W. Lohman)

Figure 3-7. -Mercury manometer for measuring artesian heads.
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e Measured depth to water or to the bottom of the hole, if dry

¢ Computed elevation of the water table or piezometric
surface

» For piezometers, the aquifer or other zone represented by
the reading

A note whether the well was being pumped when measured,
was pumped recently, or whether a nearby well was
pumping during the measurement

Water level records are typically displayed as well hydrographs,
which can be easily converted to water level contour maps, water
level change maps, water level profiles, depth-to-water maps, and
piezometric surface maps. When preparing piezometric surface
maps, it is important to use only those wells that represent the
subject aquifer and to avoid wells that have contact with more
than one aquifer.

Most water level fluctuations are caused by: (1) changes in
ground-water storage, (2) atmospheric pressure in contact with the
water surface in the well, (3) deformation of the aquifer,

(4) disturbances within the well, and (5) chemical or thermal
changes in and near the well. Minor fluctuations can be caused by
earthquakes, trains, earth-moving machinery, explosions, and
other sources of temporary stresses in the aquifer (Davis and
DeWiest, 1966).

3-10. Exploration Holes, Observation Well, Piezometer,
and Monitoring Well Installation.—Areas may be encountered
containing wells for which logs are not available, where well
construction features preclude measurement of water levels, or
where the wells have not been drilled. Exploratory drilling is often
necessary in such areas. Drilling should be tailored to the needs of
the investigation and gaps in available data. In many instances,
holes drilled for stratigraphic or other data can be converted for
use as observation wells or piezometers.

¢ Stratigraphic holes are drilled primarily for the purpose of
determining the nature, depth, and thickness of the geologic
formations.

e Pilot holes are usually drilled to obtain data on which to
base the design of wells.
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Observation wells are usually constructed for the purpose of
measuring water levels where subsurface conditions are
relatively simple.

Monitoring wells are usually constructed to obtain water
samples of the aquifer.

* Piezometers are a special type of observation well so
finished as to permit the measurement of the water level in
a particular stratum or zone.

After exploratory or similar holes are completed, a permanent
record should be made of each. This record should include all
as-built drawings of the facility, showing the elevation of the point
from which measurements of the depth to water in the hole will be
made; the elevation of the average ground surface in the vicinity of
the well; the depth of hole; the length, size, and type of casing;
location of seals and packers; and the location of the screen or
perforations.

The record should also show subsurface geologic conditions,
water level data, the location of the hole with respect to landlines
or whatever land subdivision system is used in the area, and the
identification number of the hole (section 3-6).

A monitoring well should be constructed, if available, using
the simplest, narrowest diameter pipe which will permit
development, accommodate the sampling equipment; and minimize
the need to purge large volumes of potentially contaminated water
(Environmental Protection Agency [EPA], 1987). Three well
volumes are usually required for development of a monitoring well.

3-11. Installation of Exploratory Holes, Observation Wells,
Piezometers, and Monitoring Wells.—Many methods and
combinations of methods can be used to drill exploratory holes and
wells. Classified according to method of installation, the most
common holes are dug, drilled, bored, driven, vibrated, or jetted.
Briefly, these methods are described as follows:

Dug holes are usually restricted to shallow depths where
information is not needed for more than 1 or 2 meters (3 or
6 feet) below the water table. This type hole is rarely used
in the United States.
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Drilled holes may be put down by any of the well drilling
methods in common use, but the type of rig and tools used
and the diameter of hole drilled will depend upon the
materials to be drilled and the data to be obtained. In
general, a 100-millimeter (4-inch) hole is about the smallest
that is satisfactory in unconsolidated materials, and a
75-millimeter (3-inch) hole is the smallest satisfactory size
in consolidated rock. The hole is cased if the material will
not stand for the period of time required for use. Drilled
holes can be put down to great depths (hundreds of meters)
and through any material. The quality of samples obtained
depends largely upon the type of drill rig used.

In drilling any type of well, regardless of the drilling method
used, the driller should keep an accurate log or record of the
well. This information is invaluable if additional wells are
to be drilled nearby or if the well requires any repair or
reconditioning.

The most important function performed by the drill crew is
to keep the log and mark the cores accurately; but,
unfortunately, in an effort to get the core and still make
progress, this phase of the operation can occasionally slip by
the drill crew, and then much of their work is wasted
(Acker, 1974).

In some situations (hazardous materials), the drilling rig
and tools should be steam cleaned to minimize the potential
for cross-contamination between formations or successive
borings (EPA, 1987).

Sonic or rotary-vibratory drilling may be used as an
alternative to direct or reverse rotary drilling. In sonic
drilling, the drill head is vibrated at 50 to 120 cycles per
second in addition to the rotary motion. The vibration
frequency is adjusted to produce resonance in the drill line.
Resonance is a function of the length of the drill line. This
process enhances drilling speed in most geologic materials,
and it can be accomplished without drilling fluids.

Bored or augered holes may be drilled manually or by
machine-driven augers. This type of hole can only be used
in unconsolidated fine- to medium-grained material. The
depth limitation for hand-augered holes is about 12 meters
(40 feet), whereas machine-driven augers may penetrate to
more than 100 meters (330 feet). When holes are bored in
unstable material below the water table, caving may
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prevent further progress. Samples obtained by augering
may range from nonexistent in saturated coarse-grained
materials to disturbed but representative samples of
fine-grained materials. Hollow stem augers can often
retrieve relatively undisturbed samples.

* Driven or vibrated holes are advanced by driving a pipe,
usually equipped with a well point, into the material.
Neither samples nor a log can be obtained, and this method
is suitable only for measuring water levels. Installation is
restricted to shallow depths in fine- and medium-grained
unconsolidated materials.

* Jetted holes are similar to driven holes except that the pipe
is put down by hydraulic jetting and often can be installed
to greater depths. Badly mixed washed samples and a
rough log may be obtained when holes are jetted.

Where conditions are uniform, it may be satisfactory to install
observation holes on a grid with holes spaced at uniform intervals.
Where conditions are not uniform, wells should be located to
conform to the local variations in conditions.

The magnitude and type of the study will also affect the spacing
and location of holes. In a reconnaissance study to obtain general
information on an area, a wide spacing is satisfactory; for a
detailed study, the spacing must be reduced to provide the
necessary detail.

For ground-water inventory or development studies, the holes
should be deep enough to penetrate at least 3 meters (10 feet)
below the lowest water table of record or to the top of an artesian
aquifer. If information on thickness of an aquifer is required, one
or more holes should be drilled through the aquifer. An indication
of the required hole depth can usually be obtained from an
inventory of existing well records. Separate wells or piezometers
may be required when two or more aquifers are involved.

For protection against damage, holes completed for observation
or piezometric measurements should be located, if possible, in a
fence row or adjacent to a permanent structure.

The practice of installing observation wells on a step-by-step or
stage basis is recommended both from a technical and an economic
standpoint.
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Casing installed in observation wells should be designed to the
purpose of the facility and means of obtaining data. All casing
must be sealed when the first aquitard is encountered to prevent
cross contamination. Generally, if water levels are to be measured
by a wetted tape or electric probe, a 19- to 30-millimeter- (3/4- to
1-1/4-inch) diameter steel or plastic pipe is suitable. However, if a
standard water stage recorder is to be used or water samples are
taken from the facility, a minimum 100-millimeter (4-inch) casing
may be required. Suitable perforations should be made opposite
the saturated zone to ensure reliable readings.

Piezometer installations (figure 3-8), rather than simple
observation wells, are essential to a clear understanding of ground-
water conditions where subsurface conditions are complex. The
presence of a confined zone or several zones each with a different
water level requires use of piezometers to confine and separate
each level. Observation of pumping test influence may especially
require the use of piezometers, even in apparently homogeneous
aquifers. Installation of piezometers, especially in slowly
permeable materials, may require strict design considerations to
minimize time lag and other similar problems.

Each piezometer should consist of three essential components:

A watertight standpipe of the smallest possible diameter
consistent with the method of reading, attached to the tip
and extending to the surface.

A tip consisting of a well screen, porous tube, or other
similar feature, and in fine-grained materials, a
surrounding zone of filter sand.

¢ A seal consisting of cement grout, bentonite slurry, or other
similar slowly permeable material placed between the
standpipe and the hole to isolate the zone.

Where several piezometers are required at a given location, it
may be possible, as a cost-saving feature, to install them in a
single hole, as shown on figure 3-8.

In addition to the described standpipe-type piezometer, several
commercially available instruments are operated by hydraulic or
pneumatic pressure, or by an electric signal. Such instruments
may be especially valuable for unusual subsurface or monitoring
conditions, such as in very slowly permeable materials.
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The casing or pipes in an observation well or piezometer usually
extend above the ground surface at least 0.3 meter (1 foot) unless
pit installation is necessary. The top of the casing or each pipe
should be fitted with a screwcap or locking cap containing a small
hole to permit adjustment of air pressure in the pipe in response to
water level fluctuations or barometric changes. Where artesian
flow conditions are present, a tight-fitting cap which has been
drilled and tapped for a pressure gauge or mercury manometer
should be used. If climatic conditions require protection against
freezing, a suitable shelter equipped with heating facilities or
replacement of the water in the upper portion of the piezometer by
a nonfreezing fluid may be necessary.

Facilities should be protected against standing surface water and
leakage alongside the casing by proper grading and placement of
grout or clay seals at the surface.

Observation wells or piezometers that must be located in the
open where damage by livestock or farm machinery may occur
should be adequately identified and protected.

When drilling a monitoring well, the selection of the drilling
technique should depend on the geology of the site, the expected
depth of the well, and the suitability of the drilling equipment for
the contaminants of interest. Monitoring in the vadose zone is
attractive because it should provide an element of early detection
capability of contamination. Soil gas sampling techniques have
been commercially developed and are useful in monitoring
underground storage tanks.

Monitoring wells should be developed to provide water free of
suspended solids for sampling, and the additional time and money
spent for well development will expedite sample filtration and
result in samples that are more representative of the water
chemistry in the formation.

3-12. Sampling and Logging of Exploration and Observa-
tion Holes.—The Bureau of Reclamation’s Earth Manual (1985)
describes methods and equipment for drilling and sampling which
are applicable to ground-water investigations. The Bureau of
Reclamation’s Engineering Geology Field Manual offers
terminology and descriptors of the physical properties of rock and
soil. Undisturbed samples generally are not required for ground-
water investigations. However, representative samples which
preserve grain size and gradation relationships of granular
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materials are often required, especially for design criteria. So far
as possible, the drilling method and equipment should be capable
of yielding the necessary samples. Sampling applicable to well
drilling is also described in chapter XII.

Each hole should be carefully logged with regard to depth and
material as the samples are obtained. For field logging of
unconsolidated materials, the Unified Soil Classification symbols
and nomenclature described in the Earth Manual should be used.
About a liter of representative samples should be saved of each of
the primarily sandy or coarser materials. Samples need not be
taken of clayey or predominantly silty materials unless unusual
conditions are found or data are needed, but such materials should
be described and accurately located in the logs. If gravel larger
than 25 millimeters (1 inch) in diameter is obtained in the
samples, it may be removed, and the size range and approximate
percentage of the sample it represents should be noted.

(a) Undisturbed Samples of Unconsolidated Material. —
Undisturbed samples taken by drive sampling or coring should be
described as homogeneous, layered, stratified, etc. When layers
consist of different materials such as clay and fine sand, the
nature, thickness, and color of the layers should be recorded and
the coarse fraction should be separated, if possible, and
mechanically analyzed.

Samples of coarse, granular materials of a more homogenous
nature should be described on the basis of visual examination
according to the Unified Soil Classification given in the Earth
Manual (1985) and mechanically analyzed.

(b) Disturbed Samples of Unconsolidated Material.—Disturbed
samples, such as those obtained with a cable tool, rotary, or
reverse circulation rig, usually represent a mixture of the materials
in the interval sampled. The sample should be examined carefully
for larger cohesive fragments which may indicate the nature of the
material in place. Any material adhering to the bit, auger, or bail
should be scraped off and included with the sample unless it is
obvious that the material was scraped off the hole wall while being
withdrawn. Samples other than those obtained with a direct-
circulation rotary rig should not be washed prior to being sent to
the laboratory. Samples taken from the ditch when using a
direct-circulation rotary rig and clay-based drilling fluid should be
placed in a 20-liter (5-gallon) container filled with water, stirred
vigorously, and permitted to settle for at least 20 minutes. The
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muddy water then should be decanted, and the material from the
bottom of the container should be taken for a sample. The total
volume of cuttings representing each drilled interval should be
mixed and quartered until a 2-liter (2-quart) volume of
representative material remains.

Geologic samples (formation samples) are often collected at the
surface; however, because of the lag time for cuttings to come to
the surface and the amount of mixing the cuttings may undergo as
they come up the borehole, the only way to truly know what the
subsurface materials look like is to stop drilling and collect a
sample (EPA, 1987).

(c) Mechanical Analyses of Samples.—Samples should be washed
on a No. 200 sieve and the percentage of minus 200 material
should be determined. A hydrometer analysis of the minus 200
size normally is not necessary. The plus 200 sizes should be
screened through a nest of 3/8 and No. 4, 8, 16, 30, 50, and
100 sieves. Forms 7-1451 and 7-141 illustrated on figures 3-9 and
3-10, respectively, should be prepared for each sample. The
washed and sieved samples less the minus 200 sieve sizes should
be recombined for visual study.

(d) Visual Examination of Samples.—The washed samples should
be examined with a binocular microscope or hand lens and
adequately described, including grain size and roundness,
mineralogy, and other characteristics.

(e) Drill Core Samples of Consolidated Rock.—Cores should be
identified regarding the type of rock, color, cementation, fractures,
and other similar characteristics. Sandstone and conglomerate
cores, if readily friable, should be crumbled and mechanically
analyzed. In many instances, the field logs can be refined after a
mechanical analysis and a visual study of the samples.

3-13. Water Samples from Boreholes, Wells, and Surface
Sources.—The type of investigation and purpose of the study
determine, to a large degree, the need for water samples, sampling
locations, and the frequency of collection. Ground-water quality
may vary from hole to hole in the same aquifer and sometimes
with depth in a relatively homogeneous aquifer.

When drilling uncased holes with augers and cable tools, a repre-
sentative water sample can usually be obtained from the first
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water encountered by bailing the hole dry, permitting the water
level to rise, and then bailing a sample from the hole. However,
representative samples from levels deeper in the formation or from
deeper aquifers cannot be obtained unless the hole is cased.

In rotary drilled holes, samples from individual aquifers or
specific depths cannot readily be obtained except by drill stem tests
or other similar procedures. On completion of the hole, flushing
out the drilling fluid and pumping or bailing of the hole for a
sufficient time will permit obtaining a fairly representative
composite water sample. In addition, an electrical log of an
uncased hole may sometimes be interpreted to give some idea of
the relative quality of the water in different aquifers and at
different depths (Pryor, 1956).

In consolidated rock, where casing is not usually used, a
composite water sample can be taken. When water samples are
required from specific depths or aquifers, a pump equipped with
inflatable packers above and below the intake screen may
sometimes be a practical solution to the problem (figure 3-11).

Prior to taking a water sample, sufficient water should be bailed
or pumped from the hole to ensure a representative sample. An
amount equal to twice that stored in the hole is normally adequate.

Before purging or sampling a well, it is important to measure
and record the water level in the well. These measurements are
needed to estimate the amount of water to be pumped from the
well prior to sample collection.

Samples from existing wells are usually taken at the discharge.
The well should be pumped for a sufficient length of time to ensure
a representative sample. Temperature may be taken by inserting
the thermometer in the stream as it discharges from the pipe.

One-liter (1-quart) water samples are usually adequate for most
chemical analyses, but if pesticides and similar contaminants must
be determined, several liters may be required.

Polyethylene sample bottles are the most satisfactory for
Reclamation purposes. The new bottles should be thoroughly
rinsed, filled with water, allowed to stand for about a week, then
emptied, rinsed once or twice with tap water, and lastly rinsed
with distilled water. After drying, they should be capped and not
opened until used. A similar treatment is recommended before a
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bottle is reused. Bottles which are discolored or contain visible
deposits not readily removed by rinsing should not be reused. The
polyethylene bottles should have relatively long screw caps with a
positive seal lip on the bottle. They should be filled to the rim of
the seal so that little or no air is contained in the bottle. Such
bottles are not subject to breakage by shock or freezing, nor are
they likely to lose fluid because of changes in atmospheric
pressure. However, precautions against freezing should be taken
because freezing and subthawing may change the character of the
water. Samples should be transported to the laboratory and
analyzed as soon as possible.

Each sample bottle should be tagged or otherwise identified, and
the following applicable sample data should be recorded:

* Well or hole number and location
¢ Depth of well
* Source (aquifer or formation) of the water

* Method of collection and time since pumping or bailing
started

¢ Depth or interval from which sample was taken
* Water temperature
* Date and time of collection

* Appearance at time of collection (i.e., clear, milky, colorless,
etc.)

Initials or name of collector

Type of analysis required (i.e., comprehensive or key
constituents only)

¢ Field analyses made, if any

Samples for bacterial analyses are usually taken in 0.1- to
0.2-liter (4- to 6-ounce) sterile glass bottles provided by a health
agency or other laboratory (Rainwater and Thatcher, 1960). The
caps should not be removed until a sample is to be taken. When
taking a sample, care should be exercised not to touch the inside of
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the cap or bottle with the fingers, nor should water be permitted to
flow over the hands or fingers and into the bottle or inside of the
cap.

The samples should be kept cool or refrigerated, if possible,
during transport to the laboratory. No more than 48 hours should
elapse between taking a sample and its delivery to the laboratory.

