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GROUND WATER

INTRODUCTION

Purpose and Scope

The purpose of this section of the National Engineering Handbook is to
present information on ground water as it relates to Soil Conservation
Service programs. This material was compiled to help SCS personnel
plan and conduct ground-water studies under egtablished SCS standards
and policies.

Investigations are made (1) to determine the availability and suitabi-
lity of ground water for beneficial use and (2) to provide ground-

water information needed to plan, design and construct works of improve-
ment. SCS does not make ground-water surveys or studies for the sole
purpose of collecting basic data.

In many areas basic ground-water data have been collected and compiled
by other Federal, State, and private agencies. This information may
be available in published documents or in unpublished field reports.
When these data are either insufficient in detail or outdated, the SCS
must conduct further investigations.

Because problems associated with ground water are complex, a flexible
pattern of investigational procedures is needed. ZEach ground-water
situation will have some identifiable characteristics which will help
to determine the best procedures to use. The ability of the investi-
gator to recognize these characteristics and select the most applicable
procedures will largely determine the adequacy of the investigations.

Ground-Water Uses

At present, about one-fifth of all water used in the world is obtained
from ground-water sources. The demand is steadily increasing. In the
United States irrigation makes the greatest single demand, using about
TO percent of all extracted ground water. About 11 percent is used by
industry, 13 percent for public water supplies, and 6 percent for rural
water needs other than irrigation. In the 17 western States, 91 per-
cent of the ground water used is for crop production.

Ground-Water Rights

State laws regarding the use of ground water must be followed. There
are three principal sets of rules or "doctrines" upon which these laws
are based. These are:
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1. Absolute awnmership, or the common-law rule, which states
that the owner of the land is the absolute owner of all
underground waters under his property. He may develop
and use his ground water as he pleases without regard to
the effect upon the ground-water supplies. of adjacent

"~ landowners. However, in many States where this rule is
followed, it is subject to some qualifications. This
doctrine does not recognize flowing ground water or the
effect that its misuse may have on other landowners
using the same source. '

2. Ownership with reasonable use is similar to the common-
law ownership but limits the owner to a reasonable use
with regard to the needs of other owners of lands over-
lying & common ground-water source. Export of ground
water outside of the basin or area is prohibited when
owners within the basin or area are in need of these
waters. New Hampshire was the first to adopt this rule
in 1862. Since then it has been adopted by California,
Nebraska, Oklahoma, and Hawaii.

- 3. The appropriation doctrine follows the rule that, where-
ground-water limits or boundaries can be reasonsably
established, the subsurface waters are public waters
and subject to appropriation. Priority rights are
issued from a designated State agency after an exam-
ination of the intent of use. The appropriation
system places emphasis upon beneficial use and con-
servation, security of investment, and responsibility
for administrative guidance. Statutes based on this
doctrine are best known in New Mexico, Oregon,
Washington, Kansas, Nevada, Utah, and Arizona. In
parts of New York and New Jersey modified versioms
of this rule apply. :

Administration

Most States regulate the development and administration of ground—water
resources in the public interest.

The more common State regulations are: Kl) A1) persons drilling wells
for others must be licensed; (2) drilling permits, logs, and any work
performed on wells must be reported to the State on prescribed forms;
(3) wells furnishing domestic or municipal water must be properly con-
structed and finished to prevent contamination; (4) flowing wells must
be suitebly capped and regulated to avoid waste; (5) abandoned wells
must be sealed; (6) air-conditioning and cooling waters must be returned
to the ground through recharge wells; and (7) disposal of any contam-
inants, such as brines or industrial wastes, which affect the quality

of publlc water supplies can be restricted.

Administration of these regulations is usually the responsibility of
a designated State agency. Administration and control of ground water
in overdraft areas pose many complex technical problems.
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CHAPTER 1. GROUND-WATER HYDROLOGY

The -Hydrologic Cycle

Water exists in the atmosphere, on the earth's surface (the hydrosphere),
and under the earth's surface (the lithosphere). A continual inter-
change produces a closed system that is known as the hydrologic cycle.
Ground water is an integral part of this system.

The Hydraulic Propefties of Materials

 Water in the lithosphere is in the form of free water, water vapor or
ice, or is chemically combined. Subsurface, uncombined water must
occupy space within the soil or rocks which is not occupied by solid
mineral matter. These spaces are called interstices. Interstitial
space may be occupied by air or other gases or by water or other liquids.

A rock or soil is said to be porous or to have porosity if it contains
interstices or voids. Porosity can be quantitatively expressed as the
ratio of the total volume of voids to the total volume of the rock or
soil. It is usually given as a percentage. Primary porosity comes
into existence as a result of the processes by which the rock or soil
was formed. OSecondary porosity is produced by fracture, solution or
recrystallization. Ground water occurs in both primary and secondary
voids.

Voids can be divided into three classes with respect to their size and
interaction with water. These are capillary, supercapillary and sub-
capillary interstices.

Ground water will rise in a capillary interstice by surface tension
to a given height above the water table. The amount of rise is depen-
dent upon the size, shape, and composition of the walls of the void.
.The upper limit of capillary size is in the neighborhood of 3 millji-
meters. .

An interstice larger than the upper size limit of a capillary is said
to be supercapillary. Water in a supercapillary interstice will not
rise appreciably above the elevation of the water table.