If water samples collected need to be analyzed for dissolved
inorganic chemical constituents (e.g., metals, alkalinity, and
anionic species), the water sample should be filtered in the field
(EPA, 1987). After proper preservation, most samples can be held
for the EPA recommended maximum holding time (EPA, 1987).

Any surface-water samples needed should be taken with the
same procedures outlined above for ground-water samples and
should be treated in the same manner.

Additional treatment of samples in the field may be required for
more specialized studies, special purposes, and conditions. A
USGS paper outlines many of these studies or treatments
(Rainwater and Thatcher, 1960).

The frequency of water sampling and the type of analyses to be
made usually cannot be predetermined but should be developed on
the basis of experience and needs. Samples for chemical analysis
should be taken on completion of any borehole or well, and a
comprehensive analysis should be made and printed (figure 3-12).
The first known sample taken from an existing well should always
be given a comprehensive analysis. Subsequent samples might be
taken at low and high water stages, seasonally, or annually.
Analyses may be comprehensive or for key constituents only,
depending on conditions and requirements.

This procedure is also common for bacterial analyses. Samples
are usually checked for pathogenic organisms or for indication of
sewage or similar contamination. In some instances, however, the
examination may require determination of the presence of
sulphate-reducing or similar nonpathogenic but corresion-fostering
or other economically deleterious organisms.
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Cost-effective water quality sampling is difficult in ground-water
systems because proven field procedures have not been extensively
documented and because of the time, manpower, and cost of most
water quality monitoring equipment (EPA, 1987).
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<« Chapter IV

GEOPHYSICAL INVESTIGATIONS

4-1. Introduction.—Geophysical investigations involve
determining physical properties of subsurface materials by
analyzing measurements made on or above the ground surface or
in a borehole. Geophysical measurements detect subsurface
variations in such physical properties as elasticity (bulk and shear
moduli), electrical resistivity, density, magnetic susceptibility, and
radioactivity. Geophysical methods can be used to obtain
information of interest in ground-water studies, such as the
configuration of bedrock, depth to the water table, geometry of
aquifers and aquacludes, relative salinity of ground water,
porosities of geologic layers, and locations of fracture zones and
faults. Geophysical surveys may reduce drilling requirements and
overall costs of a ground-water investigation.

Geophysical techniques can be broadly classified into two groups:
surface methods and borehole methods. Surface methods are
performed by making measurements with instruments that are
placed on the ground surface, carried above the ground, or in a few
cases towed behind an airplane. Borehole methods involve making
measurements with a tool that is lowered into a borehole.
Depending on the type of borehole survey, the measurements are
either taken with the tool stationary or with the tool continuously
moving in the borehole.

Many types of surface and borehole geophysical methods exist
depending on the physical property measured and the
measurement technique used. The most appropriate technique for
a particular problem depends on several factors, including the
objective, or targeting, of the survey, the size of the survey area,
the required depth of investigation, and the degree of detail
desired. Examples of survey targets and geophysical techniques
that may potentially be used for each target are given in table 4-1.

The most common geophysical techniques used in ground-water
studies are described in the remainder of the chapter. This
chapter is not intended to provide a comprehensive description of
all available methods, but rather to provide an overview of common
geophysical methods and their typical applications in ground-water
investigations. Many references are available for more detailed
information on geophysical investigations. Reclamation’s
Engineering Geology Field Manual (1988) contains descriptions of
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Table 4-1.—Examples of geologic/hydrologic targets and
geophysical methods that may be applicable for each target

Survey
target

Geophysical methods

Surface methods

Borehole methods

Bedrock configuration

Stratigraphy

Regional fault
patterns

Local fracture zones/
faults

Seepage/ground-water
flow

Top of water table

Porosity of geologic
materials

Density of geologic
materials

Clay content/
mapping aquifers
and aquacludes

Relative salinity
of eround water

Seismic refraction or
reflection, electrical
resistivity, EM,
magnetics, gravity

Seismic refraction or
reflection, electrical
resistivity, EM

Gravity, magnetics

Seismic reflection,
electrical
resistivity, EM, SP?

SP

Seismic refraction or
reflection, electrical
resistivity, EM

Gravity

Electrical resistivity,
EM

Electrical resistivity,
EM

Sonic, electrical, or
radiation logging;
seismic tomography

Sonic logging,
borehole imaging,
seismic tomography

Temperature logging,
flowmeters

Sonic, electrical, or
radiation logging

Radiation logging

Electrical or radiation
logging

Electrical logging

1L EM = electromagnetic
2 SP = self-potential

geophysical techniques used for engineering applications, many of
which are applicable to ground-water studies. Griffiths and King
(1981) and Labo (1986) provide basic descriptions of geophysical
methods, whereas Telford et al. (1976), Hallenburg (1984), and
Paillet et al. (1990) give thorough technical descriptions.
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Descriptions of geophysical techniques with emphasis on ground-
water problems are found in Keys and MacCary (1971), Ward
(1990), Haeni (1986a and 1986b), Fetter (1988), Driscoll (1986),
Freeze and Cherry (1979), Todd (1980), and Wright State
University (1989). Applications of geophysical techniques to
ground-water problems can also be found in the annual
Proceedings of the Symposium on the Application of Geophysics to
Engineering and Environmental Problems (SAGEEP), sponsored by
the Environmental and Engineering Geophysical Society.

4-2. Surface Geophysical Methods.

(a) Seismic Methods.—Surface seismic methods are based on the
generation and recording of seismic waves (mechanical waves)
traveling through subsurface materials. The seismic energy is
normally generated with either a large sledge hammer, a
mechanical vibrator, or an explosive source. As the seismic waves
radiate from the point source, they are refracted along interfaces
between materials having different physical properties, and they
are reflected from the interfaces. These seismic interfaces may
correspond to geologic contacts, such as the soil/bedrock interface,
or to other physical changes such as the top of the water table.
The seismic waves are recorded by geophones placed on the ground
surface, usually equally spaced in a straight line. The seismic
refraction method uses the seismic energy that is refracted from
the seismic interfaces, and the seismic reflection method uses the
energy that is reflected from the interfaces.

(1) Seismic Refraction Method.—When the seismic wave
velocity increases across the interface between one material and
the underlying material, a refracted seismic wave traveling along
the interface is produced. Seismic velocity depends on the material
density and elastic (bulk and shear) moduli. In general, seismic
velocity is lowest for unconsolidated materials and increases with
the degree of consolidation or cementation. For one type of seismic
wave, the compressional or P wave, seismic velocity also increases
with increasing degree of saturation. In the seismic refraction
method, seismic waves refracted along interfaces are analyzed to
determine the depths to the interfaces and the seismic velocities of
the subsurface materials. The final result of a seismic refraction
survey is usually a cross section showing the configuration of the
seismic interfaces and the seismic velocities within each layer.
Contour maps of the depths to the interfaces may be produced, if
refraction data are collected along several closely spaced lines.
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The seismic refraction method is useful for mapping the depth to
bedrock and the depth to the water table. It may also be used to
determine the configuration of any geologic unit that is sufficiently
thick and has sufficient seismic velocity contrast with overlying
and/or underlying materials. The seismic refraction method has
the limitation that seismic velocity must increase with depth for
the interface depths to be computed correctly. Therefore, this
method is not recommended for areas where a relatively thick, low-
velocity layer may exist at depth.

(2) Seismic Reflection Method.—A reflected seismic wave is
produced when either a seismic velocity contrast or a material
density contrast exists across an interface. In the seismic
reflection method, these reflected waves are recorded and processed
to produce a "time section" showing the reflections from all of the
seismic interfaces encountered. This time section looks like a cross
section; but is plotted as a function of recorded time rather than
depth. The time section can be directly examined to determine the
configuration of the water table and the top of bedrock. The
configuration and continuity of stratigraphic layers and the
presence of faults can also be determined. If sufficient velocity
information can be obtained either from the seismic reflection data
or from other geophysical data, the time section may be converted
to a depth cross section. The seismic reflection method does not
have the limitation of the refraction method of increasing velocity
with depth and therefore is useful in areas where low-velocity
layers are present at depth. Also, the reflection raethod may
provide better resolution of the stratigraphy than the refraction
method, especially if lateral discontinuities such as pinch-outs or
faulting are present. The reflection method has the disadvantage
compared to the refraction method of more complex data
acquisition and processing procedures.

(b) Electrical Methods.—

(1) Electrical Resistivity Methods.—These methods involve
sending an electric current of known intensity into the ground
through a pair of electrodes and measuring the resulting electric
potential (voltage) between another pair of electrodes. Apparent
resistivities of subsurface materials are then computed. The
electrical resistivity of a material is a measure of its resistance to
electric current flow. Almost all of the electric current passing
through rock or clay-free soil is carried by ions in the pore fluid.
Hence, the electrical resistivity of such a material is determined
largely by its porosity, permeability, degree of saturation, and the
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salinity of the pore fluid. An increase in any of these properties
decreases the resistivity of the soil or rock. The degree of
compaction and the grain size distribution indirectly affect the
resistivity by changing the porosity and permeability. Increasing
temperature decreases the resistivity by lowering the viscosity of
the pore fluid and thereby increasing the mobility of the ions. The
presence of clay minerals greatly reduces the resistivity of a
material because of high electrical conductivity along the surfaces
of clay particles. Changes in resistivity within a survey area may
be caused by any combination of the above factors. Hence, to
determine which factor is affecting the resistivity in a particular
area, other geological or geophysical information is required.

Lateral or vertical variations of electrical resistivity within a
given survey area can provide a useful indication of relative
changes of subsurface soil, rock, or ground-water properties. These
methods are used for aquifer and aquiclude delineations, salinity
studies, bedrock mapping, and identification of faults or fracture
zones. Two types of resistivity surveys are commonly performed:
Vertical electrical soundings (VES) and electrical profiling surveys.

¢ VES.—This type of survey measures apparent resistivity
values at one location. The electrodes are moved farther
and farther apart, and as a result, the electric current
penetrates progressively deeper into the subsurface. A plot
of apparent resistivity versus electrode separation is
constructed. These data are then modeled to obtain a one-
dimensional, layered resistivity-depth model. This method
is used to investigate variations of resistivity with depth at
fixed locations and is used to help constrain the results of
the electrical profiling survey discussed below.

o Electrical Profiling.—The electrical profiling survey
measures apparent resistivity values along the length of a
survey line. By using different electrode spacings, apparent
resistivity profiles representing different depth ranges are
obtained. The resistivities are normally presented in a
pseudosection format, with resistivity profiles representing
larger depth ranges plotted progressively "deeper" in the
pseudosection. The resistivity values in the pseudosection
are contoured so that trends and anomalies can be easily
observed. A pseudosection is simply a representation of
multiple profiles of apparent resistivity values and is not a
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cross section. A cross section of material resistivities can be
constructed by modeling the apparent resistivity data in the
pseudosection. Results from at least one VES are often
used to constrain the modeling process. The profiling
survey method is used to investigate lateral changes in
resistivity and has poorer vertical resolution than VES.

(2) Self-Potential (SP) Method.—This method involves
measuring electric potentials that exist naturally within the
subsurface. Electric potentials of interest in ground-water studies
are created by the flow of fluid through rock or soil. Applications
of the SP method include: mapping seepage flow paths associated
with dams, dikes, and other containment structures; studies of
regional ground-water movement; and delineation of flow patterns
associated with such features as wells, faults, drainage structures,
and sinkholes.

SP readings are normally made by measuring the electric
potential (voltage) between a stationary base electrode and a
portable measuring electrode. The portable electrode is carried
along the survey line and voltage measurements are made at
predetermined intervals. Sometimes a permanent electrode array
is installed for repeat measurements. In this case, the electrodes
are buried a few meters in the ground and wires are run to the
surface. One of the electrodes is arbitrarily chosen as the base
electrode. Electric potentials are measured between this base
electrode and each other electrode in the array. SP measurements
can also be made in rivers or lakes by towing a pair of electrodes
along the water surface. For offshore surveys, the first derivative
of the SP profile is obtained. The gradient SP signal recorded by
the offshore measurement system is numerically integrated to give
a "total-field" SP profile equivalent to that measured on land.

Much interpretation of SP data is performed qualitatively by
examining profiles of field data for anomalies and by comparing
profiles collected at different times. Geometric modeling
techniques are also used to estimate the depth and lateral extent
of the source of the SP signals. Analytical modeling techniques
may also be used to estimate flow rates, but these methods are
complex and require values of material resistivities, hydraulic
conductivities, and cross-coupling coefficients.

(c) Electromagnetic (EM) Methods.—EM methods provide a
means of measuring the electrical resistivity of subsurface
materials without directly sending an electric current into the
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ground. A (primary) magnetic field is either actively induced or
passively existing in the subsurface, causing an electric current to
flow. This subsurface electric current induces a secondary
magnetic field that is measured at or above the ground surface.
Variations in the secondary magnetic field are analyzed to
determine the variation of electrical resistivity in the subsurface.
EM methods are applied to the same types of targets as resistivity
methods (section 4-2(b)(1)). Some advantages of EM methods over
resistivity methods are discussed below.

Many types of electromagnetic methods exist. The most common
EM techniques for ground-water applications can be grouped into
three broad categories: slingram techniques, the time-domain
electromagnetic method, and passive electromagnetic methods.
Geophysical investigation using EM methods is a complicated and
evolving discipline, and the summaries given here are not meant to
be comprehensive overviews of all EM techniques. More detailed
discussions of electromagnetic methods can be found in the
references cited in section 4-1.

(1) Slingram Technigques.—The conventional slingram
technique, also known as the horizontal loop electromagnetic
(HLEM) method, consists of prospecting with two electrical coils.
Electric current flowing in one coil (the transmitter coil) induces
the primary magnetic field in the subsurface. The vertical or
horizontal component (depending on loop orientation) of the total
magnetic field (the primary field and the secondary field induced
by subsurface electric currents) is measured by the second coil (the
receiver coil) and recorded. The two coils are normally carried
above the ground surface at a fixed separation and orientation and
data profiles are constructed. Contour maps may be made if
several closely spaced profiles are acquired. Specialized types of
slingram systems, known as ground conductivity meters, have been
designed to record bulk ground electrical conductivity (the inverse
of electrical resistivity). These newer instruments are an order of
magnitude more sensitive than conventional slingram systems but
have a shallower exploration depth. The resulting magnetic field,
conductivity profiles, or contour maps constructed from slingram
surveys are analyzed for anomalies that may be related to
subsurface features of interest. These methods are particularly
useful for locating steeply dipping faults or fracture zones,
measuring bulk ground conductivity (for mapping the extent of
electrically conductive contaminants or for salinity studies), and
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locating buried metal (such as contaminant drums). These EM
techniques give better lateral resolution than electrical resistivity
profiling methods.

(2) Time-domain [Transient] Electromagnetic (TDEM)
Method.— This method is most often used to investigate variations
of ground resistivity with depth. The survey configuration used for
these types of investigations is known as the central loop sounding
mode. A square transmitting loop is laid on the ground surface,
and a smaller receiver coil is placed in the center of the
transmitting loop. A magnetic field is induced in the subsurface by
an electric current in the transmitting loop. The transmitter is
then turned off and electrical eddy currents are instantly
generated in the subsurface, near the transmitting loop, to try to
maintain the total magnetic field at the value that existed just
before the transmitter was turned off. The eddy currents induce a
secondary magnetic field that is recorded by the receiving coil. The
eddy currents diffuse to greater depths with time and, as a result,
the secondary magnetic field decays. The manner in which the
secondary magnetic field decays is related to the variation of
material resistivity with depth. The variation of the secondary
magnetic field with time is modeled to obtain a one-dimensional,
layered resistivity-depth model. The result is similar to that
obtained from a VES. However, lateral resolution is better with
the TDEM method than with VES. Data acquisition is faster with
the TDEM method than with VES, but the TDEM field equipment
is more complicated and expensive than the VES equipment.
Applications of the TDEM method include: delineating aquifers
and aquicludes, mapping salt-water intrusions into fresh-water
aquifers, and determining depths to the water table and bedrock.

(3) Passive Electromagnetic Methods.—In these types of
methods, the primary magnetic field is not actively induced but
rather constantly exists in the subsurface. Passive electromagnetic
techniques include the audio frequency magnetic field (AFMAG)
and very low frequency (VLF) methods. In the AFMAG method,
the main sources of the primary magnetic field are lightning
strikes from worldwide thunderstorms. VLF methods employ the
electromagnetic energy from distant radio transmitters. These
methods are not as widely used in ground-water studies as other
EM techniques, but can be used to map overburden thickness,
locate steeply dipping fracture zones, and map concealed
boundaries between geologic units having different resistivities.
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(d) Magnetic Method.—In a magnetic survey, the strength of the
Earth’s magnetic field is measured either by a ground or airborne
survey. Data may be collected along a few lines for constructing
profiles or along numerous closely spaced survey lines for
constructing a contour map. Analysis of the profiles or contour
map indicates qualitatively the relative depths to bedrock and the
presence of structural features such as dikes, sills, or faults. The
advantage of the magnetic method is that it can be performed
quickly and relatively inexpensively. The magnetic method is good
for broadly outlining a ground-water basin. Also, magnetic surveys
are often performed to help interpret the results of electrical
surveys because buried metal, which affects the results of electrical
surveys, can be detected with a magnetic survey.

(e) Gravity Method.—The strength of the Earth’s gravitational
field is measured in a gravity survey. As for magnetic surveys,
gravity data may be collected along a few lines for constructing
profiles or along numerous closely spaced survey lines for
constructing a contour map. Accurate surveying information is
required for gravity work because gravity readings are affected by
latitude and elevation, and therefore the observed gravity values
must be corrected for variations in these parameters. Gravity
readings must also be corrected for time variations caused by
Earth tides and instrument drift. Sometimes, corrections for
topographical effects and regional gravity variations are also
applied. After the above corrections have been applied to the
gravity measurements, the reduced gravity profiles or contour map
are analyzed. The remaining gravity anomalies are caused by
variations in the density of subsurface materials.

Inspection of the reduced gravity data may indicate qualitative
information about the configuration of bedrock and the presence of
other features such as faults or intrusive bodies. Modeling may be
done to construct a subsurface density model that is consistent
with the reduced gravity data. Because different density models
may yield similar gravity profiles, other geologic or geophysical
information may be needed to construct an accurate density model.

4-3. Borehole Geophysical Methods.—Numerous types of
borehole geophysical methods exist. However, most borehole
methods used for ground-water applications are logging methods.
Geophysical borehole logging consists of measurement of various
physical properties of geologic materials surrounding a borehole. A
geophysical log is obtained by making measurements with an
instrument lowered into a borehole and recording the data with a
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device located on the ground surface. Interpretation of geophysical
logs may furnish qualitative information and someztimes
quantitative information about the characteristics of subsurface
materials.

(a) Seismic Methods.—Two seismic borehole methods are
commonly used in ground-water studies: sonic logging and
borehole imaging. Both methods involve emitting acoustic energy
from a transmitter on a logging tool and recording the refracted or
reflected energy on one or more receivers located on the same tool.
In the sonic logging method, seismic waves refracted along the
borehole-formation interface are analyzed and seismic travel times
through the geologic formations are computed. In the borehole
imaging method, seismic energy reflected from the borehole-
formation interface is used to produce an image of the borehole
wall. A third borehole seismic method that is used less frequently
than the former techniques is crosshole seismic tomography. In
this method, seismic energy is transmitted from one borehole to
another, and an image of the intervening geologic materials is
constructed from the transmitted energy.

(1) Sonic Logging —Modern sonic logging tools have at least
one transmitter and two or more receivers. Part of the seismic
energy emitted by the transmitter is refracted alcng the borehole-
formation interface. The difference in travel time (transit time) of
the refracted seismic wave between the receivers is measured and
recorded. Often, the seismic waveforms are also recorded for
further analysis. The transmitter is repeatedly fired as the sonic
tool is raised in the borehole and transit times (and seismic
waveforms) are recorded. In this way, a curve of seismic transit
time as a function of depth in the borehole is obtained. From the
seismic transit times and recorded waveforms, geologic contacts
and fracture zones can be identified, lithologies can be inferred,
and formation porosities can be estimated.

(2) Borehole Imaging.—Borehole imaging tools (often referred
to by the popular trade name "televiewer") contain a transducer
that acts as both the transmitter and receiver, a direction sensor,
and a motor. The motor rapidly rotates the transducer and
direction sensor about the vertical axis, and at the same time, the
transducer emits ultrasonic acoustic energy. The energy is
reflected from the borehole wall and the reflected energy is
converted to electrical impulses by the transducer and transmitted
to the recording device at the surface. Continuous, 360-degree
images of the borehole wall are constructed from the reflected
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energy. The image intensity is proportional to the amplitude of the
reflected acoustic energy, which in turn, is related to the physical
condition of the borehole wall. Borehole imaging is particularly
useful for detecting open fractures and cavities, which produce low-
amplitude reflections. The location, orientation, aperture, and
filling of such features can be determined with this technique.

(3) Crosshole Seismic Tomography.—Crosshole seismic
tomography involves creating an image of geologic materials
between two boreholes by sending seismic energy from one
borehole to the other. A transmitter is lowered into one borehole
and the transmitted seismic energy is recorded by several receivers
located in the second borehole. The positions of the transmitter
and receivers are varied so that the seismic energy is transmitted
between the two boreholes over a large depth range and at many
different angles. The arrival times of the transmitted seismic
energy are used to construct an image of seismic velocity of the
geologic materials between the two boreholes. In addition, the
amplitudes of the transmitted signals may be used to construct an
image of the apparent attenuation of the geologic materials.
Attenuation is a measure of the amount of energy loss of the
seismic signal and is related to such factors as material type,
degree of compaction or cementation, porosity, saturation, and
fracturing. Crosshole seismic tomography may be used to image
solution cavities, fracture zones, and geologic contacts.

(b) Electrical Logging Methods.—Electrical logging methods
involve measuring natural potentials existing in the subsurface or
measuring the electrical resistance of subsurface materials to an
electric current emitted or induced by the logging system.
Electrical borehole logs provide information about lithology, clay
content, porosity, saturation, and pore-fluid salinity of subsurface
materials. In addition, correlation of electrical logs from different
boreholes can provide information about the continuity of geologic
layers. Several types of electrical logs are used for site
investigations. Rarely is only one type of electrical borehole log
acquired; rather, a few types of electrical logs are usually collected
and interpreted jointly. The most common electrical logging
methods can be classified into the three categories given below.

(1) Self-Potential Logging.—SP logging consists of measuring
naturally occurring electric potentials (voltages) between an
electrode at the ground surface and an electrode in a borehole.
The borehole electrode is continuously moved and SP
measurements are repeatedly made to construct an SP log.
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Variations on the SP log indicate changes in electric potential
between the borehole fluid and the fluids in the subsurface geologic
layers. Readings opposite shales are relatively constant and form
the baseline. The SP curve deflects to the left or right opposite
permeable layers depending on the relative salinities of the drilling
mud and the fluids in the surrounding geologic materials. The
relationship of SP measurements to geologic material type and
pore fluid type is shown on the following graph.

(2) Resistivity Logging.—In conventional resistivity logging, an
electric current is forced to flow between two electrodes, and the
resulting electric potential (voltage) is measured between two other
electrodes. Resistivities of subsurface materials can be computed
from the voltage measurements. Several variations of conventional
resistivity logging are used. These resistivity logging variations
differ in the arrangement and spacing of the current and
measurement electrodes. In addition, less conventional logging
tools are sometimes used that contain more than four electrodes.
The effects of the variations in the number and arrangement of
electrodes include differences in the depth of penetration into the
materials surrounding the borehole and different degrees of
vertical resolution. An idealized resistivity log is shown on
figure 4-1.

(3) Induction Logging.—The borehole induction tool uses
electric coils to create magnetic fields that in turn induce electric
currents in the materials surrounding the borehole. These induced
ground currents create magnetic fields that induce voltages in
receiver coils. The intensity of the ground currents, and therefore
the voltages induced in the receiver coils, is proportional to the
conductivity (reciprocal of resistivity) of the geologic materials.
Hence, this tool measures resistivities of subsurface materials,
similar to resistivity logging tools. However, the induction logging
tool can be used in dry boreholes, in boreholes containing
nonconducting fluids, and in polyvinyl chloride-cased boreholes,
whereas resistivity tools cannot.

(¢c) Nuclear Radiation Logging Methods.—Nuclear radiation
logging consists of measuring radiation emitted by geologic
materials near a borehole. Depending on the specific type of log
acquired, the radiation is either naturally occurring or is induced
by a radioactive source in the logging tool. Radiation logging
methods are used to determine bulk density, clay content, porosity,
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Figure 4-1.—Idealized SP curve and resistivity curve showing electric-log
responses corresponding to alternating sand and clay strata; sands are
saturated with fresh water, brackish water, and salt water. Note relative
deflections of SP curve opposite freshwater and saltwater sands. In
general, the resistivity and SP curves move in opposite directions if the
drilling fluid is less saline, or fresher, than water in the formation. This is
not the case for the upper sand layer, where the water in the formation
has less total dissolved solids, and therefore, is less active chemically than
the drilling fluid (Driscoll, 1986).

and water content of subsurface materials. These methods can
also aid in determination of lithology and continuity of geologic
lavers between boreholes.
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(1) Natural Gamma Logging.—This logging method measures
natural gamma radiation emitted by radioactive elements in
geologic materials surrounding the borehole. Natural gamma logs
generally reflect the presence of shale and clay because the
radioactive elements tend to concentrate in clay minerals.

(2) Gamma-Gamma Density Logging.—The gamma-gamma
density logging tool contains a radioactive source that bombards
the materials surrounding the borehole with gamma radiation.
Electrons in the atoms of the surrounding geologic materials
scatter the gamma rays so that some of them do not reach the
detector in the logging tool. The amount of scattering is
proportional to the electron density, and therefore the bulk density,
of the surrounding geologic materials. Hence, the greater the bulk
density of the geologic materials, the lower the gamma ray count
at the detector. The gamma-gamma density log is primarily used
to determine the bulk density of subsurface materials. If grain
density and pore fluid density are known, the porosity can be
calculated.

(3) Neutron Logging.—The neutron logging tool contains a
radioactive source that emits high-energy neutron radiation. When
the neutrons collide with hydrogen atoms, the neutrons lose
energy. These low-energy neutrons are captured by nuclei of
certain elements. When this happens, gamma rays are emitted.
The detector on the neutron logging tool either measures the low-
energy neutrons or the gamma rays. In either case, the
measurements are related to the amount of hydrogen in the
geologic materials. In water-bearing rocks, the amount of
hydrogen is a direct measure of the water content. If the rocks are
saturated, the porosity can also be calculated.

(d) Other Logging Methods.

(1) Temperature Logging.—In temperature logging,
temperatures are measured with a thermal resistor as the logging
tool is raised or lowered in a borehole. The measured temperature
is that of the borehole fluid, which may or may not be
representative of the temperature in the surrounding materials.

Nevertheless, temperature logging is useful for identifying the
movement of water into and out of aquifers, locating recharge
water or waste discharge, and identifying fracture zones.
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(2) Flowmeters.—Flowmeters can be used to measure rates of
fluid flow in a borehole. Measurements can be made under natural
(static) conditions or during periods of induced flow (pumping or
injection). This technique can be used to determine relative fluid
flow into or out of different aquifers. Flowmeters may also provide
some information on the location of fracture zones.

(3) Caliper Logs.—Caliper logs show the variation in the
diameter of uncased drill holes. The logs are made by running a
self-actuated caliper through the hole. A recorder at the surface
shows the relationship between the diameter of the hole and the
hole depth. Such logs are useful in interpreting electric logs in
which the apparent resistivity is influenced by hole diameter
variations, and in estimating the volume of cement required for
grouting in a casing or the volume of gravel which may be required
for a pack. They also may show the nature of the subsurface
materials because a drill hole is usually washed out to a larger
diameter when poorly consolidated and noncohesive materials are
penetrated by the hole. The caliper log is sometimes useful in well
rehabilitation work because it will show where uncased holes have
raveled or caved and where casing in cased holes has been
damaged or otherwise undergone deterioration.
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<« Chapter V

DEFINITIONS AND THEORY OF SATURATED
GROUND-WATER FLOW AND FACTORS AFFECTING
GROUND-WATER FLOW

5-1. Structural Geology and Stratigraphy.—Geologic factors
such as stratigraphy, structure, and lithology constitute the
skeleton or framework which controls the occurrence and
movement of water and must be considered in the analysis and
solution of ground-water problems. A proper understanding of the
depositional environment and subsequent geologic activity also
enhances the ground-water setting characterization. A clear
understanding of the geomorphology that went into forming the
deposits can provide advance knowledge before any other
investigations take place and substantial savings in time and
money.

Flow through various geologic features may be quite different
under unsaturated conditions than under saturated conditions.
This chapter deals only with saturated conditions.

5-2. Darcy’s Law.—The foundation of ground-water hydraulics
is Darcy’s law (Muskat, 1946; Theis, 1935), which states that the
flow rate through a porous medium is proportional to the head loss
and inversely proportional to the length of the flow path (see
figure 5-1). The law is applicable where flow is laminar, without
turbulence. Formulas expressing the law are given in a number of
forms, the most common of which are presented below and are
derivations of @ = AV:

V =Ki 5-1

Q = KiA 5-2

5-3
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where:

D>~ X<

>

;and A,

~

GROUND-WATER MANUAL

L3
k-9 .t _L 5-4
iA L2 t

velocity, L/t

permeability or hydraulic conductivity of the porous
medium, L/¢

hydraulic gradient k&, - h,/L, dimensionless

area normal to the direction of flow, L?

rate of flow L’/¢

the water level or potential at two points on a line
parallel to the direction of flow

length of flow path between %, and i,

time
L Darcy's determination of
I l rate of flow through
T a porous medium:
h Q=KA%

,'I""._"".' '.._..‘ \

Where Q= Volume of flow per unit ﬁme.-';
K ~ Permeability or hydraulic
conductivity of a porous
medium, £
h =Head loss in distance L
L =Length of flow path L
A =Cross sectional area of o porous
medium normal to flow, (2
Figure 5-1.—Illustration of Darcy’s law.
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5-3. Hydraulic Conductivity.—Rearrangement of Darcy’s
equation leads to K = V/i = @/iA, where K is a proportionality
constant commonly known as the hydraulic conductivity (Lohman
et al., 1972) and has the dimensions L?/¢/L? which reduces to L/¢
or velocity.

Numerous expressions, some based on /¢, others on L/¢, and
with a variety of consistent and inconsistent units and i values,
have been used for expressing K. In Bureau of Reclamation
practice, K is usually expressed for water as L/¢ under a unit
gradient. In laboratory work, L is usually expressed in centimeters
and ¢ in seconds; however, in field determinations from pumping
tests, L/t is usually expressed in meters/day, ft*/ft¥day, or
gal/ft¥/day. Factors for conversions between the most commonly
used units are given in table 5-1.

The value of K varies for different fluids depending upon their
density and viscosity as follows:
K = k_Y
1

where 7 is the specific weight and p is the viscosity of the fluid. In
this formula, & is the intrinsic permeability of the medium, i.e.:

V:[{,‘:ﬂ 5-6
V)

The terms "coefficient of permeability" or "permeability" are
sometimes used as synonyms for hydraulic conductivity. However,
to avoid confusion with intrinsic permeability, the term hydraulic
conductivity is preferred.

In ground-water engineering, this refinement is seldom required.
In laboratory determinations of K using water, the results are
usually expressed as the value obtained at a water temperature of
16 or 20 °C (60 or 68 °F). Laboratory results neglecting the slight
change in weight with temperatures can be compared to field
determinations with the expression:

K = EKF 5-7

L VL



Table 5-1.—Conversion factors for various units of hydraulic conductivity

[ e
ONNOCHEEORNONNOANONNO, L © O,
|
| Darcy
| cm?/s-cm*®
ftY/ft%/yr ft*/ft%/day ftY/fRt*/hr ft*/ft*/min ft*/ft/sec in%in%/day in%in%hr gal/ft’/day , | m*m%day cm®/cm?hr (atm/cm)
1
1 2.74x10° 1.141x10* 1.903x10° - | 3.171x10® 3.287x10* 1.37x10° 2.049x10 || 8.35x10* 3.479x10° 1.133x10°
365 1 4.167x10% | 6.945x10* 1.157x10° 12 5.0x10"! 7.4805 || 3.05x10" 1.270 4.115x10"
8,760 24 1 1.667x10? 2.778x10* 288 12 179.5 || 732 30.48 9.872
525,600 1,440 60 1 1.667x10" 17,280 720.0 10,772 438.9 1,829 591.7
31,536,000 86,400 3,600 60 1 1,036,800 43,200 646,315 I 26,335 109,723 35,549
30.42 8.333x10? 3.472x10° | 5.787x10° 9.645x107 1 4.166x10? 6.234x10" || 254x10? 1.058x10" 3.435x10
730 2.0 8.334x10? 1.389x10° 2.315x10° 24 1 14.96 || 6.1x10" 2.540 8.217x10"
. 4878 1.337x10" 5.569x10° | 9.282x10° 1.547x10° 1.604 6.682x102% 1. 1 _ o —J | 4.07x10" 1.697x10" 5.494x102
1,198 3.28 1.368x10°! 2.27x10° 3.78x10° 39.38 1.64 24.54 1 4.167 1.35
287.4 7.874x10" 3.281x10% | 5.469x10™* 9.114x10° 9.449 3.939x10"! 5.890 0.24 1 3.246x10"
886.96 2.43 10.13x10* 16.88x10" 28.13x10° 29.20 1.217 18.2 7.41x10" 3.08 1

All factors computed for 68 °F with viscosity of 1.0050 centipoises.

Examples:

(1) The permeability of a soil has been determined to be 15 gal/t/day. What is this in in%n*hr? Find value of ! in column 8 and move horizontally to value for in*in%hr in column 7. Multiply value
in column 7 (0.0668) by 15 = 1.002 in*/ft¥hr.

(2) The permeability of a soil has been determined to be 4,000 ftYftYyr. What is this in gal/ft¥/day? Find value of 1 in column 1 and move horizontally to value for galft’/day in column 8. Multiply
value in column 8 (0.02049) by 4,000 = 82.0 gal/ft’/day.

oet
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where K, is the standard or laboratory determination, Kj is the
field determination, V is the kinematic viscosity of water at field
temperature, and V, is the kinematic viscosity at laboratory
temperature. Because ground-water temperatures at depths to

60 meters (200 feet) from the surface seldom vary more than about
1 °C (2 °F) from the average annual temperature of the area in
which they occur, the above conversion for K is seldom necessary
because the determined values will be used in the area where the
test was made. Table 5-2 gives the variation of properties of pure
water with temperature.

Laboratory determinations of hydraulic conductivity are only
representative of a specific sample of aquifer material, whereas
field determinations by pumping tests are usually an average
value representing an integration of all the permeability variations
in all directions and from place to place in an aquifer. For this
reason, laboratory determinations, even if made using undisturbed
samples, are not as representative as those found in actual field
aquifer tests and may be misleading.

5-4. Transmissivity.—Because the term hydraulic conductivity
fails to describe adequately the flow characteristics of an aquifer,
Theis (1935) introduced the term transmissivity (Meinzer, 1949),
T = KM, which is equal to the average permeability times the
saturated thickness of the aquifer, to clarify this deficiency
(figure 5-2). Transmissivity has dimensions of L*/¢t/L or L?/¢
because it represents flow through a vertical strip of aquifer one
unit wide. Where K may be considered as the hydraulic
conductivity of a unit cross-sectional area of the aquifer, 7' may be
considered as the hydraulic conductivity of a unit width of the full
thickness of the aquifer.