A subcapillary interstice is so small that water in it is held by ad-
hesion to the sides of the interstice. The adhesive forces exceed the
cohesive forces of the water. Movement is impossible except by exter-.
nal forces which greatly exceed those normally found in the zone of
ground water.
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A rock or soil which has communicating voids of capillary or super-
capillary size is said to be permeable. The permeability of a material
is its capacity to transmit fluids under pressure.

While a material must have porosity in order to be permeable, there is
no direct relationship between total porosity and permeability. This
is illustrated in Table 1-1.

Table 1-1. Comparison of Typical Porosities and Coefficients of
Permeability for Common Materials (From various sources)

Coefficiendt of

Material Porosity Permeability
% ft3/ft2/day
Poorly-graded gravels 30-40 More than 3000
Poorly-graded sands 30-L0 300 to 3000
Well-graded sands 20-35 15 to 300
Fine sands 30-35 15 to 150
Silty sands 30-40 .3 to 6
Silts 40-50 .03 to 1
Clays 45-60 Less than .003

A water-bearing formation contains gravity ground water. Formations
that contain enough water to be used as a source of supply are called
aquifers. An aquifer may be an entire formation, a group of formations
or part of a formation. It may be either consclidated or unconsolida-
ted, '

An aquiclude is porous and may contain ground water but will not trans-
mit it fast enough to be of consequence as a water supply. What is
considered to be an aquifer in one area may be considered to be an
aquiclude in another area because of differences in demand and avail-
ability of alternate supplies.

An aquifuge is a formation containing no communicating voids.

The Occurrence of Ground Water

The lithosphere can be divided into two general zones. The gone of
rock fracture, which includes the regolith, is the zone where rocks

are under stresses less than those required to close volds by internal
deformation. The zone of rock flowage 1s below the zone of rock frac-
ture where all rocks are under stresses exceeding their elastic limits.
In this zone voids are absent or insignificant and water exists only

as internal water. There is an intermediate zone where strong rocks
are fractured and weak rocks flow. BSee Figure 1-1.
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In the zone of rock fracture subsurface water exists in two broad zones-—-
the zone of saturation and the zone of aeration.

Zone of Saturation

In the zone of saturation all communicating voids are filled with water
under hydrostatic pressure. Water is the zone of saturation is ground
water or phreatic water.

Zone of Aeration

In the zone of aeration, voids in permeable materials are empty, par-
tially filled, or filled with water either moving downward under the
force of gravity or being held by capillary action.

The zone of aeration is divided into three sub-zones. These are the
capillary fringe, the zone of soil water, and an intermediate zone.

Capillary Fringe.--TImmediately overlying the zone of saturation and
continuous with the water in the zone of saturation is the capillary
fringe. It is held above the water table by capillarity acting against
gravity. All interstices of capillary size may be filled with water
but no hydrostatic head will be exhibited. Since the height to which
water is held by capillarity is inversely proportional to the diameter
of the interstitial space, the thickness of the capillary fringe will
vary with the texture of the rock or soil, all other things being
equal. TIf the material has only supercapillary openings, the capillary
fringe will be practically absent. If the openings are all subcapil-
lary the material is impermeable. Most materials have some capillary
interstices, however. Some typical values for the height of capillary
rise in common materials are presented in Table 1-2.

Table 1-2. Typical Values of Capillary Rise

Soil Type Height of Capillary Rise, inches
Coarse sand 1/2 to 2

Sand 5 to 1b

Fine sand 14 to 28

Silt 28 to 60

Clay 80 to 160 or more

At equilibrium, any water reaching the capillary fringe from above by
gravity flow will cause the immediate discharge of an equivalent amount
of water to the zone of saturation. 1In effect, this raises the eleva-
tion of the water table.

Zone of Soil Water.--The soil-water zone extends from the surface to
slightly below the depth of root penetration. Water in this zone is
available for transpiration by plants or for direct evaporation. The



.s01l—water zone is not saturated except temporarlly when excess water
is applied. Water is held by surface tension and is moved by capillary
action. If excess water is available it drains through the soil under
the influence of gravity.

Water which has penetrated to a depth from which it cannot be returned
to the root zone by capillary action is lost to the zone of soil water.

The thickness of the zone varies greatly with different types of soil
and vegetation.

Water in this zone is commonly called soil water.

Intermediate Zone.--The zone of soil water and the capillary fringe may
or may not be separated by an intermediate zone. The intermediate zone’
is the residual part of the zone of aeration. It does not exist where
the capillary fringe or the water.table approaches the surface and may
be several hundred feet thick in deep water table areas.

Water in the intermediate zone cannot be brought back to the soil-water
zone by capillary action, but it has not yet reached the capillary
fringe. It is held in place by surface tension or is moving downward
under the force of gravity. '

The amount of stationary or pellicular water in the intermediate zone
is dependent upon the nature of the soil or rock and is equivalent to
the field capacity of the same materials in the soil-water zone and to
the specific retention of an aquifer. Water in excess of this amount,
if and when it becomes available from the soil zone, moves downward
under the force of gravity to the capillary fringe where it displaces
fringe water into the zone of saturation.

The Water Table
The upper surface of a zone of saturation is called a water table
except where that surface is formed by an impermeable body.

The . shape and slope of the water table varies, depending upon the loca-
tion of areas of recharge and discharge and upon variations in permea-
bility. In most localities it reflects the topography in a general
way but with less relief..

Fluctuations inkthe elevation of the water table reflect changes in
the volume of water in storage.