5-5. Storativity.—The terms specific yield, effective porosity,
coefficient of storage, and storativity (Meinzer, 1949) have often
been used interchangeably to express the storage capacity of an
aquifer. However, some authors have limited the use of specific
yield to unconfined aquifers and coefficient of storage to confined
aquifers. Because the influence is essentially the same in either
case and S is the commonly used symbol to express the value
regardless of the nature of the aquifer, the term storativity will be
used herein to designate both concepts.



Table 5-2.—Variation of properties of pure water with temperature

Density at Dynamic viscosity, Kinematic viscosity, Surface tension
Temp. Temp. 1 atmosphere, in centipoises *(10? dyne- in centistokes against air, ‘(dyne Vapor pressure,
) (°F) '(gm-cm™) sec cm?) (102 ¢m?® sec™) cm’) *(mm Hg)

5 41.0 0.999965 15188 1.5189 74.92 6.543

6 42.8 0.999941 1.4726 1.4727 74.78 7.013

7 446 0.999902 1.4288 1.4289 7464 7.513

8 46.4 0.999849 1.3872 1.3874 74.50 8.045

9 48.2 0.999781 1.3476 1.3479 74.36 8.609
10 50.0 0.999700 1.3097 1.3101 74.22 9.209
11 51.8 0.999605 1.2735 1.2740 74.07 9.844
12 53.6 0.999498 1.2390 1.2396 73.93 10.518
13 55.4 0.999377 1.2061 1.2069 73.78 11.231
14 57.2 0.999244 1.1748 1.1757 73.64 11.987
15 59.0 0.999099 1.1447 1.1457 73.49 12.788
16 60.8 0.998943 1.1156 1.1168 73.34 13.634
17 62.6 0.998774 1.0875 1.0889 73.19 14.530
18 64.4 0.998595 1.0603 1.0618 73.05 15.477
19 66.2 0.998405 1.0340 1.0357 72.90 16.477
20 68.0 0.998203 1.0087 1.0105 72.75 17.535
21 69.8 0.997992 0.9843 0.9863 72.59 18.650
22 71.6 0.997770 0.9608 0.9629 72.44 19.827
23 73.4 0.997538 0.9380 0.9403 72.28 21.068
24 75.2 0.997296 0.9161 0.9186 72.13 22.377
25 77.0 0.997044 0.8949 0.8976 71.97 23.756
26 78.8 0.996783 0.8746 0.8774 71.82 25.209
27 80.6 0.996512 0.8551 0.8581 71.66 26.739
28 82.4 0.996232 0.8363 0.8395 71.50 28.349
29 84.2 0.995944 0.8181 0.8214 71.35 30.043
30 86.0 0.995646 0.8004 0.8039 71.18 31.824
31 87.8 0.995340 0.7834 0.7871 71.02 33.695
32 89.6 0.995025 0.7670 0.7708 70.86 35.663
22 8.4 0.554702 G.7511 0.7331 70.70 37,029
34 93.2 0.994371 0.7357 0.7399 #70.53 39.898
35 95.0 0.99403 0.7208 0.7251 70.38 42175
36 96.8 0.99368 0.7064 0.7109 £70.21 44.563
37 98.6 0.99333 0.6925 0.6971 70.05 47.067
38 100.4 0.99296 0.6791 0.6839 69.88 49.692

! Handbook of Chemistry and Physics, 4th edition, 1965-66: Cleveland, Chemical Rubber Publishing Company, table F-4, computed from the relative values.
? International critical tables of numerical data, physics, chemistry, and technology: National Academy of Sciences, vol. 5, p. 10.

® Dynamic viscosity divided by density.

* International critical tables of numerical data, physics, chemistry, and technology: National Academy of Sciences, vol. 4, p. 447.

° Handbook of Chemistry and Physics, 46th edition, 1965-66: Cleveland, Chemical Rubber Publishing Company, table D-94.

¢ Interpolated.
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Fiezometers |—unit
of length apart

Unit hydraulic grc}dien’r.(
I-unif of length dropin

t-unit of length of flow =
distance. —, -

Upening B, -unit
of length wide
and aquifer

Opening A, l-unit of length square height M.

L= | Unit of length, t=Unit time,
h = Potential difference =L
, .
A= |2, 0-—%—; I =%= |, Non —dimensional. v=velocity T
Q-Km-%-mc
x

S N A
K=& i=+
M-Thicklr}ess of aquifer = Multiples of L.

—

kM- L
T=KM=f - %

(After U.S. Geological Survey)

Figure 5-2.—Illustration of hydraulic conductivity and transmissivity.
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Storativity is defined as the volume of water released from or
taken into storage per unit surface area of the aquifer per unit
change in the component of hydraulic head normal to that surface.
In a vertical column with a horizontal cross section of one square
unit extending through an aquifer (figure 5-3), the storativity
equals the volume of water released from or gained by the aquifer
when the piezometric surface or water table declines or rises one
unit. Storativity is expressed as the ratio:

Sz_‘,_/ 5'8
| 4

where V’ equals the volume of water released and V is the volume
of material drained in an unconfined aquifer or the volume defined
by the change in piezometric head for an artesian aquifer.

Because V'/V = L?/L* S is dimensionless.

S must be considered in equations for unsteady (transient) flow.

Release of water from the aquifer in response to a change in head
generally is assumed to be instantaneous. In many cases, however,
initial release is relatively rapid but decreases in rate with time.
In other cases, because of the fine-grained nature of the aquifer,
drainage may be so slow that the response to change in head is
similar to that of a leaky aquifer for a fairly prolonged period of
time (section 5-17).

In an unconfined aquifer, S is a function of the size and number
of interconnected voids and represents the actual volume of water
drained from the aquifer by lowering of the water table. The S
value ranges from as low as 1 percent to over 40 percent, but is
usually in the range of 10 to 30 percent. The less uniform, finer
grained, and more dense a material is, the smaller the S value.

In a confined aquifer, where the cone of depression is not drawn
below the bottom of the upper confining layer, no actual aquifer
drainage occurs. Water released is caused by: (1) the small
expansion of the water resulting from the reduction in pressure
and (2) water being forced out of the aquifer by compaction of the
aquifer skeleton because of this reduction in pressure. The value
of S in an artesian aquifer may be independent of void content of
the aquifer material and ranges from 1/1,000 of 1 percent to 1/10 of
1 percent (0.00001 to 0.001).



DEFINITIONS AND THEORY OF SATURATED GROUND-WATER FLOW
AND FACTORS AFFECTING GROUND-WATER FLOW 135

/- Unit cross-sectional area

i1 Material===

oonooesUnit cross-sectional area

== Water table

Unit decline of 2hISi i :

_ 1%
water table:—— = Aguifer prism of
LT .- height M
ﬂ_quifEr

B. UNCONFINED AQUIFER
!
Storativity, S= %.is non—dimensional

L =Unit length, V=The volume involved in o unit drop or
increase in piezometric surface or water —table
elevation within a prism of I-unit? cross section(L3).
V'=The volume of water released by a change in
piezometric surface or drained or recharged bya
change in water-table elevation within the prism(L3).

(After U.S. Geological Survey)

Figure 5-3.—Illustration of storativity,



136 GROUND-WATER MANUAL

5-6. Specific Retention.—If a unit volume of dry porous
material is saturated and then permitted to drain by gravity, the
volume of water released is less than that required for saturation
(Meinzer, 1949). The volume of water retained in the material is
held by capillary action and molecular forces against the pull of
gravity. The ratio of the volume of the retained water to the
volume of the material is the specific retention, a dimensionless
value expressed as a percentage. The value of specific retention
ranges from less than 1 percent to nearly 100 percent. It increases
with a decrease in grain size and pore size of the material.

The specific retention may be expressed as follows:

s

R = Vur 100 5-9
%

where:

R, = specific retention

V., = volume of water retained, L’
V = volume of material, L*

5-7. Porosity.—Porosity (Meinzer, 1949) is a dimensionless
value that expresses the ratio of the volume of pores to the total
volume of a porous material and is usually expressed as a
percentage:

P= 5100 5-10
V
where:
P = porosity
V, = volume of pore space, L’
V = volume of material, L*

Porosity ranges from less than 1 percent to as much as
80 percent in some recently deposited clays, but in most granular
materials it falls between about 5 and 40 percent. In unconfined
aquifers, the porosity is equal to the specific retention plus the
storativity (specific yield). Porosity must be considered in recharge
and storage analyses because the volume of water recharged into a
dry aquifer will be greater than the recoverable volume. Some
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rocks may have considerable porosity represented by vugs or holes
which are not interconnected. From the standpoint of ground-
water flow, such rocks have zero effective porosity.

Primary porosity is attributable to the soil or rock matrix and
secondary porosity is attributable to such phenomena as secondary
solution or structurally controlled regional fracturing (Freeze and
Cherry, 1979).

5-8. Velocity.—The discharge velocity of a porous medium
(Meinzer, 1949), V, is defined as the volume of water that flows per
unit time across a unit cross-sectional area normal to the direction
of flow. However, in an ideal porous medium, only the void space,
which is equal to the porosity, is available for flow. Hence, the
actual average interstitial or seepage velocity, V, is the discharge
velocity divided by the porosity, or V/p, and is expressed as simple
velocity, L/t. Analogously, the velocity under a unit gradient is
equal to the hydraulic conductivity divided by the porosity, or
K/p. Another concept takes into account that water in pore spaces
small enough to hold water against the force of gravity; that is, the
specific retention, is probably stagnant and that flow occurs only
through the area represented by the specific yield, or:

In this case, V, will be somewhat higher than when the entire pore
volume is considered. However, this concept should not be used to
estimate the precise rate, distance, or time required for a given
molecule of water to move from one place to another.

A direct method to determine a bulk ground-water velocity over a
significant flow path distance is to introduce a tracer at one point
in the flow field and observe its arrival at other points (Freeze and
Cherry, 1979).

5-9. Hydraulic Diffusivity.—The ratio of transmissivity to
storativity in transient flow conditions can be expressed in the
formula:
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where o is hydraulic diffusivity and has the dimernsions L?/t. In
an ideal aquifer, the time of response at a distant location to an
imposed stress, such as a discharging well, is inversely
proportional to the diffusivity (Glover, 1960).

Transmissivity (or hydraulic conductivity times aquifer
thickness) is the overriding factor in well yield in terms of yield
versus drawdown or specific capacity. Under transient conditions,
storativity is also a controlling factor.

Figures 5-4 and 5-5 give generalized conversion scales for units
of transmissivity and hydraulic conductivity and illustrate general
relationships involving potential well yield and potential and
hydraulic conductivity of common aquifer materials.

5-10. Steady One-Directional Flow.—Steady flow of water in
a confined aquifer of uniform thickness behaves in accordance with
Darcy’s law (i.e., the head decreases linearly in the direction of
flow) (Weeks, 1964). For steady-state flow to occur, the magnitude
and direction of the flow velocity are constant with time at any
point in the flow field. However, in an unconfined aquifer, the
water table is also a flow line. The shape of the water table
determines the flow distribution, but conversely, the flow
distribution determines the shape of the water table. Accordingly,
a general analytical solution of the flow is therefore not possible.

In an attempt to simplify analysis of undirectional flow Dupuit
(Muskat, 1946) made the following assumptions: (1) the velocity of
flow is proportional to the tangent of the hydraulic gradient rather
than the sine as determined by Darcy; and (2) the flow is
horizontal and uniform everywhere in a vertical section. Dupuit
derived the following equation:

_ K(hy -h) 5-13

Q 2L

where:

Q@ = flow of water per unit time, L?/t, per unit width normal to
the direction of flow

h, = saturated thickness of the aquifer at one point in the line of
flow
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Figure 5-4.—Comparison of transmissivity, specific capacity, and well potential.
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Figure 5-5.—Comparison of hydraulic conductivity and representative aquifer materials.
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h, = saturated thickness of the aquifer at a second point in the
line of flow from A,

L = distance between the points parallel to the direction of flow,
L

However, because of the assumptions of horizontal flow (no
vertical component), the computed (Dupuit) water table deviates
more and more from the actual water table in the direction of flow.
Nevertheless, despite the simplifying assumptions, the equation
closely approximates the water-table position where the sine and
tangent of the slope of the water table are approximately equal.
The equation is applicable under such conditions to determine @
and K but should be used with caution near a point or zone of
discharge where the drawdown curve may be accentuated
(Forcheimer, 1930).

5-11. Steady Radial Flow.—Early in this century, Theim
(Muskat, 1946) and Forchheimer (1930) independently derived
equations for steady radial flow (Todd, 1980) to a fully penetrating
well with 100-percent penetration and open hole, using Darcy’s law
and Dupuit’s assumptions. The equations, known today as the
steady state, Theim, Dupuit-Forchheimer, or Theim-Forchheimer
equations, can be used to determine the coefficient of permeability
of an aquifer from measurements made during a pumping test
using a fully penetrating well with 100-percent open hole and two
or more observation wells. The equation for a confined aquifer is:

Qin [ﬁ]
_\n)

" 2nM(s,-s,)

and for an unconfined aquifer:
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where:

K = hydraulic conductivity, L/¢

Q = discharge of the well, L/t

r,and r, = horizontal distances from the center of the dis-
charging well to the centers of observation wells
located on a line passing through the center of the
discharging well; distance increases with the value
of the subscript, L

M = thickness of the aquifer, L

s;and s, = drawdown in observation wells r; and r,,
respectively, L

h, and h, = saturated thickness of the aquifer at r, and r,,
respectively, L

L = natural log = common log 2.303

The steady-state equation for an unconfined aquifer ignores
vertical components of flow and curvature of the equipotential lines
but recognizes decrease in aquifer thickness in the direction of the
well. An additional assumption is that the well has infinitesimal
diameter compared to a fixed radius of influence. Despite the
simplifying assumptions, the equations give relatively reliable
determinations of @ and K or T from measurements made of
pumping tests of adequate duration with fully penetrating wells in
confined aquifers and in unconfined aquifers where the drawdowns
in observation wells do not exceed 0.25 M. Piezometers should be
used in confined aquifers instead of observation wells to ensure
reliable drawdown data. The steady-state equations do not take
into consideration time and the release of water from storage. All
water is assumed to originate beyond the radius of influence.

5-12. Transient One-Directional Flow.—Mocody and Ribbens
(1965) modified and applied equations derived by Glover (1960) for
unsteady one-directional flow using much the same basic principles
that are involved in the equation for unsteady radial flow
(section 5-13). The assumptions on which the equations are based
are as follows:

The aquifer is homogeneous and isotropic.

Hydraulic conductivity, K, and storativity, S, are constant
with time.

+ The aquifer is of infinite horizontal extent.
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The aquifer is confined or, if unconfined, the saturated
thickness is large compared to the drawdown.

Water is withdrawn at a constant rate from a fully
penetrating vertical plane sink which is oriented parallel to
the source of water. The drawdown is constant at a given
time for all points along the sink.

The equation for transient one-directional flow is as follows:

2 2
s = Q! 4Ktexp _r_S_Ll_e’f r_S] 5-16
2K|\ ©MS 4Tt M 4Tt
where:
s = drawdown at any point a distance r from the vertical
plane sink on a line normal to the sink, L
Q = the rate of withdrawal of water per linear foot from the
sink, L?/¢

K = hydraulic conductivity of the aquifer, L/t

t time since pumping or discharge per linear foot from the
sink began, ¢

saturated thickness of the aquifer, L

storativity (dimensionless)

distance from the plane sink on a line normal to it, L

= transmissivity of the aquifer, L?/¢

exp = the exponential function (exp(x) = e*)

erf = the error or probability function

N R

Tables of the exponential function ¢* are found in Applied
Mathematics Series 14 and the error or probability function is
found in Applied Mathematics Series 41 of the National Bureau of
Standards.

Moody and Ribbens (1965) also give a function, equation 5-17,
with which to compute the additional drawdown caused by
convergence of parallel flow to a horizontal line sink (i.e., a drain
or ditch instead of a fully penetrating plane sink):
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=i ow ) e ()
2K\M = 2M M

In equation 5-17, M = the thickness of the aquifer and the other
symbols are as in equation 5-16. If two line sinks exist in the
neighborhood of each other, the drawdowns are additive.

5-13. Transient Radial Flow.—The limitations and errors in
the steady-state well equations resulting from the simplifying
assumptions made in their derivations were recognized by early
investigators. Theis (1935) perceived the analogy between the flow
of heat and flow of water and adapted the equation for the flow of
heat in a conducting solid to the flow of water to a well in a
confined aquifer. Jacob (1940) derived an identical equation from
purely hydraulic considerations. The Theis, or nonequilibrium
equation, which takes into consideration both time and storativity,
has the form:

s=_ @ f "€ du
4nT “u u
where:
s = the drawdown at any point r on the cone of depression, L
Q = uniform discharge of a well per unit time, L°/¢
T = KM, the transmissivity, by definition the hydraulic

conductivity times the thickness of the aquifer, L?/¢
r = the distance from the center of the discharging well to the
point of measurement of s, L
= the storativity or coefficient of storage (dimensionless)
the time since discharge of the well began, ¢

unit of the well function r?S/4Tt (dimensionless)

& W

The assumptions on which the nonequilibrium equation is based
are:

The aquifer is homogeneous, isotropic, of uniform thickness,
and of infinite areal extent.

The discharging well is of infinitesimal diameter,
completely penetrates, and is open to the aquifer.
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+ Discharge of water from storage is instantaneous with the
reduction in pressure caused by drawdown.

Flow to the well is radial and horizontal

The exponential integral of u is frequently expressed as W(u), the
well function of u, and the equation can then be rewritten as:

s = QW) 5-19
4T

The above assumptions are rarely all present in actual
conditions. Also, equation 5-19 is theoretically applicable only to
confined aquifers. However, the error in the analysis of unconfined
aquifers is minor provided the drawdown at the point of
observation does not exceed 25 percent of the aquifer thickness.
Use of the nonequilibrium equation permits analysis of aquifer
conditions and predictions of aquifer behavior that change with
time and involve storage. Rapid solution of the nonequilibrium
equation by computers makes possible many of the modern
modeling techniques used in ground-water analyses.

5-14. Anisotropy.—Most aquifers are anisotropic (i.e., flow
conditions vary with direction [Hantush, 1966; Weeks, 1964]). In
granular material, the particle shape and orientation, and the
process and sequence of deposition, usually result in vertical
permeability being less than horizontal permeability. The primary
cause of anisotropy on a small scale is the orientation of clay
minerals in sedimentary rocks and unconsolidated sediments. In
nongranular rocks, the size, shape, orientation, and spacing of
fractures and other voids may result in anisotropy. Regardless of
the nature of the anisotropy, the effects on yield and drawdown by
distortion of the distribution of flow are similar. Where anisotropy
is the result of difference in vertical and horizontal permeability,
the effect is to distort the distribution of drawdown in unconfined
aquifers. The distortion is related to the distance to the
observation well, the thickness of the aquifer, the ratio of the
horizontal and vertical permeabilities, and the degree of aquifer
penetration by the pumping well. Hantush (1966) and Weeks
(1964) derived theoretical methods of determining horizontal and
vertical permeability ratios and values from the analysis of pump
test data.
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Where anisotropy is the result of vertical being less than
horizontal permeability, and the ratio K, /K, is relatively small, the
flow distortion effect is small in flow to a well with a 100-percent
open hole in a confined aquifer or in an unconfined aquifer with
small drawdown. However, where the ratio of K,/ K, and the
vertical component of flow are large, such as in a partially
penetrating well in a confined aquifer or in an unconfined aquifer
with large drawdown, the decrease in yield or increase in
drawdown compared to the ideal aquifer may be significant (see
figure 5-6). The bottom of such a well may be considered to be the
bottom of the aquifer.

5-15. Boundaries.—The nonequilibrium (transient) equations
presented in this chapter are based on saturated flow through a
homogeneous and isotropic aquifer of infinite areal extent.
However, all aquifers have boundaries that modify flow conditions.

The confining beds of an artesian aquifer and the water table
and the lower confining bed of an unconfined aquifer represent a
type of boundary which limits transmissivity. However, as used
here, boundaries are usually those limiting the horizontal extent of
aquifers. These boundaries may be negative (impermeable), or
positive (recharge), or both.

An impermeable boundary exhibits a significant reduction in
transmissivity. Examples would be where the permeable alluvial
fill of a valley abuts the buried valley sides that consist of
impermeable granite, where a permeable sandstone is faulted
against an impermeable shale, or where large unfractured volcanic
boundaries have intruded an aquifer. An impermeable boundary
influences a discharging well by retarding or stopping the
expansion of the cone of depression, which results in increased
drawdown between the well and the boundary and subsequent
removal of water from storage in this area of increased drawdown.
In the discharging well, the rate of drawdown is increased, the
specific capacity is decreased, and the slope of the cone of
depression not only decreases in the direction of the boundary but
increases on the opposite side of the pumping well (see
section 9-11).

A recharge boundary exhibits a significant increase in
transmissivity (e.g., where a permeable material is in direct
connection with a surface body of water or where a permeable
material is faulted against a more permeable material). A
recharge boundary also influences a discharging well by retarding
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or stopping the expansion of the cone of depression. However, as
the boundary provides a source of recharge to replace the normal
flow from outside the boundary, the drawdown stzbilizes between
the well and the boundary, and removal of water from storage is
limited. In the discharging well the rate of drawdown is lessened,
the specific capacity is increased, and the slope of the cone of
depression is not only increased in the direction of the boundary
but is decreased on the opposite side of the pumping well (see
section 9-11).

Boundaries are of concern when predicting the influence and
probable yield and drawdown of wells. If an aquifer test is not run
long enough for the area of influence to intercept a boundary, a
substantial error may be made in estimating well performance.
Also, a well may draw as much as 90 percent of its discharge from
a stream that is hydraulically connected to the aquifer (see
section 9-16).

Boundary effects can sometimes be anticipated on the basis of
known geological conditions, or the conditions may be hidden and
revealed only by analyses of a pumping test. In some instances,
two or more boundaries may influence well performance to the
extent that reliable determinations of aquifer characteristics and
boundary locations are precluded. Methods of analyses of
boundary effects from pumping tests are discussed in sections 9-11
and 9-12.

5-16. Leaky Aquifers.—An aquifer that receives a significant
inflow from adjacent beds is called a leaky aquifer, although in
reality the aquitard is leaky (Freeze and Cherry, 1979). The
aquitard may be considered a type of boundary. When a well
discharges from such an aquifer, the reduction in head may
promote increased flow through confining beds to the aquifer or
reduction in flow from the aquifer. If in a leaky confining layer in
an aquifer system has enough storage, then part of the flow during
the initial time period will come from storage in the confining layer
(Fetter, 1980). When the area of influence has expanded
sufficiently so that the amount of increased seepage into or reduced
seepage out of the aquifer equals the pumping rate, the discharge
drawdown, relationship, and flow pattern about the well stabilize
(see section 9-8). A similar response is reflected when an
unconfined aquifer overlying a confined aquifer is pumped. The
lowering of the water table in the cone of depression reduces the
pressure and increases upflow from the artesian aquifer. The
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influences on aquifer tests of boundary and leaky aquifer
conditions may appear similar but usually can be differentiated
(see subsection 9-5b).

5-17. Delayed Drainage.—An unconfined aquifer may consist
in whole or in part of fine-grained material from which drainage is
relatively slow (Boulton, 1963). A delayed water-table response
can be observed when water-level drawdown in piezometers or
observation wells adjacent to the pumping well in an unconfined
aquifer tend to decline at a slower rate than that predicted by the
Theis solution (Freeze and Cherry, 1979).

The delayed response is related to the vertical components of
flow that are induced in the flow system and usually is a function
of the radius, r, and time, ¢, (Freeze and Cherry, 1979). Pumping
tests conducted under such conditions may yield unusual S-shaped
plots of log ¢ versus log s, which may be attributed to leaky aquifer
influence. Furthermore, in extreme cases, an uneconomically long
test might be required to differentiate between the two situations.
In the final analysis, judgment based on the knowledge of
subsurface and other conditions may be the principal basis for
interpretation.

5-18. Recharge and Discharge Areas.—Recharge areas are
those within which water enters an aquifer. The location, size, and
features of the area within which recharge occurs to an aquifer are
pertinent to many ground-water problems. In some unconfined
aquifers, recharge occurs over the entire aquifer area; in others, it
may be limited by the presence of natural or artificial impermeable
materials overlying parts of the area or to aquifers connected with
a body of surface water. In confined aquifers, the recharge area is
limited to a large extent by the exposure of the aquifer at the
surface or to its subsurface connection with another aquifer or a
body of surface water.

Contributing areas may be considerably larger than recharge
areas. Water may enter a recharge area from adjacent and
surrounding terrain. The entire area from which water is
tributary to a recharge area is the contributing area.

Discharge areas are of similar complexity and variation.
Primary avenues of natural discharge include evapotranspiration,
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spring flow, seepage to streams, and leakage to other aquifers.
The determination and delineation of recharge and discharge areas
are sometimes a complex problem.

5-19. The Radius of Influence and the Cone of
Depression.—The equilibrium equations assume creation of a
fixed radius of influence of a well and further assume that all
water pumped by the well enters the cone of depression from
beyond the radius of influence (Ferris et al., 1962; Meinzer, 1949).
This assumption can be equated to a well discharging from an
aquifer underlying a circular island and which is in hydraulic
connection with the surrounding sea. However, the nonequilibrium
equation assumes that all water comes from storage within the
radius of influence and that this radius increases with time. In an
ideal aquifer of infinite areal extent, the radius of influence and
the drawdown theoretically increase at a constantly diminishing
rate as long as the well is pumped. Under field conditions,
however, the rate of change becomes so slow after a sufficiently
long period of pumping that it is difficult to measure (see
figure 5-7). In many aquifers, the area of influence intercepts the
natural aquifer discharge or encounters recharge in sufficient
quantity to balance well discharge, and true stabilization occurs.

5-20. Well Interference —If two or more wells discharging
from the same aquifer are close enough to each other so that their
respective areas of influence overlap, each well interferes with the
other, and the chord joining the two points of intersection of the
areas of influence (Bentall, 1963; Meinzer, 1949) then becomes a
divide across which no flow occurs. This phenomenon is called well
interference and, as a consequence, the rate of drawdown of each
well is accelerated.

A recharging well has a similar but opposite effect on a
discharging well. The chord joining the two points of intersection
of the areas of influence then becomes a line of no drawdown.
Flow across it is only in one direction and is equal to the flow
originating in the recharging well. Consequently, the rate of
drawdown is retarded. Section 9-11 contains a further discussion
of this concept.

5-21. Principle of Superposition.—If the transmissivity and
storativity of an ideal aquifer and the yield and duration of
discharge or recharge of two or more wells are known, the
combined drawdown or buildup at any point within their
interfering area of influence may be estimated by adding
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algebraically the component of drawdown of each well. This
principle is illustrated on figures 9-17 and 9-18 in section 9-11,
which show the impressed heads of a real and image well and the
resultant actual drawdown. The effects would be identical for two
real wells. The principle of superposition is used to determine
desirable spacing of wells in well fields, effects of recharging wells,
and in the evaluation boundary conditions. Superposition is
further discussed in section 9-12. The calculation of drawdown is
greatly simplified through the use of computer programs.
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<« Chapter VI

WELL AND AQUIFER RELATIONSHIPS

6-1. Aquifer and Well Hydraulics.—Aquifer characteristics
exert primary control over well performance in terms of yield
versus drawdown. Accordingly, determination of the effects of well
geometry on the flow and head distribution in aquifers and on the
yield and drawdown of wells has been the goal of most research on
well hydraulics. Methods of mathematical analysis have been
developed for both steady-state and transient-state conditions.
Steady-state analyses are performed according to Darcy’s law and
Dupuit’s assumptions of horizontal radial flow and fixed radii of
influence. All mathematical solutions assume ideal artesian and
unconfined aquifers, which are isotropic, homogeneous, of uniform
thickness, and infinite areal extent. The conclusions are generally
adequate for estimating the performance of wells in artesian
aquifers and in unconfined aquifers where the drawdown is a small
percentage of the aquifer thickness and the discharging well is
fully penetrating. Corrections for partial penetration of the
discharging well, large drawdowns in unconfined aquifers, and
anisotropy have been derived, but adequate data for application of
the corrections are often not readily available. Much research has
also been done on analogs and other models of various types, but
too often, the geometry of the test apparatus has not duplicated
field conditions.

However, the nature of the well is also an important factor in
well performance. Experience has shown that well design features
and construction practices have measurable effects on well
performance and operating life and on the economic use of the
aquifer. Despite this relationship, the engineering and scientific
aspects of well hydraulics have received little attention because
pumpage of a desired amount of water has been the principal
criterion of a successful well. The few laboratory analog analyses
which have been made of these relationships have seldom
duplicated field conditions. As a result of this and other factors,
water well design has commonly been based on experience,
observations, and judgment of the designer and driller.

In this discussion, "yield" is defined as the potential production
capacity of the well, which is controlled by aquifer characteristics
and well design and construction. "Discharge," on the other hand,
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is defined as the actual production of the well, which depends on
the pump and discharge pipe characteristics as well as the above
parameters.

6-2. Flow to Wells.—Theoretically, on initiation of discharge
from a well, the water level or head in the well is lowered relative
to the undisturbed condition of the potentiometric surface or water
table outside the well (Jacob, 1947; Meinzer, 1949; Muskat, 1946).
The water in the aquifer surrounding the well responds by flowing
radially to the lower level in the well.

In an artesian aquifer, except for a slight delay caused by
inertia, the actual distribution of flow to the well conforms
relatively close to the theoretical distribution shortly after pumping
is started. However, in an unconfined aquifer, the materials in the
cone of depression must drain and establish progressively the
surface configuration of the cone. Hence, the actual distribution of
flow may not conform to the theoretical. Figure 6-1 illustrates
schematically the successive stages of development of flow
distribution under such conditions by means of equipotential lines
and flow lines around a well.

In an ideal artesian aquifer, assume a 100-percent open hole well
of radius r,, surrounded by two concentric cylinders of radius r, and
r, with heights equal to the thickness, M, of the aquifer. The
surface area, A, of the well is 2nr M, and of the cylinders, 2nr M
and 2nr,M, respectively (see figure 6-2). Under steady-state
conditions, the same quantity of water per unit time must flow
through each cylinder and ultimately into the well. According to
Darcy’s law, @ = KiA or V = Ki. If @ and K are constant, the
gradient i and the velocity must increase in value as A decreases.
Hence, if &, is the effective head (potentiometric surface) at the
radius of influence, r,, and &, and &, are the heads at radii r, and
r, about the well, the velocity and gradient must increase in the
direction of the well. The result is a funnel-shaped area of
lowering of the potentiometric surface centered about the well.

Figure 6-3 illustrates schematically the distribution of flow in an
artesian aquifer by means of a network of flow lines and
equipotential lines lying in a vertical section passing through the
axis of a fully penetrating well which has a 100-percent open hole.
If the piezometric surface is not drawn down below the bottom of
the upper confining bed, the flow lines to the well remain parallel
and horizontal and the equipotential lines remain parallel and
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Figure 6-1.—Development of flow distribution about a
discharging well in an unconfined aquifer—a
fully penetrating and 33-percent open hole.
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Figure 6-3.—Distribution of flow to a discharging well in an artesian
aquifer—a fully penetrating and 100-percent open hole.

vertical. If the drawdown falls below the bottom of the upper
confining bed, a mixed condition of artesian and free aquifer flow
results, which is difficult to assess.

Figure 6-4 illustrates a well that penetrates through the upper
confining bed but not into the artesian aquifer. The flow lines and
equipotential lines develop hemispherically about the well radius,
and a strong vertical component of flow is established out to a
distance about equal to the thickness of the aquifer. At a distance
about 1.5 times the thickness of the ideal aquifer, the flow lines
and equipotential lines assume a relationship similar to that of the
fully penetrating 100-percent open hole well.

Figure 6-5 illustrates a well penetrating into and open to about
50 percent of the thickness of an artesian aquifer. The vertical
component of flow is less than in the nonpenetrating well, but the
equipotential lines are still strongly curved, although not as great
as on figure 6-4. The transition to strictly horizontal flow at a
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Figure 6-5.—Distribution of flow to a well in an artesian
aquifer—a 50-percent penetrating and open hole.

distance from the well of about 1.5 times the thickness of the
aquifers is also apparent. If the open hole was in the lower rather
than the upper half of the aquifer, the pattern of flow and
equipotential lines would be similar to figure 6-5 if it was inverted.
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Vertical convergent flow in wells of less than 100-percent
penetration and open hole results in increasing drawdown with a
decreasing percentage of open hole.

Figure 6-6 illustrates schematically the distribution of flow and
equipotential lines around a fully penetrating well in an
unconfined aquifer with the drawdown in the well about one-half
the thickness of the aquifer. Drainage of material above the
drawdown cone results in a decline in aquifer thickness, M, and a
similar decline in transmissivity. Also, the drawdown in an
unconfined aquifer accentuates the vertical components of flow.
Thus, the drawdown is accentuated by, and in turn, accentuates
the decline in aquifer thickness, decline in transmissivity, and
vertical component of flow.
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Figure 6-6.—Distribution of flow to a discharging well in an unconfined
aquifer—a fully penetrating and 50-percent open hole.

Reduction in the percentage of open hole in an unconfined
aquifer has an effect on the drawdown cone and flow lines similar
to those in an artesian aquifer. However, the effect is further
accentuated because of dewatering of the aquifer in the direction of
the well.

Wells often must be drilled in aquifers of large, but unknown,
thickness where the cost of full penetration would be prohibitive.
Under such circumstances, the usual practice is to compromise on
theoretical aspects and drill only to the depth that will furnish the
desired supply of water at an acceptable lift.

Kozeny (Muskat, 1946) derived an equation for estimating the
yield of partially open holes in an ideal artesian aquifer.
Figure 6-7 is a graph of this equation for parameters usually
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encountered or used in well design. The plot shows approximate
values which may be used for estimating purposes if the aquifer is
fairly uniform and homogeneous and its thickness and characteris-
tics are known. Jacob (Bentall, 1963) also derived a method for
use in determining aquifer characteristics to correct observed
drawdowns resulting from partial penetration to those of the ideal
condition if the aquifer thickness was known. Both methods,
however, are influenced by other, often unknown, factors such as
aquifer anisotropy and boundaries.

6-3. Yield and Drawdown Relationships.—The following two
steady-state equations (Ferris et al., 1962; Meinzer, 1949; Muskat,
1946) can be expressed in approximately the same form as the
unsteady state:

The equation for the unsteady state is:

T. r.
anl—zJ an'—zJ 6.1
- " >y = N1
" 2nkM and (" - () -

5 =5

The equation in the steady state is:

s = QW) 6-2
4T

This relationship facilitates recognition of the following:

The drawdown at any point in the cone of depression is
proportional to @ (see figure 6-8).

* At a given yield, the drawdown at any point on the cone of
depression is inversely proportional to In r in all equations,
and in the unsteady-state equation, the drawdown is also
inversely proportional to storativity and proportional to
log,, ¢ (time) (see figure 6-9). At a given @, drawdown
decreases with increased values of transmissivity (see
figure 6-10).