Water-bearing formations which exhibit an unconfined water table are
called phreatic aquifers. -

Ground water is said to be perched if it is separated from the main
water table by unsaturated materials. The upper surface of this perched
zone of saturation is a perched water table. Water may be perched
either temporarily or permanently. It is underlain by a negative con-
fining bed which stops or retards the downward movement of water under
the force of gravity.
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Where the upper surface of the zone of saturation lies in a less per-

meable stratum and the water level in a well penetrating into the zone
of saturation will rise above the upper surface of the zone of satura-
tion, artesian conditions exist and the ground water is said to have

a ptezometric surface. This is an imaginary surface that coincides
everywhere with the static pressure head elevation of the ground water.
The aquifer is known as a confined or artesian aquifer. The confining
layer need not be impermeable for artesian conditions to exist but
must be less permeable than the aquifer. :
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Recharge to an artesian aquifer occurs where the water table is higher
than the piezometric surface, or where the permeable formation rises
above the piezometric surface and the aguifer becomes a phreatic
aquifer.

Recharge may occur where the confining bed is permeable and the water
table is higher than the piezometric surface. The aquifer in this case
is subartesian. The same aquifer may be subartesian in one area,
phreatic in another area, and artesian in still another-area.

Changes in the elevation of the piezometric surface indicate changes
in pressure rather than changes in the volume of water in storage.

The above ground-water relationships are illustrated in Figure 1-2.
Aquifer Characteristics

An aquifer has been defined as a formation, group of formations or part
of a formation that will yield significant quantities of water.

Many major aquifers are composed of unconsolidated materials, chiefly
sands and gravels. Less Important aquifers are found in heterogeneous
alluvial deposits, loess, and till.

Indurated sedimentary rocks yield most of their water through joints
and fractures and through passages opened by weathering or solution.
Some less thoroughly cemented sandstones yield water from original
porosity.

Extrusive igneous rocks yield water from shrinkage cracks, joints, flow
breccias and lava tubes. Basalt flows may be the source of very large
amounts of ground water.

Intrusive igneous rocks and metamorphic rocks are generally unproduc-—
tive but may yield small supplies for domestic use from fractures and

weathered zones.

Ground Water Movement

Darcy's Law
In 1856, Henri Darcy, in France, observed that the volume of flow

through a porous medium when flow is laminar is directly proportional
to the head loss and inversely proportional to the length of the flow
path. This is now known as Darcy's Law. It can be expressed mathema-
tically as:

kb
vV = — =

2 kI : (1-1)

where v = volume of water per unit cross-sectional ares of a column
of permeable material, expressed as a velocity (eg., ft./day)

AR
2

difference in pressure head at the ends of the columnx(ft.)

length of flow path (ft.)
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k = coefficient of permeability - a constant dependent upon the
character of the material (ft.3/ft.2/day)

AR hydraulic gradient (dimensionless)

T=7

These relationships are illustrated in Figﬁre 1-3. In the equation, v
represents the rate of motion of a solid column of water the size of
the test section. '

The actual rate of movement of the water, as measured with dye tracers
for instance, is the velocity v in equation 1-1 divided by porosity:

v _k

V=>-="= (1-2)
p P
V = actual rate of movement (ft./day)
p = effective porosity (dimensionless decimal)
and v, k, and I are as defined in equation 1-1.
It naturally follows that:

This is a useful concept in estimating field permeabilities with the
use of dye tracers.

Coefficients of Permeability and Transmissibility

The coefficient of permeability k of a given material is the volume of
water that will flow through a unit cross-sectional area in unit time,
under unit hydraulic gradient and at a standard temperature. SCS com-
monly expresses the coefficient of permeability in cubic feet of water

L .
| e

hi

datum

FIGURE I-3. - Factors involved in Darcy's Law



. per day through a cross-sectional area of the aquifer one foot square
) under a hydraulic gradient of one foot per foot at a temperature of
20° C. This is:

.3 at 20° ¢

k=1 day) (L ft.2) (1 ft./ft.)

The U.S. Geological Survey commonly expresses the coefficient of per-
meability in Meinzer's units. This is in gallons per day at 60° F.
with the other terms remaining the same or:

gal. at 60°F

PMm = T 3ay) (1 7t.2) (1 rv./tt.)

The viscosity of water is a function of temperature. For this reason
permeabilities are adjusted to a standard temperature. The temperature
range of most agquifers, however, is small and it is common practice in
water development field procedures to ignore the temperature correction
and compute field coefficients of permeability at the prevailing tem-
perature.

The coefficient of transmissibility T is the rate of flow of water

through a vertical strip of unit width which extends the entire satur-

ated thickness of the aquifer under unit hydraulic gradient and at the
' prevailing water temperature. This is expressed as:

£t.3

T = (T day) (T foot) (thickness—m ft.) (1 ft./ft.)

gal.
(1 day) (1 foot) (thickness-m ft.) (1 ft./ft.)

or T =

In a uniform aquifer the coefficient of transmissibility is equal to
the field coefficient of permeability times the saturated thickness.

Figure 1-4 illustrates the relationships of permeability and transmis-
sibility.

A useful form of Darcy's law is given by the formula:
Q=kITA=TITL (1-4)

where @ = discharge (ft.3/day)

=‘coefficieht of permeability (ft.3/ft.2/day)

= hydraulic gradient (ft./ft.) ‘

cross-sectional area through which discharge occurs (ft.?2)

= coefficient of transmissibility (ft.3/ft./day)

NN R N X
]

= width of section through which discharge occurs (ft.)

Coefficients of transmissibility determined in the field can be conver-
ted to coefficients of permeability by dividing by the thickness of the

’
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(From Theory of Aquifer Tests by J. G. Ferris et al, 1962,
U. S. Geol. Surv. Water Supply Paper 1536-E)

aquifer. This represents the overall average permeability of the aqui-
fer tested.