The relationships are applicable for any point in the cone of
depression for either fully or partially open hole discharging wells,
although the actual form of the cone of depression will be distorted
from the ideal by a partially open hole, anisotropy, or boundaries.
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When time is infinite, the transient-state equation becomes the
same as the steady-state equation. Measurements made
simultaneously with the drawdowns in the discharging well and
one observation well have been used to compute transmissivity or
hydraulic conductivity using the equilibrium equation.
Theoretically, this computation is possible; but practically, it is not
recommended because the water level ingide a well generally is
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lower than outside because of well losses. The result is generally a

computed transmissivity or hydraulic conductivity that is less than
the true value.
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Figure 6-8.—Influence of rate of discharge on drawdown in a well.

The previous discussion has been primarily concerned with the
effect of partial and full penetration on distribution of flow to
wells. From a theoretical standpoint, but of equal importance, is
the effect on well performance. The steepening of the flow lines
resulting from a partially open hole in an aquifer results in
increased drawdown for the same yield, in other words, a decrease
in specific capacity of the well. A well in an artesian aquifer
should be open through the entire thickness of the aquifer. A well
in an unconfined aquifer should be open in the lower one-third to
one-half of the aquifer. However, this specification is not
economically feasible in very deep and thick aquifers. In such
aquifers, the usual practice is to penetrate a sufficient thickness of
the aquifer to ensure the required discharge at an acceptable
pumping lift.
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Figure 6-9.—Influence of storativity on drawdown in a well.
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Figure 6-10.—Influence of transmissivity on drawdown in a well.

In a correctly designed well in an artesian aquifer where
turbulent flow is minimal and in which the drawdown is not below
the bottom of the upper confining bed, a nearly linear relationship
exists between yield and drawdown. Hence, specific capacity
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remains relatively constant regardless of yield. The yield is
approximately proportional to the drawdown in a 100-percent
efficient artesian well with 100-percent open hole as long as the
drawdown does not lower the hydrostatic head below the bottom of
the upper confining bed. Conditions differ, however, in an
unconfined aquifer in which the saturated thickness decreases with
an increase in drawdown and vertical components of flow prevail.
A number of equations relating yield and drawdown in an
unconfined aquifer are available, but all of these equations are
rough approximations. Figures 6-11 and 6-12 are inexact,
composite curves which may serve only as useful guides to yield-
drawdown relationships. Available equations and observations
show a nearly linear relationship for yield and drawdown in an
unconfined aquifer for drawdown as much as 50 percent of the
saturated thickness and acceptable ratios approaching 65 percent.
Beyond this limit, the specific capacity begins to fall rapidly. For
these reasons, most screened wells are screened in the lower one-
third or one-half of the aquifer. Figures 6-11 and 6-12 and some of
the equations show maximum yield with 100-percent drawdown.
This phenomenon is the result of extending steady-state equations
beyond the limits established by the fundamental assumptions that
define steady-state conditions. Obviously, the yield reaches a point
of diminishing returns as the inlet area decreases, ultimately
approaching zero. Also, in practice, the well discharge in
unconfined aquifers decreases with increasing drawdown, primarily
because of decreased efficiency of the pump and increased head
losses.

6-4. Well Diameter and Yield.—A common misconception
holds that well yield is proportional to well diameter and that
doubling the diameter will increase the yield proportionately, other
things being equal. Well diameter, in this case, refers to the
diameter of the hole that penetrates the aquifer.

The fallacy in this reasoning can be shown by assuming all
factors (other than the well diameter) constant in the equilibrium

equations and rearranging the equations.

The resultant equation is:

( £ ] 6-3
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For an artesian aquifer: ¢ = 2nKM(S, - §,)

And for an unconfined aquifer: C = K [(h,)* - (k)]
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Where:

@ = potential yield
¢ = constant
r, = radius of influence

r, = radius of well

K, M, s, s, h,, and h, are as previously defined

By analysis, the yield can be shown to be proportional to the
reciprocal of In r/r,,.

Figure 6-12 illustrates the increase in yield caused by increasing
the radius of a well, assuming the effective radius of influence is
2,400 meters (8,000 feet) in an artesian aquifer and 150 meters
(500 feet) in an unconfined aquifer. Depending on the initial
radius, the increase in yield caused by doubling the radius ranges
from 8 to 13 percent for an artesian aquifer and from 10 to
17 percent for an unconfined aquifer. To theoretically double the
yield within these parameters would require increasing the
diameter of the well in the artesian aquifer about 90 times and in
the unconfined aquifer about 45 times. This analysis assumes
laminar flow and steady-state conditions. Experience has
indicated, however, that doubling the diameter of wells will, in
some instances, result in an increase in yield of as much as
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25 percent. The difference is probably caused by a reduction in
turbulence in the aquifer and in the well, increased entrance area,
and other factors which reduce well losses.

Zangar and Jarvis (Zangar, 1953), on the basis of electric analog
studies of recharge wells, determined that one effect of screen
diameter in a partially open hole is to reduce the effective diameter
of a well to that represented by a hole of the same length but
having a surface area equivalent to the open area of the screen.
Restated, a 300-millimeter (12-inch) screen with 25 percent open
area would have an effective well diameter of 75 millimeters
(3 inches) in the well and aquifer relationship. It is not known
whether this relationship applies to a pumping well of any
percentage of open hole because tests have not been made
regarding this feature at this time.

Little uniformity appears to have been used in the past
concerning the selection of screen diameters. In an attempt to
rationalize the selection of screen diameters, many items such as
head losses in pipes of various diameters, well and aquifer
relationships, probable effects of screen length, slot size, and
patterns have been evaluated for many wells of various discharges,
diameters, and efficiencies. The results, which are imprecise and
strictly empirical, are given in table 10-9 in section 10-4(b). They
are presented not as a rigid requirement but as a suggested
tentative standard for efficient well design considering initial
construction and operation and maintenance costs.

6-5. Well Penetration and Yield.—The total depth of a well
has little relationship to well yield except in respect to aquifer
depth. As noted previously, the important factor is the percentage
of saturated thickness of the aquifer penetrated by and open to the
well (i.e., the percentage of open hole). In an artesian aquifer, the
specific capacity of a well will vary with the percentage of open
hole and is maximum when the entire thickness of the aquifer is
penetrated by a screen or open hole (see figure 6-3). A similar
relationship exists in an unconfined aquifer (see figures 6-13 and
6-14), but because of the thinning of the aquifer in the direction of
the well as the well is pumped, the increase in specific capacity is
limited depending on the amount of drawdown experienced and the
desirability of limiting it to 60 to 65 percent of the aquifer
thickness. But in either case, if sufficient additional aquifer
thickness is available, the least expensive way to increase specific
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capacity and yield is usually to increase either the depth of the
well, the percentage of open hole, or both, if possible (Bentall,
1963).

6-6. Entrance Velocity.—A generally acceptable principle of
well design holds that the average entrance velocity, based on the
percentage of open area of the screen and the desired yield, @/A,
should be 0.03 meter (0.1 foot) per second or less. The hydraulic
theory behind this criteria holds that at such low velocities, flow is
entirely laminar; thus, turbulence will not contribute to well loss.
However, the average entrance velocity concept may be misleading.
Soliman (1965) and Li (1954) analyzed flow to a well, and they
showed that the entrance velocity in the upper 10 percent of a
screen was about 70 times that of the lower 10 percent in an ideal
aquifer. In every screened well, part of the entrance area is
blocked by the screen and aquifer material or gravel pack.
Depending upon the slot size and size and gradation of the grains
in the aquifer, as much as 78 percent of the open area may be lost,
although 50 percent is a more generally accepted and practical
estimate. Furthermore, individual zones in an aquifer may have
different permeabilities, and the volume of water delivered to the
screen face, other factors being equal, is a function of the
permeability of the adjacent aquifer. However, despite these many
unknown and indeterminate variations from the average entrance
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velocity, the concept and practice has proved to be worthwhile in
maintaining well efficiency and life. Where conditicns and
economics permit, the lowering of the entrance velocity to less than
0.03 meter (0.1 foot) per second, consistent with other criteria,
would be advantageous.

6-7. Percentage of Open Area of Screen.—One of the major
factors controlling head loss through a screen is the percentage of
open area. Factors which control the percentage of open area
include basic design, materials, fabrication processes, and strength
requirements. In a screen of a given length and diameter, the
head loss decreases rapidly with an increase in percentage of open
area up to about 15 percent, less rapidly up to about 25 percent,
and relatively slowly between about 25 and 60 percent. Beyond an
open area of about 60 percent, practically no increase in efficiency
is obtained. For practical purposes, a percentage of open area of
about 15 percent is acceptable and easily obtained with many
commercial screens, although not with perforated casing. If at
least 15 percent of open area cannot be obtained, other criteria
may have to be modified to maintain the maximum 0.03 meter
(0.1 foot) per second entrance velocity. This velocity may be
obtained by increasing the diameter or length of the screen or
perforated casing used and, hence, the total open area for any
pattern of perforations.

Peterson et al. (1953), and Vaadia and Scott (1958)
experimentally determined a relationship among the length, head
loss, and diameter; percentage of open area; and the type of slot of
a screen. Their findings, however, have limited usefulness under
field conditions.

The percentage of open area in slotted pipe ranges from about
1.0 percent for 0.50-millimeter (0.020-inch) slots to about
12 percent for 6.25-millimeter (0.250-inch) slots in slotting patterns
which do not seriously weaken the pipe. Punched or slotted
screens have open areas between 4 and 18 percent, depending upon
pattern and size of slots. Open areas of louvered screen range
from about 3 percent for 0.50-millimeter (0.020-inch) slots to about
33 percent for 5.0-millimeter (0.200-inch) slots. The open area of
cage-type wire wound screens ranges from about 2 percent for
0.15-millimeter (0.006-inch) slots to as much as 62 percent for
3.75-millimeter (0.150-inch) slots.

6-8. Screen Slot Sizes and Patterns.—Uniform axial flow of
water in a pipe is characterized by a stagnant zone at the wall of
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the pipe, and velocity and turbulence increase toward the center of
the pipe. Conditions in a screen are different, however, because a
screen performs as a header or collector in which each perforation
operates as a radially directed jet.

As a result of this jet inflow, the stagnant layer is absent or only
partially present, and velocity of the axial flow is not uniform but
increases from the bottom of the screen to the top. This
distribution of flow has not been studied thoroughly, but with
screens of the same diameter and equal percentage of open area,
the one with the smaller and more numerous slots can be assumed
to have lower velocity of flow through the slot and the smaller
head loss. Parallel-sided slots such as are found in many saw- or
machine-perforated casings appear to be the least efficient type of
orifice. In addition, they are more subject to clogging by sand
grains. The thinner the edge, the more efficient the slot; thus, the
V-shaped slot found in most wire-wound screens and on some
perforated pipe has a small hydraulic advantage in addition to its
self-cleaning properties. Furthermore, a sharp, clean, smooth slot
edge not only contributes to better hydraulic efficiency, but also
may reduce the rate of corrosion and encrustation.

The convergence of flow lines and continual acceleration of the
water in radial flow to a well have been discussed previously
(section 6-2). The spacing of screen slots can add measurably to
the convergence. With two screens having equal open area, the
one with large, widely spaced slots will require more convergence
of flow lines and greater acceleration of the streamflow through the
aquifer to the well, with a consequent greater loss of head than
would be experienced with the one having small, closely spaced
slots (see figure 6-15).

Use of very fine slots results in a small percentage of open area
even in wire-wound screens. In addition, the small cross section of
the slots results in high friction losses and may tend to promote
encrustation. Slot sizes of 0.15 to 0.50 millimeter (0.006 to
0.020 inch) generally should be limited to use in small, low-
capacity wells. A gravel pack is advisable in large-capacity wells if
a slot size smaller than 0.75 millimeter (0.030 inch) would be
required to stabilize the base material.

6-9. Gravel Packs.—The theory of gravel packs holds that
surrounding the screen with a more permeable material than the
aquifer increases the effective diameter of the well. Because the
theoretical permeabilities of packs may be from 10 to 1,000 times
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as large as that of the aquifer, this theory is true. The high
permeabilities may also effectively increase the well screen opening
percentage to some degree. In gravity flow pipe drains, a properly
designed gravel pack theoretically has the effect of converting the
pipe from one with limited openings to one that is completely
permeable. Because gravity flow drains have much lower entrance
velocities, the theory probably does not hold equally for wells but
logically, some benefit would exist. Doubling the effective diameter
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of the well in conjunction with other benefits of a gravel pack may
increase the well yield by as much as 25 percent (Bureau of
Reclamation, 1986). If the aquifer were sufficiently thick, a similar
increase possibly could be obtained much more inexpensively by
increasing the depth of the well. Gravel or sand packs are useful
to minimize sand pumping in unconsolidated or semiconsolidated
materials where fines or fine sand are present.

Where gravel packing is required, the grain size of the pack
should be uniform and as large as possible commensurate with
stabilization of the aquifer and ease of installation. The screen slot
size should permit only a small percentage of the pack material to
pass, and the pack should consist of firm, well-rounded grains. All
these factors together with a low entrance velocity contribute to
better hydraulic efficiency (see section 11-11). Thin gravel or sand
packs may also be used in consolidated materials where sloughing
of sides of the well bore is a possibility. The gradation should be
sufficiently coarse that no more than 5 percent will pass through
the screen slots. Proper development of the well will remove most
of these fines before the permanent pump is installed.

Gravel pack design is described more completely in section 11-11.
The thickness of the gravel pack is limited to a practical dimension
that allows both proper placement and the effective removal of the
rigid (impervious characteristics of the wall) cake by the water
jetting well development method. The practical gravel pack
thickness ranges from a minimum of 75 millimeters (3 inches) to a
maximum of about 150 millimeters (6 inches) (Bureau of
Reclamation, 1986).

6-10. Well Efficiency.—Well efficiency is a function of the loss
of head resulting from flow through the screen and pack and
axially in the well to the pump. Thus, in a 100-percent efficient
well, all drawdown results from head losses in the aquifer and
would be unrelated to the presence or design of the well. A
reasonably accurate method is available for estimating the
efficiency of a fully penetrating artesian well with 100-percent
open holes if values of r,, are known, and T and S of the aquifer
are also known. In such a well, values of the measurable
drawdown, S,, and ¢, can be determined from a pumping test. By
inserting the values of T, S, r,, and time (¢) in the nonequilibrium
equation, the theoretical drawdown, s,, can be computed. The
efficiency then would be the computed drawdown, s, divided by the
measured drawdown, S, times 100, or
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If, however, the well does not have 100-percent open hole, the
effects of partial penetration and anisotropy are difficult or even
impossible to determine, but may have a major influence on the
computed efficiency.

The problem is even greater for a well in an unconfined aquifer.
Not only is the result influenced by the value of r,, but drawdown
negates the effectiveness of 100-percent open hole even if used.
Furthermore, anisotropy may have an adverse effect regardless of
the percent of open hole, and the effects may be compounded if the
well does not fully penetrate the aquifer.

Therefore, any attempt to accurately determine well efficiency
appears to be futile unless conditions are ideal. The most practical
procedure is to apply the theoretical and empirical factors accepted
as being good design practice in conjunction with acequate well de-
velopment and disregard theoretical well efficiency as a significant
factor.

A step test analysis and determination of the apparent efficiency
by the methods of Jacob (1947) and Rorabaugh (1953) may be
useful in comparing variations in apparent efficiency of an
individual well with time as an aid in recognizing deterioration
and possible need of rehabilitation (see subsection &-14(a)).
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< Chapter VII

ARTIFICIAL RECHARGE, ARTIFICIAL STORAGE AND
RECOVERY, AND SUBSIDENCE

7-1. Introduction.—Artificial recharge can be defined as any
process by which man fosters the transfer of surface water into the
ground-water system. Usually, this augmentation of the natural
movement of the surface water into the subsurface formations is by
some method of construction. Purposes for artificial recharge
include:

¢ Ground-water (well field) management

* Reduction of land subsidence

¢ Renovation of wastewater

¢ Improvement of ground-water quality
Storage during periods of high or excessive surface flow
Reduction of floodflows

¢ Increased well yield

Decrease in size of the areas needed for water-supply
systems

* Reduction of saltwater intrusion or leakage of mineralized
water

¢ Increase of streamflow
Precipitation storage
Secondary recovery of oil (Pettyjohn, 1981)

Artificial recharge projects also serve as a mechanism for water
conservation.

A successful artificial recharge project consists of two critical
elements: (1) a dependable supply of acceptable quality water, and
(2) a thorough understanding of geologic and subsurface hydrologic
conditions. Artificial recharge can greatly enhance water
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availability when integrated into a basin management program.
Artificial recharge of ground water can be accomplished through
surface spreading (infiltration) basins, through injection wells, or
through shallow shafts which penetrate a cap layer. Infiltration
basins can be used where soils are permeable and aquifers are
unconfined. Recharge wells can be used in either unconfined or
confined aquifers, and shafts supply unconfined aquifers as the
shafts terminate above the water table. In all cases, quality of
recharge water can greatly affect the success of the project.
However, in many cases, reclaimed wastewater has successfully
been used for recharge.

Artificial recharge can be used for general aquifer recharge or for
temporary storage in specific localities. The latter is generally
termed artificial storage and recovery (ASR). Studies indicate that
"bulbs" of injected fresh water can be stored in saline aquifers.

In areas of newly constructed reservoirs, recharge of ground
water can occur through bank storage as water from the reservoir
gradually seeps into formerly unsaturated formaticns, sometimes
causing land damage or structure instability. In the past, this
recharge was considered detrimental because it resulted in losses
in surface reservoir storage; however, in recent years this recharge
has been recognized as a valuable opportunity to integrate water
resources management options under certain conditions.