Methods of determining k¥ and T by pump tests are discussed in the sec-
tion on Well Hydraulics.

Flow Lines and Equipotential Lines

A streamline or flow line is the mean path of flow of an individual
particle of water as it moves through an aguifer in the direction of
decreasing head.

Equipotential lines in an aquifer represent contours of equal head.
They intersect flow lines at right angles. Ground-water contours in
an unconfined aquifer and isopiestic (equal pressure) lines in a con-
fined aquifer are eguipotential lines.

A flow net is a graphical representation of a flow pattern and is com-
posed of families of flow lines and equipotential lines. The actual
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flow pattern contains an infinite number of flow lines and equipotential
lines. The graphical representation is constructed using only a few of
these lines, selected so that the quantity of flow is equal between ad-
jacent pairs of flow lines and the drop in head is equal between adja-
cent pairs of equipotential lines.

When. constructing a flow net the flow lines are drawn orthagonal to the
equipotential lines resulting in a pattern of rectangles (or squares)
with the ratio of the mean dimensions of each rectangle equal.

A flow net can represent a vertical plane through an aquifer (BFGC in
Figure 1-5) or any plane parallel to the flow (AEFB in Figure 1-5).

In three dimensions, each equipotential line becomes a plane. Under
ideal conditions (an isotropic aquifer) this plane is vertical. The
upper edge of the plane is a line on the upper surface of the aquifer

and the lower edge is a line on the bottom of the aquifer. Piezometers
set at any point on this plane will have the same water level. An
equipotential plane is represented by plane ABCD in Figure 1-5. Figure
1-5 represents a prism taken from an ideal aquifer where the equipoten- |
tial lines are straight and equally spaced and the flow lines are equally
spaced. The discharge from the small squares on the face of the prism
are all equal, as are their areas. Under field conditions, the dis-
charges, by definition, would be equal but the areas would probably

vary.

i
|
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\
Since flow cannot cross an! impermeable boundary, flow lines adjacent .
to a boundary must parallei the boundary. In an unconfined aquifer,

the water table is also a ﬁounding surface. Flow lines adjacent to

the water table must parallel the surface of the water table, and since

ground water contours are in reality equipotential lines, flow lines

must be perpendicular to the contours. The relative spacing of the

flow lines will be dependent upon the water table gradient and the per-

meability and thickness of the aquifer.

Coefficient of Storage

The coefficient of storage of an aquifer is the volume of water it re-
leases or takes into storage per unit surface area of the aquifer per
unit change in the component of head normal to that surface. This is
illustrated in Figure 1-6.

In an unconfined aquifer the coefficient of storage is equivalent to
the specific yield. It is the volume of water, in cubic feet, that a
cubic foot of the aquifer will yield to gravity drainage. It will
range. from about 0.05.to 0.30.

The storage coefficient of a confined aquifer equals the volume of
water in cubic feet released from a vertical column one foot square
extending through the aquifer when the piezometric surface declines
one foot. This volume is attributable to the compressibility of the
aquifer material and of the water. The storage coefficients of arte-

sian aquifers usually range from 0.00001 to 0.001l.

An unconfined aquifer will yield 50 to 30,000 times more water per foot
decline in head than will a confined aquifer, other things being equal.
From this it can be seen that decline in the piezometric surface over
large areas is required to produce significant amounts of water from

a confined agquifer.

Hydraulics of Wells

A ground-water reservoir tends toward a state of equilibrium with
natural discharge balancing natural recharge. The installation of a
discharging well disturbs this balance and a new equilibrium state is
reached by the propagation of a cone of depression. As the cone of
depression extends outward and deepens, natural recharge is increased,
or natural and well discharge are decreased, until equilibrium is again
established. The extent of the cone of depression is called the area
of influence.

Fgquilibrium Conditions ‘

In an ideal, homogeneous, lsotropic aguifer of finite thickness and

infinite extent, a completely penetrating discharging well can be con-

sidered as being surrounded by a series of concentric cylinders. At

equilibrium the discharge through the wall of each of these cylinders

is equal to the discharge from the well.. At successively greater dis- .

tances from the well the side areas of ‘the cylinders increase at an
increasing rate since the area of a cylinder equals 2Irh.
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Figure 1 -6. Coefficient of Storage

(From Theory of Aquifer Tests by J. G. Ferris et al, 1962,
U. S. Geol. Surv. Water Supply Paper 1536-E)

Since, according to Darcy's law
Q = kIA (1-4)

and therefore,

~
S
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the permeability of the aquifer can be determined if the hydraulic gra-
dient of the ground water is known at a distance »r from a well discharg-
ing a known volume of water. At this distance the area of the cylinder
through which flow occurs is 2llrm for a confined aquifer where m is

the thickness of the aquifer. For an unconfined aquifer the area of

the cylinder is 2llr (m-g) where m is saturated thickness before pump-
ing and s is drawdown.

Since the hydraulic gradient cannot be measured at a point, a mathema-
tical treatment of Darcy's equation was developed that substitutes the
drawdown in two observation wells for the hydraulic gradient. This is
known as the Thiem formula:

o
Q Zoge r
k= o (1-5)
(S]_ - 82)
where k = coefficient of permeability (ft.3/ft.2/day)
Q = discharge from pumped well (ft.3/day)

ry and ro distances from pumped well to two observation wells

(ft.)

drawdown in the observation wells (ft.)