7-2. Surface Spreading.—

(a) General.—Surface spreading generally takes place through
temporary (seasonal) or permanent ponds constructed in alluvial or
other highly permeable deposits. They may be constructed in-
stream or off-stream. In-stream ponds are often designed to store
only flood water. Temporary berms may be constructed using
earth dams which wash out during floodflows or rubber dams
which can be deflated during times of excessively high or low flows.
Flashboard dams can also be constructed.

Recharge basins should be located where the water table is of
sufficient depth to preclude the intersection of a water-table mound
with the basin floor. In addition, the material below the basin
should be fairly uniform because perched ground-water mounds
can develop above layers of low hydraulic conductivity (Schuh and
Shaver. 1988b).
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(b) Earth Dikes.—Where earth dikes can be constructed from
river bottom material, they can be constructed relatively
inexpensively. Normal operating flows can be regulated with a
gated bypass pipe installed beneath one end of the dike. Operation
of dikes with bypass valves requires at least daily checking of
water levels and flows with necessary gate adjustments (Lenahan,
1988). Thus, labor costs should be evaluated to determine cost
effectiveness of this construction.

(c) Rubber Dams.—Rubber dams on concrete foundations can be
designed to conform to the flood channel when deflated, so they can
be used for year-round operation. They may be filled with water,
air over water, or air only. The choice of filling medium is related
to dam height and differences in deflation rate and characteristics.
Water-filled dams lower at about the same rate along the entire
length of the dam, resulting in fairly uniform flow across the entire
channel. Air-and-water or air-filled dams usually have a "V" notch
near the center of the dam which causes a concentration of high-
velocity water at this location. This high flow may necessitate the
installation of features to control erosion or hydraulic jump
(Lenahan, 1988).

(d) Flashboard Dams.—A flashboard dam requires a concrete
foundation and vertical guides to hold the flashboards in place.
They have the advantage of being less subject to vandalism than
rubber dams. However, the boards and guides must be removed
prior to the flood season (Lenahan, 1988). Where flash floods are
unpredictable, flashboard dams may not be suitable.

(e) Estimates of Infiltration Rates.—Water infiltrating to the
water table must displace almost an equal volume of air. The rate
of infiltration is influenced by the flow of air ahead of and the
entrapment behind the advancing wetting front, and therefore can
vary with time. The flow of air also influences the shape of the
wetting front. Initial water content of the soil also has a
pronounced effect on the wetting front penetration, even in
relatively deep layered soil profiles.

Most recharge areas concentrate a large volume of infiltrating
water in a small area. As a result, a ground-water mound
develops beneath the area. As the recharge starts, the mound
begins to grow; when the recharge ceases, the mound disintegrates
as the water spreads throughout the aquifer (Fetter, 1988).
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This growth and disintegration of the mound can be described
using math or a digital computer model; it can alsc be used to
evaluate the impact of the recharge on the water table (Fetter,
1988).

The presence of a ground-water mound below the recharge
facility will not affect the infiltration rate provided the water-table
mound and associated capillary fringe remain below the bottom of
the recharge basin (Schuh and Shaver, 1988b).

Under conditions where the water table is 5 to 10 meters (15 to
30 feet) below ground surface, the wetting front caused by artificial
recharge is sharp and migrates downward with time. The water
content behind the wetted front may not be at its highest possible
value, but it is essentially constant behind the front for most of the
profile. As the front migrates downward, it also moves laterally,
and as it approaches the water table, its width, 2B’ is greater than
the width, 2B, of the basin. Under these conditions, the
infiltration rate, I, can be calculated by the Green and Ampt
formula:

=y 7-1
%

where:

K = unsaturated hydraulic conductivity at a given water
content

H, = effective capillary drive (a measure of the soil capillary pull
expressed as an equivalent depth of water)

H = water depth in the basin

2, = depth of the sharp wetting front

When H is 0.3 meter (1 foot) or more, H, is insignificant, and
even for shallower basin depth, H, quickly becomes negligible
compared to z;, While infiltration continues, recharge does not
occur until the wetting front reaches the water table. For practical
purposes, the soil can be assumed to be saturated and the
saturated hydraulic conductivity can be used (Morel-Seytoux,
1985). When the water supply to the basin floor is discontinued,
infiltration ceases, but the water in storage in the vadose zone
continues downward, although usually at a slower rate. The
wetting profile is also redistributed. Changing infiltration rates
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caused by clogging can be determined using a flagged grid in the
recharge basin to visually map water advance with time (Patch
and Schuh, 1993).

Research indicates that organic mats can be effective in
increasing infiltration rates of turbid water and in actually
increasing the unsaturated hydraulic conductivity of the soil.
However, fines may penetrate more deeply into the soil when
organic mats are used, which could require deeper and more
expensive renovation of the basin at a later time (Schuh and
Shaver, 1988a, and Schuh, 1991).

() Effect of Water Depth.—Infiltration rate may not always be
related to water depth. Conditions at the site as well as water
quality must be evaluated to determine optimum depth of water.
If the ground-water table is above the bottom of the basin, an
increase in water depth can increase infiltration rates because of
the increased gradient from the basin outward. However, where
the ground-water table is located below the base of the basin,
applying Darcy’s law shows that little change occurs in infiltration
rate (Bouwer, 1988).

Equation 7-1, shows that as z; increases, the effect of water depth
decreases and eventually becomes negligible. However, where the
soil has materials of low hydraulic conductivity overlying material
of higher hydraulic conductivity, z; is limited by the depth of the
low-conductivity material (Schuh and Shaver, 1988b).

Where a well-developed clogging layer overlies the entire wetted
perimeter, the entire head caused by increased water is dissipated
over the entire clogging layer, and flow through this layer in-
creases in relation to head, other factors being equal. However,
problems can develop as a result of increased depth.

Seepage rate across a clogging layer can be decreased by
compaction of the clogging layer caused by an increase in head. In
addition, increased water depth may reduce the rate of turnover of
water in the basin, contributing to algal growth. Increase in algal
concentration can increase uptake of carbon dioxide from the water
for photosynthesis, increasing the pH of the water. At a pH of 9 or
10, calcium carbonate precipitates out and accumulates on the
bottom, further reducing infiltration rates (Bouwer, 1988).
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(g) Basin Management Techniques.—Basin management
techniques to optimize recharge and minimize replacement
expenses include: (1) natural methods such as rainfall, shrink-
swell, freeze-thaw; (2) cleaning or removal of soil materials;

(3) tillage of basin floor; (4) filtration; (5) flocculation of sediment;
and (6) management of the ponded depth (Schuh and Shaver,
1988b). Wet-dry cycles are often used as a management tool to
reduce clogging and maintain infiltration rates. After the surface
material has dried out, scraping, disking, or both, may be used to
remove surficial fines, algal or other organic material, or mineral
deposits.

7-3. Injection Wells.—In contrast to surface water, artificial
injection wells are generally more expensive to construct and
maintain but can tap deep aquifers and do not require as much
space.

Injection wells generally require very careful construction
because of the proclivity to clogging. Careful design and
installation of filter pack are especially important because clogging
of the filter pack or borehole wall can greatly reduce injection
potential and cause increases in head at the well. The well screen
open area and screen length should be optimal (about twice as long
as for a withdrawal well pumping the same volume of water)
(Driscoll, 1986). In many ASR projects, a single well is used
alternately for injection and pumping. This procedure aids in
flushing out any fines that might be injected into the filter pack or
aquifer. The reversal in direction in flow in dual-use wells could
lead to a decrease in pore space, which would lower the
permeability of the aquifer in the immediate vicinity of the well.
However, this situation rarely occurs, and its influence on the rise
in the injection head is small (Huisman and Olsthcorn, 1983).

In projects involving only injection, periodic pumping may be
necessary to remove fines. Such wells may be constructed with a
two-way bypass pipe to allow recharge, sampling, and
redevelopment. Huisman and Olsthoorn (1983) report that
backpumping for 5 to 15 minutes at about the same capacity as the
injection rate removes about 80 percent of the increase in the
injection head, and pumping at 3 to 5 times the injection rate
removes about another 10 percent of the head.

Injection wells should be designed to be as efficient as a typical
high-capacity well. Many of the same assumptions used to derive
the equations describing pumping wells are applicable in
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calculating the pressure buildup over time in injection wells
(Driscoll, 1986). The pressure buildup cone in an injection well is
opposite of the drawdown cone in a pumping well.

Clogging can also occur in injection wells because of:
¢ Entrained air in the recharge water
¢ Microbial growth in a well

® Chemical reactions between the recharge water and the
native ground water

Chemical reaction between the recharge water and the
aquifer material

* Jonic reactions resulting in dispersion of clay particles
* Swelling of colloids in a sand and gravel aquifer
Iron precipitation

Biochemical changes in the recharge water and ground
water involving iron- or sulfate-reducing bacteria

* Differences in temperature of recharge water compared to
aquifer water (O’Hare et al., 1986)

Control of entrained air can generally be done by altering the
injection procedure. Removal of chemical deposits and microbial
material may require brushing or jetting the screen or chemical
cleaning (see chapter XVI).

Where recharge into confined aquifers is proposed, an evaluation
of the effect of injecting large quantities of water into the aquifer
must be made. Unless transmissivity of the aquifer is very high, a
pressure buildup may occur in the vicinity of the well or well field.
If sufficiently high, this pressure could result in inadvertent
hydrofracturing of overlying or underlying confining beds which
could lead to leakage from or to the aquifer.

7-4. Conjunctive Wells.—A conjunctive well is screened in both
a shallow unconfined aquifer and a deeper aquifer. When ground
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water is pumped from the deeper aquifer, the potentiometric
surface is lowered and water can drain from the shallow aquifer
into the deeper aquifer (O’Hare et al., 1986).

Use of such a method requires careful analysis of potential
contamination. Also, State or local laws may preclude mixing of
two aquifers.

7-5. Shafts.—A shaft is a well-like opening, usually made by
dry excavation, which terminates above the water table. It can be
used where a low-permeability, near-surface layer exists which
would make a recharge basin infeasible, or where land costs for
recharge basins would be prohibitive. Shafts require clean water
because the only way to clean the recharge surface is to remove
more sand from the cavity. Shafts with cavities mined at the
bottom are effective ways to recharge clarified runoff water from
playas (Hauser, 1988).

7-6. Horizontal Wells.—Where a thin aquifer is located under
a low-permeability near-surface layer, horizontal wells may be
preferable to shafts. Construction of horizontal recharge wells is
similar to that for horizontal drains (section 13-5). Horizontal
wells or drains have also been used to disperse recharged water in
a shallow aquifer. Dispensing the recharged water over a larger
area effectively increases the storage volume of the aquifer (Bureau
of Reclamation, 1992).

7-7. Aquifer Storage and Recovery.—Aquifer storage and
recovery involves injecting treated drinking water into a suitable
storage zone during times when available water supply and
treatment capacity exceed the system demands. When demand
exceeds conventional supply or treatment capacity, the stored
water is pumped out, chlorinated, and pumped into the
distribution system (Pyne, 1988). This method can considerably
reduce capital costs for additional surface storage or water
treatment facilities which would otherwise be required to meet
needs in times of high demand.

Three principal criteria govern the site-specific feasibility of ASR
(Pyne, 1988):

e A seasonal variation in water supply, water demand, or
both, typically with the ratio of maximum to average day
demand exceeding 1.3.
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¢ A reasonable scale of water facilities capacity, generally
anaverage demand of 11,000 m? (3 mgd) or greater.

¢ A suitable storage zone, generally one with a transmissivity
greater than 185 m%day (2,000 ft¥day), leakance less than
2 x 10%day, and total dissolved solids less than 4,000 mg/L.

Although most ASR projects are located in fresh water aquifers,
injection into deep saline aquifers is also used. Water pumped into
such aquifers does not immediately mix with the native ground
water, but forms a bubble or cylindrical-shaped body of injected
water around the well. Experiments have shown that recovery of
injected water is 35 to 75 percent, with retrieval efficiency
increasing with increasing number of injection and retrieval cycles
(O’Hare et al., 1986.)

Because the water injected for ASR has generally been
chlorinated, concern has existed regarding the fate of chlorinated
disinfection byproducts (DBP’s), particularly trihalomethanes
(THM’s). Additional concern has been expressed over the fate of
DBP precursors present in the finished water when it is stored in
the aquifer and the effect on subsequent DBP formation when the
recovered water is rechlorinated. Observations at several ASR
sites indicate that THM’s and haloacetic acids (HAA’s) are removed
from chlorinated water during aquifer storage. Elimination of
residual chlorine during aquifer storage results in biodegradation
of biodegradable organic material (BOM) and lowers the DBP
formation potential of the stored water (Singer et al., 1993).

7-8. Use of Reclaimed Wastewater for Recharge—In using
wastewater to recharge aquifers, many engineering issues need to
be addressed, such as:

The quality of the wastewater source

Storage prior to treatment

Specifications of treatment processes and design criteria
Process redundancy requirements

Parameters affecting plant process control and operation
Storage of treated (reclaimed) water prior to use
Operation and maintenance criteria

The principal barrier to ground-water recharge with reclaimed
wastewater appears to be neither technical nor economic, but
institutional (Asano, 1985). The source of water for artificial
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recharge includes precipitation, flood or other surplus water,
imported water, and reclaimed water. Most of the increasing
attention has been focused on the use of reclaimed municipal
wastewater. However, because of the increasing concern that low
concentration of stable organics and heavy metals may cause long-
term health effects, and because of the potential presence of
pathogenic organisms in reclaimed wastewater, recharge
operations with reclaimed wastewater normally entail further
treatment following conventional secondary treatment (Asano,
1985). Health considerations are the governing factor in use of
reclaimed wastewater for recharge. Constituents of concern
include trace organics, inorganics (particularly heavy metals),
microorganisms, and radionuclides. The source of wastewater may
affect feasibility of recharge. Areas where industry supplies a
significant portion of wastewater may be unsuitable because of the
probability of relatively high concentrations of heavy metals and
organic chemicals.

Soil-aquifer treatment (SAT) can be an effective means of
providing final treatment for recharged wastewater. Studies by
Idelovitch and Michail (1985) indicated that if soil conditions are
favorable, SAT is usually very effective in removing organic
compounds, detergents, phosphorus, and a number of metals;
however, nitrogen and boron may not be effectively removed. The
sodium absorption ratio (SAR) may increase because of recharge.

Planning for recharge using wastewater is usually considerably
more complicated than for using fresh water. State and local
agencies may have regulations for recharge of municipal
wastewater. Legal questions as to ownership of the wastewater
may arise, particularly where a central treatment plant serves
several communities or where discharged water has previously
been discharged to a stream. In addition, underground flow may
differ in direction from surface flow, and recharged water could
possibly flow out of the basin of intended use. Extensive
investigations may be necessary before approval for recharge
projects using reclaimed wastewater can be obtained from the
agencies involved. Studies should provide good information on
degree of dilution from natural ground water, residence time of
reclaimed water underground, unsaturated zone flow, and ground-
water quality. Contingency plans should be developed to specify
alternative measures to supply water in the event the mixed water
is determined to be unsuitable for human consumption. Extensive
chemical monitoring of preinjection and in situ ground water will
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be required. Considerable public relations work may be necessary
to assure the public that they will not be endangered by the
proposed activities.

Reclaimed water should be thoroughly disinfected prior to
injection or percolation. Ozonation can be very effective without
producing the byproducts produced by chlorination. However,
dechlorination shortly after adding chlorine to the final plant
effluent may minimize the formation of chlorinated hydrocarbons
(California, State of, 1987). Recharge using injection wells may
require considerably more treatment than that required for
recharge in basins because of the detrimental effects of clogging on
wells. Locations for recharge ponds should be selected to be
distant from drinking water-supply wells.

7-9. Effects of Water Chemistry.—Effectiveness of artificial
recharge is highly dependent upon water chemistry, including
turbidity, microbial activity, ion-exchange reactions, and
precipitating constituents such as calcium carbonate, pH, and
temperature.

(a) Turbidity—Even a small amount of turbidity can result in
clogging of the basin floor and walls or the filter or aquifer
material surrounding an injection well. Although fines settling in
a recharge basin can generally be scraped off during rehabilitation
work, fines clogging a recharge well generally result in permanent
damage and even destruction (Hauser, 1988).

(b) Microbial activity.— Primary causes of biological clogging are:
(1) biomass formation, (2) solid microbial byproducts, and (3) gases
formed during photosynthesis and respiration (Schuh and Shaver,
1988b). Disinfecting the influent water may not be effective in
reducing microbial activity because resistant populations may
develop. Mineral precipitates, particularly iron and manganese,
may develop beneath the surface oxidized zone because of
anaerobic respiration or the formation of H,S during the reduction
of sulphur. Intermittent rest periods which allow for
decomposition of solid microbial products and for venting of gases
may reduce or eliminate microbial clogging. Oxygen production by
algae may cause diurnal decreases in basin hydraulic conductivity,
although in some cases oxygen may aid in renovating the basin
and increasing recharge. Gases formed by anaerobic respiration
may also impede flow. Denitrification can also cause clogging
(Schuh and Shaver, 1988b).
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Proper management and operation of recharge basins can
significantly reduce losses in hydraulic conductivity caused by
clogging. Bacterial clogging is more apt to be a problem in
injection wells where bacteria are more difficult to detect and
bacterial clogging of aquifer or filter material as well as screen can
occur. Although chlorination may be effective, in some cases it
may actually compound the problem, and other methods, such as
sulfamic acid or even proprietary treatment, may be necessary.
Methods of treatment are more fully described in chapter XVI.

(c) Precipitation.—Generally, mineral precipitation is not a
problem in recharge basins (Schuh and Shaver, 1988b). However,
in some areas calcium carbonate may cause clogging of injection
wells. Acid or mechanical treatment may be necessary to restore
the open area of screen (see chapter XVI).