81 and 8o

m = saturated aquifer thickness before pumping (£t.)

The formula can be used to compute permeabilities under equilibrium
conditions. However, it assumes the following:

1. The aquifer is isotropic, of infinite areal extent and rests
on a horizontal impermeable bed,

2. the discharging well penetrates the entire saturated thickness
of the aquifer;

3. the observation wells are placed in line with the discharging
well;

L. pumping has continued at a constant rate for sufficient time
for the drawdown cone to have reached a steady state;

5. flow to the well is radial;

6. the non-pumped water table was horizontal.
The Thiem equation applies to confined aquifers and unconfined aguifers
if the difference in drawdown between the two observation wells is
small compared to the saturated thickness. Figure 1-7 illustrates the

various relationships in the Thiem equation.

The severe limitations placed on the equilibrium formula can sometimes
be overcome by appropriate adjustments. These adjustments and their
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Figure 1-7. Aquifer Pump Test

validity and limitations are discussed by Wenzel (19L42), Ferris et al
(1962), and Bentall (1963).

In practice, one procedure for using the Thiem equation is to measure
the drawdown in the observation wells at a time when equilibrium of
the cone of depression has been established by pumping at a constant
rate. These measurements are plotted on semilog coordinate paper, the
drawdown & on the arithmetic scale and distance r on the logarithmic
scale. When two or more observation wells are used all values of »r
and s at a given time ¢ should fall on a straight line on the semilog
plotting if equilibrium has been attained. Convenient values of r;
~and r, and s and s, can then be picked from the curve and the Thiem
equation solved for k. An example of these procedures is given in
chapter 3.

Non-equilibrium Conditions

In the case where equilibrium of the drawdown cone is not established,
a non-equilibrium equation can be applied to determine the aquifer
constants. This equation, developed by C. V. Theis in 1935, is based
on the assumption that hydraulic conditions in an aquifer and thermal
conditions in a thermal system are analagous in mathematical theory.
The following aquifer conditions are assumed in the application of the
equation:
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1. The aquifer is homogeneous and isotropic; : .
2. the aquifer has infinite areal extent

3. the discharging well penetrates the entire thickness of the
aquifer; '

4, +the coefficient of transmissibility is constant at all times
and all places;

5. the well has an infinitesimally (reasonably) small diameter;

6. the water removed from storage is discharged instantaneously
with decline in head.

The final equation for the drawdown of the water level in the vieinity
of a discharging well as developed by Theis is:

114.6 Q e ?
8 = —T— uj—‘u—' du . (1-6)

where ¢ = drawdown at a point r distance from a pumping well (£t.)

Q = discharge from the well (gallons per minuteL/)

T = coefficient of transmissibility (gal./day/ft.) ‘
, = 1.87 r%5 |
Tt

y = distance from pump well to point where drawdown s is deter-
mined (ft.)

S = coefficient of storage (dimensionless)

t = time that pump well has been discharging (days).

The expression:

oo

J[‘Eiz-du

u

is an exponential integral and cannot be integrated directly. The
notation for this integral is W(u), which is read "well function of u,"
and its value is given by the series: :

; u? u3 utt L
W(u) = -0.577216 - logg u + u - 5 5] *3.57 - T 4] " (1-7)

concerning pumps and pump tests is in terms of gallons. Appropriate
conversion factors can be used after computations have been com--
pleted.

1/ Gallons is used here inste‘ad of cubic feet because most literature .




Equation (1-6) can then be written:

s = 114.6 @

7 W(u) (1-8)

Selected values of W(u) for given values of u between 107 1% and 9.5 are
given in Table 1-3.

Table 1-3. Selected Values of y and W(u)

U ‘ Wiu) u W(u)
9.5 0.0000072 0.01 L.okL
6.0 0.00036 0.005 4.73
4.0 0.0038 1073 6.33
3.0 0.013 107" 8.63
2.0 0.0k49 107° 10.94
1.5 0.10 1076 13.24
1.0 0.22 1077 15.54
.. 0.75 0.34 1078 17.84
' 0.5 0.56 1079 20.15
0.4 0.70 10710 22.145
0.3 0.91 10”11 24,75
| 0.2 1.22 10712 27.05
0.1 1.82 10713 29.36
0.075 2.09 10714 31.66
0.05 2.47 10715 33.96
0.025 3.1k

If the coefficient of transmissibility and coefficient of storage are
known, the drawdown on the cone of depression at any time and any dis-
tance from the well can be determined after the well starts discharg-
ing. This is done by substituting the known values of S and T and the
desired values of ¢ and r in the equation:

1.87 »2 5§
ue L8228 (1-9)

and the equation solved to determine u. The value of W(u) for u is
obtained from Table 1-3 and equation (1-8) is then solved for the draw-
down s. ‘



The non-equilibrium equation can also be solved for transmissibility T
and storage coefficient S5 if several values of drawdown s at times ¢

are known for one distance r from the pumpwell or several values of s
and r are known for one value of ¢. The solution regquires the graphical
determination of W(u), u, s, and either r?/t or the reciprocal of time

(1/¢).

A type curve of W(u) versus u for the values shown in Table 1-3 is
plotted on log-log coordinate paper, Figure 1-8 is an example. (See
Ferris et al, 1962, pp. 94-98 and other related references). Data from
the observation wells are then plotted on log-log tracing paper at the
same scale as the type curve. Values of s are plotted against r?/¢

(or l{t if .only one observation well is used and r therefore is con-
stant).

The curve of the observed data is superimposed on the type curve and
with the axes of the curves kept parallel the superimposed sheet is
shifted until a section of the two curves matches. The values of W(u),
u, 8, and r2/t of an arbitrary common point on the matched section of
the curves are recorded and the equation:

7= 114.6 @
8

W(u) (1-10)

is solved for T. The equation:

= 187 r? s
Tt

can then be solved for S.

There are many modifications, simplifications and alterations that can
be applied to the non-equilibrium equations. Conditions such as imper-
meable boundaries, recharge boundaries, leaky aquifers, partial pene~
tration of the aquifer by discharging wells and other conditions encoun-
tered in the field require adjustments and modifications of the basic
equations. These adjustments and modifications, as well as alternate
methods of hydraulic analysis of aquifers, are discussed in some of the
publications listed under references at the end of this chapter. An
example of a pump~out test is given in chapter 3.

Quality of Ground Water

A1l ground waters carry salts in solution. The primary source of these
salts is the solution of minerals. Relative quality of water depends
upon not only the total amounts of dissolved solids but also the kinds
of salts and the use to which the water will be put. The principal
constituents of natural waters are calcium, magnesium, sodium, potas-
sium, and ferric and ferrous iron as cations, and carbonate, bicarbo-
nate, sulphate, chloride, fluoride, and nitrate as anions. Usual minor
constituents are sluminum, manganese, silica, boron, and selenium.
Traces of any of the known elements may be present and considerable
concentrations may exist in local areas.
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The U.S. Public Health Service has set standards for drinking water
which have been adopted by most States. The chemical substances listed
in Table 1-4 (from U.S. Department of Health, Education, and Welfare,
1962) should not be present in excess of the concentrations shown.if

an alternate suitable water supply is available.

Table 1-4. Drinking Water Standards

Chemical Substance Concentration mg/l

Alkyl Benzene Sulfonate(ABS) " 0.5
Arsenic(As) 0.01
Chloride(C1) 250.
Copper(Cu) 1.
Carbon Chloroform Extract(CCE) | 0.2
Cyanide(CN) 0.01
Fluoride(F) | 1/
Iron(Fe) 0.3
Manganese(Mn) : 0.05
Nitrate(NOg3) L5,
Phenols 0.001
Sulfate(S0y) _ 250.
Zine(Zn) 5.

1/ Depends on the average annual maximum daily temperature
and varies from 1.7 mg/l at 50.0°-53.7°F to 0.8 mg/l at
79.3°-90.5°F.

If the conéentration of any of the substances exceeds that shown in
Table 1-5 the water supply is unsuitable for human consumption.

There are also established standards for turbidity, color, taste, odor,
and bacterial content.
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Table 1-5. Water Unsuitable for Human Consumption

Chemical Substance Concentration mg/1
Arsenic(As) 0.05
Barium(Ba) 1.0
Cadmium(Ca) 0.01
Chromium(Hexavalent)(Cr+6) 0.05
Cyanide(CN) 0.2
Fluoride(F) | Y
Lead(Pb) 0.05
Selenium(Se) 0.01
Silver(Ag) 0.05

1/ Depends on the average annual maximum daily temperature
’ and varies from 2.4 mg/l at 50.0°-53.7°F to 1.4 mg/l at
79.3°-90.5°F.
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CHAPTER 2. GROUND-WATER GEOLOGY

Materials of the Earth's Crust

The earth's crust consists of rock of various kinds; accumulations of
- rock debris; and soils formed by water, wind, and glacial action.
Materials vary from single elements to varied mixtures of minerals
that form many kinds of rocks. Understanding of the order and manner
in which materials occur or were deposited and their characteristics
is fundamental to proper water development.

Unconsolidated Materials

Unconsolidated materials consist of soil and recent deposits of rock-
slide debris, talus, fans, mud flows, alluvium, lake sediments, loess,
dune sand and glacial drift. They are important to the planning and
development of water resources wherever they are involved in site con-
ditions.

Rock-slide debris.--Rock-slide debris is generally very porous and
highly permeable. It is difficult to develop as a source of ground
water but is usually excellent for ground water recharge developments.

Mudflows.--Mudflow deposits may have low permeability and are of little
value for water developments.

Talus and fans.--Talus deposits and fans in stream valleys may be good
sources of ground water depending on their size and topographic posi-
tion. The discussion of alluvium following also applies to these
deposits.

Alluvium. —-Alluvium is stream-deposited detritus.

Alluvium varies in thickness, texture, degree of sorting, stratifica-
tion, porosity, and permeability. Its thickness is usually proportional
to the size of the drainage area. The coarse-textured materials are
usually deposited in headwater areas, but may also occur at or near

the base of the deposit.

Understanding of the principles of valley alluvial deposition as rela-
ted to glacial influences 1is important in the interpretation and
evaluation of site conditions for ground-water development.

During the Pleistocene, degradation in the stream systems occurred when
sea level was lowered by increasing accumulation of ice in the conti-
nental glaciers. Conversely, aggradation occurred in the stream sys-
tems with the ablation of the glaciers.
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This degradation and aggradation that accompanied each glacial advance
and retreat represents one cycle of sedimentation. Seven such cycles
have been recognized in non-glaciated as well as glaciated areas.

Deep channel and‘terrace deposits at Natchez, Mississippi; Figure 2-1,
indicate that sea level may have been as much as 300 feet lower during
the peak of glacial ice accumulation than it is now.