7-10. Recordkeeping.—Accurate records are essential in
artificial recharge projects to aid in evaluation of effectiveness of
the project, provide information on water in storage, protect
against ground-water contamination, and protect the owner in the
event of a lawsuit. Monitor wells for water levels and water
quality should be used both within and, if possible, adjacent to the
site. Monitor wells should extend through the aquifer being
recharged unless they are excessively deep. If an underlying or
overlying aquifer is present, it may be advantageous to monitor
that aquifer also, particularly where treated wastewater is being
recharged. The total number of monitor wells will depend on
conditions at the site, quality of the recharging water, and
proposed use of recharged water.

7-11. Governmental Regulations.—A number of States have
developed, or are developing, rules and regulations for injection or
extraction of artificially stored water. Requirements may involve
water quality, spacing of wells, location of injection wells relative
to domestic water-supply wells, and monitoring well installation
and analysis. Using reclaimed wastewater has a number of effects
on water quality as well as on water right issues.

7-12. Modeling Techniques.—Numerical modeling is not
generally used for recharge basins because the equations involved
are fairly simple, and the variations of hydraulic conductivity with
different percentages of saturation of soil makes numeric models
very complicated and results open to question. However, numeric
modeling can be a valuable tool in evaluating well-field recharge.
A number of computer models have been developed which can be
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used to estimate effects of recharge from well fields. MODFLOW
has been widely applied to such studies; however, many
proprietary models are also readily available. A three-dimensional
model (e.g., MODFLOW) has also been developed for recharge
problems.

7-13. Subsidence.—Subsidence is the sinking of a large area of
the earth’s crust, usually because of the compaction of fine-grained
sediments in the aquifer system resulting from head decline, and is
not noticed by most residents because it occurs so gradually and
over a broad area. Compaction and subsidence are directly related
to a change in effective stress, which is caused by a decrease in
water levels. A permanent reduction of artesian pressure will
cause some compaction of fine-grained sediments considerably
above and below the aquifer (Davis and DeWiest, 1966).

Because of the slow drainage of fine-grained deposits, subsidence
at a particular time is more closely related to past water-level
change than to current change (e.g., in California, ground-water
withdrawals increased greatly until large imports of surface water
through various canals occurred, but even though water levels in
the area started to rise, the rate of subsidence began to decrease
3 years later).

The depositional environments at various subsidence sites are
varied, but the one common feature is that a thick sequence of
unconsolidated or poorly consolidated sediments form an
interbedded aquifer-aquitard system (Freeze and Cherry, 1979). It
should come as no surprise to find that the process of aquitard
drainage leads to the aquitard compaction, just as the process of
aquifer drainage leads to compaction of the aquifer. Because the
compressibility of the clay is 1 to 2 orders of magnitude greater
than the compressibility of sand, the compaction of the aquitard is
much greater than that of the aquifer, but because the hydraulic
conductivity of the clay may be several orders of magnitude less
than that of the sand, the compaction process is much slower in
the aquitards than in the aquifers (Freeze and Cherry, 1979).
Once the aquitard is dewatered, the effective rebound is only about
one-tenth the amount that it has been compressed (Freeze and
Cherry, 1979).

Extensive problems can be caused by subsidence. Ground-water
storage capacity 1s permanently destroyed because the voids are
collapsed, which results in reduction in specific yield. Elevations
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determined by expensive surveys must be re-established
periodically and topographic maps must be redrawn. Flow in
canals and rivers may become sluggish because of the already low
gradients by subsidence. If a well extends below the major zones
of subsidence, the bottom of the casing will remain stationary
while the overlying material settles downward, the resulting stress
will commonly collapse the casing. Piles for buildings and other
structures (canals, bridges, pipelines, highways, etc.) often remain
stationary as the ground surface subsides (Davis and DeWiest,
1966).

Several types of subsidence exist in California, where most of the
subsidence in the United States has occurred. Subsidence caused
by decline of water levels, extraction of oil and gas, oxidation of
peaty sediments, and hydrocompaction have been documented
(Prokopovich and Marriott, 1983). For Federal Central Valley
Project canals in the State, the approximate cost of design
modifications and rehabilitation due to subsidence amounts to
some $41 million in 1983 (Prokopovich and Marriott, 1983).

Land subsidence caused by ground-water withdrawal began in
the San Joaquin Valley in the mid-1920’s and locally exceeded
8.4 meters (28 feet) by 1970. By 1977, subsidence reached a
maximum of 8.9 meters (29.6 feet) in western Fresno County
(Ireland et al., 1984). Subsidence rates increased greatly until
surface water was imported through major canals and aqueducts in
the 1950’s and late 1960’s.

Irrigation canals are frequently affected by land subsidence;
therefore, monitoring subsidence is essential for operation,
maintenance, and possible rehabilitation of canals. An inexpensive
technique to measure subsidence along canals was described by
Prokopovich and Hall (1983). Canals can be divided into pools by
check structures which are designed to control or stop waterflow by
the manipulation of check gates. The depth of the water in the
canal is measured at the upstream and downstream ends of all
pools with check gates completely closed. The difference of depth
at the downstream and upstream ends of each pool corresponds to
the invert gradient of the pool and is constant in stable areas.
Changes reflect the amount of subsidence during the time interval
between consecutive sets of measurements (Prokopovich and Hall,
1983).

Texas has also had severe subsidence from ground-water
overdrafts in the Houston-Galveston area. As much as 3 meters
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(10 feet) of subsidence occurred between 1906 and 1978, but

2.7 meters (9 feet) of this subsidence occurred between 1943 and
1978 (Gabrysch, 1982). Other subsidence problems exist in
Arizona, Wyoming, Montana, Idaho, Nevada, and Washington. In
Arizona, mining ground water has created a fault, and subsidence
faults are also found in Idaho, Nevada, Texas and California
(Coates, 1981). The United States is not the only country afflicted
with subsidence from ground-water pumping; Mexico City, Venice,
and cities in England and Japan have also experienced problems
(Coates, 1981).

Predictive simulation models can be developed to relate possible
pumping patterns in the aquifer-aquitard system to the subsidence
rate that will result (Freeze and Cherry, 1979). Analytical flow
models can be used to analyze time-dependent increases in
effective pressure or ultimate and time-dependent subsidence or
rebound.
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<« Chapter VI

PUMPING TESTS TO DETERMINE
AQUIFER CHARACTERISTICS

8-1. Methods for Estimating Approximate Values of
Aquifer Characteristics.—In practically all ground-water
investigations, data are required on the aquifer characteristics,
transmissivity, storativity, and boundaries. Several methods of
making such tests with various degrees of accuracy are available.

When inventorying existing wells, the data collected often
include yield and drawdown, from which specific capacity values
may be determined. Section 9-17 discusses methods of estimating
the transmissivity of aquifers from such specific capacity data.

The procedure is basic but must be used with judgment because
well yield depends on several factors, some of which are not readily
determinable. When using this method, similarly constructed wells
should be grouped together and actually tested for yield and
drawdown, if possible.

When wells are equipped with meters or weirs, discharge can be
measured easily. Even when not metered, the discharge of wells
yielding less than 400 liters (100 gallon) a minute can be readily
measured with sufficient accuracy by using a calibrated bucket or
drum and a stopwatch. Most wells are not metered, and those
having larger discharges are the most significant. Several
convenient methods of measuring approximate well discharge with
a minimum of equipment are described in the Bureau of
Reclamation Water Measurement Manual (1981).

Static water levels in wells in the vicinity of the test should be
measured during the test and after wells have been shutdown for
some time, preferably 12 hours or more. If this condition cannot be
realized, the status of such wells should be recorded.

Other methods of estimating approximate values of permeability,
transmissivity, and sometimes storativity, include bail tests, slug
tests, and analyses of cyclic pumping or natural ground-water
fluctuations. They are described by Ferris et al. (1962) and
Lohman (1972). However, these methods are either of limited
applicability or the results are of questionable accuracy. They are
mentioned only as possible alternatives when other methods are
not available.
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8-2. Controlled Pumping Tests to Determine Aquifer
Characteristics.—The most accurate, reliable, and commonly
used method of determining aquifer characteristics is by controlled
aquifer pumping tests. Before performing such a pumping test,
personnel should be acquainted with the contents of chapter IX of
this manual. The number of pumping tests required is determined
largely by the size of the area, the uniformity and homogeneity of
the aquifer or aquifers involved, and known or suspected boundary
conditions. One test is usually accurate for a small area, but in an
extensive area, several tests may be necessary. A reasonably
sophisticated test may cost from $2,000 to $10,000 (in 1995
dollars), not including the cost of the well or treatment of discharge
waters, so every effort should be directed toward obtaining a
maximum amount of accurate and reliable data.

8-3. Types of Aquifers.—The investigations discussed in
chapters II and IX will permit determination of the type of aquifer
or aquifers and the interrelationships which may be involved at a
particular test site. These factors should be considered in planning
pumping tests.

(a) Unconfined Aquifers.—Relatively thin aquifers located at
shallow depths are readily tested because test wells and
observation wells may be drilled economically to fully penetrate the
aquifer. Observation wells may be located short distances from the
pumped well; thus, field measurements are easily and quickly
made. Long-term pumping is generally not required to obtain
usable drawdown measurements. The testing for deeper thin
aquifers is similar except for the increased cost of the deeper holes
and pump setting.

Problems arise when the aquifer is excessively thick, 30 meters
(100 feet) or more, and the water table is deep. Existing wells may
not fully penetrate the aquifer, and the cost of drilling fully
penetrating observation wells and a test well may not be
economically justifiable.

When a pumping well does not fully penetrate an unconfined
aquifer, the distorted flow pattern to the well is accentuated and
the distance to observation wells should be adjusted accordingly
(see section 8-4).

(b) Confined Aquifers.—A confined aquifer will often be overlain
by an unconfined aquifer from which it is separated by a confining
layer. The unconfined aquifer should always be cased off in the
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pumping and observation wells. If the confined aquifer is not
excessively thick, the well should be screened for the entire
thickness of the aquifer. The nearest observation well should be
located at least 7.5 meters (25 feet) from the pumping well and
should penetrate and be screened in the upper 10 percent of the
aquifer at a minimum. The water level in the pumping well
should not be allowed to fall below the bottom of the upper
confining bed during an aquifer test.

In a thick, confined aquifer where drilling a fully penetrating
well would not be economical, a similar relationship holds
regarding the location and depth of observation wells as described
above for an unconfined aquifer. However, the area of influence in
an artesian aquifer expands more rapidly than in an unconfined
aquifer, and the distance to the nearest observation well is not as
critical from the standpoint of pumping time to obtain measurable
drawdown.

In a confined aquifer, partial penetration by a discharging well
may be compensated for by spacing the observation wells an
adequate distance from the pumping well, but the relationship of
twice the aquifer thickness times the square root of the
permeability ratios described in section 8-4 applies. Another
method is to use two piezometers at each distance with the closest
pair located at least one-half the aquifer thickness from the
pumped well. One of the piezometers in each pair is open to the
upper 10 percent of the aquifer and the other to the lower
10 percent. The average of the drawdowns in each pair of
piezometers is used as the effective drawdown at each distance. If
the pumping well is screened through the midsection of the
aquifer, the same arrangement may be used as was described
previously for an unconfined aquifer under similar conditions, or a
piezometer point may be set at the same elevation as the midpoint
of the screen.

(¢) Composite and Leaky Aquifers.—Many areas are underlain by
an unconfined aquifer and one or more confined aquifers. The
confining layers may vary from practically impermeable to
moderately permeable as compared to the aquifers. In the latter
case, interchange of water between aquifers may occur depending
on the pressure differences which exist among them. Under such
conditions, each aquifer should be pump tested separately. The
pumping well should be cased through the untested sections and
should be screened through the entire thickness of the tested
aquifer. Observation wells and piezometers should be set to
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conform with the design of the pumping well. In testing such
aquifers, the semilog straight-line plots of time or distance against
drawdown to determine the length of the test may not apply, and if
the test is run sufficiently long, the plot may become a line of zero
drawdown. The field data are analyzed as described in section 9-8.

(d) Delayed Drainage.—Consideration should also be given to the
nature of the aquifer and the probable effect of delayed drainage
on a pumping test (see section 5-10). To estimate the nature of the
aquifer materials, the well logs and sample cuttings should be
carefully examined. From this examination, the minimum planned
time for a test should be estimated on the basis of the following
tabulation:

Minimum pumping time recommended for aquifer test

Minimum pumping time

Predominant aquifer material (hours)
Silt and clay 170
Fine sand 30
Medium sand and coarser materials 4

In many instances, economic and other factors will rule out tests
as long as 170 hours, so less than ideal test results may have to
suffice.

8-4. Selection and Location of Pumping Wells and
Observation Wells.—If an existing well is to be used for a test,
the well should ideally closely conform to the requirements for
aquifer testing. Also, the log data on types of construction and
performance characteristics of other wells in the area should be
examined. Other nearby wells may be suitable as observation
wells, but in most cases, additional observation wells will have to
be drilled.

The pumping well and observation wells should be located, if at
all possible, to conform to known or suspected boundaries,
including deep percolation from irrigation. The wells should be
located far enough away from the boundaries to permit recognition
of drawdown trends before the boundary conditions influence the
drawdown readings (see sections 5-5 and 5-11). If more than one
boundary is present, the effects of the first one should be relatively
stable before the influence of the second becomes effective.
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Conversely, a study may involve an estimate of induced seepage
from a stream or body of surface water as a result of pumping from
a nearby well. In such a study, the well may be placed relatively
close to the recharge boundary, and one or more observation wells
should penetrate into the bed of the surface-water body.

In selecting or locating sites for observation wells, an effort
should be made to meet ideal conditions. If a partially penetrating
well is used in the ideal aquifer, the observation wells should be
located at a minimum distance equal to 1-1/2 to 2 times the aquifer
thickness from a partially penetrating pumping well. This
configuration will result in a flow pattern equivalent to that of a
fully penetrating well. Any well with an 85-percent or more open
or screened hole in the saturated thickness may be considered as
fully penetrating. If the aquifer is vertically anisotropic, r ideally

should be:
K 2
r>1.5M{_’]U 8-1
KZ

distance from the center of the pumping well to the
observation well

where:

~
]

M = thickness of the aquifer
K. = horizontal permeability
K, = vertical permeability

In reality, this relationship may be of limited value because a
reliable and economical method of determining vertical and
horizontal permeability is unavailable, aquifer thickness may be
unknown, and prolonged pumping would be required. Suggested
alternatives for observation well locations are presented in
chapter IX. When laying out observation well locations,
consideration should be given to the proposed duration of the test
and the probable magnitude of the transmissibility and storativity.
If estimates can be made of S and T, the drawdowns at various
distances and at increasing times, the time when u (defined in
chapter IX) will be less than 0.01, and the probable length of time
required for the test can be estimated (see sections 9-3 and 9-5).
The drawdown at any point in the area of influence will increase
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with time and the rate of discharge. Conversely, the greater the
diffusivity factor, o. = S/T, the slower the rate of expansion of the
area of influence.

Although any number of observation wells may be used, the
recommended minimum number is four—three on a line passing
through the center of the pumped well and one on a line normal to
the previously mentioned line and passing through the pumped
well. The distance from the pumped well to the nearest
observation well, and the spacing between observation wells,
involve consideration of the ideal conditions, how the test
conditions conform to ideal conditions, desirable adjustments to
compensate for departures from the ideal, and feasible locations for
the wells in the field.

If a well must be drilled specifically for testing, the design should
reflect whether it is to be purely a test well to be abandoned after
the test or whether it would fit into the final plan as a production
well. In the former case, the least costly construction commensu-
rate with the purpose should be followed. In the second, a pilot
hole may be necessary, and good well design from the standpoint of
efficiency, long well life, and desired yield should be followed.

8-5. Disposal of Discharge.—When planning the test, the
method and place of disposal of discharge from the well should be
determined. The discharge from the pumped well should be
transported some distance from the well for convenience and
comfort during the test. However, other factors of greater
importance must be considered.

If the aquifer is unconfined and the unsaturated materials
overlying the aquifer are relatively permeable, the discharge
should be transported by pipeline to an existing drain beyond the
probable area of influence that will develop during the test.
Otherwise, the deep percolation may be recirculated, and the test
may be adversely affected.

If the aquifer is unconfined, the water table lies at depths of
30 meters (100 feet) or more, and the overlying materials are of
low permeability, an existing ditch or drain that will remove the
flow rapidly from the area may be used safely. Regardless of the
point of discharge, determining the ultimate fate of the water is
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important so that no public or private property is subjected to
damage. Discharge from a confined aquifer may be treated
similarly.

If the water may be contaminated, it must be stored, sampled and
treated if necessary.

8-6. Preparations for Pumping Test.—If possible, tests
should be run when heavy rains would least likely occur.
Infiltration and deep percolation of precipitation may adversely
affect a test.

For a few days before starting the test, water levels in the
pumping well and observation wells should be measured at about
the same time each day to determine whether a measurable trend
exists in ground-water levels. If such a trend is apparent, a curve
of the change in depth versus time should be prepared and used to
correct the water levels read during the test.

In areas of severe winter climate where the frostline may extend
to depths of a meter or more, pumping tests should be avoided
during the winter where the water table is less than about 3 to
4 meters from the surface. Under some circumstances, the frozen
soil acts as a confining bed, and when combined with leaky aquifer
and delayed storage characteristics, may make the results of the
test unreliable. Also, during periods of increasing or decreasing
frost level, the water table may fluctuate significantly in response
to the freezing or thawing.

If the aquifer is confined, barometric changes may affect water
levels in wells (see section 9-13). An increase in barometric
pressure may cause a decrease in the water levels, and a decrease
in pressure may cause an increase in water levels. If water levels
and barometric pressures are measured several times daily for at
least 4 days prior to running a test and both measurements are
expressed in m