In glaciated areas some preglacial and interglacial channels have been
blocked and filled by succeeding glaciers. In many instances the pre-
sent drainage system differs from the antecedent. Many of these ante-
cedent or ancient drainage systems have been discovered by drilling
ground-water test wells. They constitute a very important reservoir

for the accumulation and storage of ground water. Ground water in the
channel deposits of these drainage systems meets the needs of agricul-
tural, municipal, and industrial water developments. These shallow
aquifers are readily replenished by local precipitation, and the quality
of the water is generally suitable for agricultural uses.

Permeability and specific yield of alluvial deposits vary considerably
with the texture. Textural information can be obtained from the logs

of test wells and the mechanical analyses of the water-bearing mater-

ials. This information is important for the proper design and devel~

opment of wells.

Yields of large wells versus thicknesses of saturated sediments were
plotted to aid in estimating potential yields. Variabilities in yields
are affected by differences in static water level, well characteristics
and degree of sorting of aquifer materials; however, these factors were
disregarded. These plots (Figures 2-2 and 2-3) indicate a requirement
of about 25 feet of saturated sands and gravels and about 90 feet of
saturated very fine sand to yield 500 gpm. Figure 2-4 is plotted to
show the reported yields of wells in gpm, the yield (gpm) per foot of
drawdown, and the theoretical maximum potential yield of the well at
100 percent drawdown.

Natural replenishment to alluvial water-bearing materials is influenced
by intensity and duration of precipitation, intake rates of soil and
subsoil, runoff from the drainage basin, and in some areas, by ground
“water underflow from nearby drainage basins. Ground-water replenish-
ment is also influenced by land slope, plant cover, land use, and
available storage capacity. Frozen ground is an effective barrier
against infiltration.

The chemical quality of the water is influenced by local geology, land
use, climate and disposal of domestic, municipal, and industrial wastes.

Lake sediments.--Lacustrine deposits consist of clays, silts, sands,
gravels, marl, tufa, peat and evaporites. ©Sands and gravels occur as
_deltaic and shoreline or beach deposits, whereas silts and clays may
be lakewide in occurrence. Limonite along with manganese oxide may
occur as nodular and concretionary deposits of irregular distribution.
Peat is common along the margins and sapropel (black muds rich in



/:g;:{oz S ® )
R gn-ﬁa
Yicnss
/A‘ Tt o w 3
oTumbie' <
A w0 X
WEST e A /A/ EAST
hind T T :""" el NATCHEL T - T T T 430
2 loxails & LOCATION MAP
‘O PLEISTOCENE PAcExAnddiA)\ @ ss' Miss ><-“ goace mues PLEISTOCENE Ha00
TERRACE s S 2977 - TERRACE
- pEPOSITS arion . DEPOSITS 130
e
200} Anpele 300
9 i : NATCHEZ, MISS. g
250 - . < -4 250
HARRISONBURG, LA. Mekine & /d Sx
Opelouses i LOESS 29
, 200 lﬁwy ) R 200
3 A - H
5 er RECENT ALLUVIAL DEPOSITS 1'%
¥ v
E soop TENSAS jloez
3 RIVER z
‘;‘ sof- P —— e . e - so';-
H H
- -
3 oL d .2
-sol- : LEGEND d-s0
‘:"‘e (IR oess
=100~ * E==3] weervious TopsTAATIM -tee
TERTIARY (MIOCENE) SANDS
i SEDIMENTARY FORMATIONS GRAVELTEROUS. $ANDS 1'*°
-200) --200
] 5 L ] 1 1 1 1 -
230y s 0 ) 20 T 30 3s 0 a5 3o 20
DISTANCE N WILES
SECTION A-A!
FIGURE 2-1. Geological section near Natchez, Mississippi

(From Applied Sedimentation, Edited by P. D. Trask, New York

Used by permission of John Wiley and Sons.)

: John Wiley and Sons, 1950.

£-¢c



YIELD (gpm)

2-4

2000 j
1500
; ¥ X ' X
1000 - i b S & Sollol
| x LT X
D X x
- I :
x XX i
2 3.8
500 o 3¢ * *
‘ xi rooox
e ) ) =
X X
g
>
X XixiX X X
10 20 30 40 50

THICKNESSES (feet)
FIGURE 2-2 Yields of Saturated Sands and Gravels in Irrigation Wells
(Compiled from Lugn and Wenzel, 1938)

organic matter) is deposited in the central parts of lakes. Marl and
tufa are precipitated in the greatest temperature change zone.

Evaporites are common in lake deposits of arid regions. Some lake de-
posits have a predominance of carbonates.

Deltas and beaches are ground water catchment areas. They are also
good areas in which to develop ground water providing they are deep
enough to be classified as aquifers. Water quality is usually good
because of rapid intake from precipitation.

Water developments from the central portions of lake plains are less
favorable because of low permeabilities of silts and clays and accumu-

lations of dissolved solids.

Loess.~-Loess is an eolian or windblown deposit that consists mainly
of silts that are generally loose and noncohesive, and may contain
clay and sand. The clay content of some loessial soils is affected by
s0il development and associated chemical changes.  The clay particles
in the A soil horizon may be transported by percolating water into the
B horizon.
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Loess occurs in intermontane valleys, in hilltops, throughout great
lengths of tablelands and uplands, in terraces of stream systems, and
floodplains and stream beds of some drainage systems. It may contain
buried soils and tends to mantle antecedent topography.

Porosity, permeability and specific yield of loess will vary with dif-
ferent. grade sizes of particles and degree of sorting. The coefficient
of permeability of loess is so low, 1 to 4 Meinzer units (Lugn and
Wenzel, 1938), that it is not considered an aquifer. However, thick
saturated sections of loess can sometimes be developed for water supplies
through the use of large diameter wells. The storage capacity of the
well is used to offset the low permeability of the loess.

Dune sand.--Wherever materials contain sand that is available for trans-
port by the wind, local dunes may develop. Eolian sands may be found
in any geologic time period. Some consist of gypsum, cdlites, and
shell fragments. The St. Peter, Tensleep, and Navajo sandstones are
examples of wind-worked sands.

Where sand dunes migrate into a water environment, particles may be
rearranged from the complex dune cross-bedding to an agqueous stratifi-
cation.

Folian sands that occur in relatively shallow, topographically high
accumulations, act as good intake areas for ground-water recharge to
underlying formations but may themselves be above the main zone of
saturation.

Glacial deposits.--Glacial deposits consist of glacial drift as ground,
terminal, lateral, and recessional moraines and outwash deposits from
the melting of glacial ice. Unstratified drift consists of a hetero-
geneous mixture of clay, sand, gravel, cobbles, and boulders. The
glacial drift of mountainous areas and the New England States is pre-
dominantly an unstratified mass of boulders whereas that of the north-
ern Great Plains contains considerable. clay derived from glacial
gouging of Cretaceous shales. 8Some glacial drift in the northern Great
Plains contain inclusions of stratified silts, sands and gravels of
various cross-secticnal dimensions with the bedding planes tilted from
the horizontal. These suggest an origin of stratified deposits in the
margin of the main mass of glacial ice. Some of these sand and gravel
inclusions are large enough to be reservoirs for ground water.

The Nebraska glacial till has been reported as "almost impervious to
water," (Shimek, 1910). Kansan and younger glacial deposits furnish
water to many small wells in the north central United States. Permea-
bility of the tills is very low so that dug wells are usually consi-
dered most satisfactory methods of water development. Large diameter
dug wells serve the purpose of reservoir storage.

Kames, eskers, and outwash sands and gravels are usually very porous

and highly permeable. Where they are low enough topographically to be
within the main zone of saturation, they are excellent sources of ground
water for domestic and livestock use. High iron content of some of



these waters, however, may stain plumbing fixtures and is objectionable
for some domestic uses.

Rocks

"The consolidated materials of the earth's crust are classified into
three major groups: (1) Igneous rocks, formed by cooling from the
molten state; (2) sedimentary rocks, formed by lithification of uncon-
solidated material, chemical and organic action, or evaporation; and
(3) metamorphic rocks, formed from pre-existing rocks by stress and
increased temperature.

Igneous rocks.--Molten rock may be extruded on to the surface as lava
flows, blown out by volcanic eruptions, or intruded into the earth’s
crust at various depths below the surface.

Pyroclastic rocks and some lava flows contain openings due to frag-
mentation, gas bubbles, or contraction during cooling. Locally these
openings may be connected so that ground water can move through them.
Most igneous rocks, however, are dense and lack voids. They are not
considered potential sources for ground water unless openings have
developed by fracturing, jointing or faulting. Where Jjoint systems are
well developed, as in some dense lava flows, large amounts of ground
water may be avallable. Jointed and fractured granitic masses may also
yield some ground water.

The Columbia River basin in Washington, Oregon, and Idaho drains about
50,000 square miles of lava. The lava occurs in individual flows that
vary in thickness from about 5 to 150 feet. The total maximum thick-
ness is about 5,000 feet and the total number of individual flows about
100. Tunnels may be formed by molten lava flowing out from beneath a
solidified crust. The base of some flows contain local rubble that is
permeable and the tops of some are columnar and blocky from fracturing
caused by cooling. Columnar structure contributes to permeability.
Diastrophism subsequent to these Late Tertiary flows has produced folds
and possibly additional ruptures in some areas. Faulting transverse

to the dip of bedrock has produced barriers to horizontal flow of water
in some localities. The rock varies from dense massive columnar-jointed
rock to vesicular and fractured masses on weathered surfaces of indivi-
dual flows. Precipitation and runoff from the mountainous areas filter
into surface fractures and migrate to lower strata along faults and
major fractures. Most highly productive wells are located in structural
troughs, some are artesian.

Sedimentary rocks.--Sedimentary rocks are the products of chemical,
organic and mechanical processes. See Table 2-1. The materials of
mechanical origin--shale, sandstones, and conglomerates--are the consol-
idated products of erosion that have been removed from one environment,
transported, and deposited in another and converted to rock by the add-
ition of accumulating load. Shales are the consolidated products of
muds, and sandstones and conglomerates the products of coarse clastics.

Consolidation is the process of changing loose, highly porous earth
materials to more dense, less porous materials by means of compression



Table 2-1 Genetics of Sediments

SEDIMENTATION

—

Weathering
influenced by:
climate, parent

and secondary
rocks), topogra-
phy, time, orga-
nisms

Erosion
influenced by:
plant cover,
topography,
land use

Transportation

Sorting

Deposition
infiuenced by
loss of energy,
place, time

Diagenesis
N

material {primary

Exfoliation
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Granular Disintegration--differential expansion and contraction

Frost action
Soil development
Root wedging

Mechanical

Fragmentation or Clastation~-
(Breaking or shattering in situ)
Ablation (Corrasion)
(Separation and

removal)

Wind Chemical
Water (Corrosion)
-Ice -- glaciers

Gravity -- slides
are manifestation
of the effect of
grevity and failure
of foundetion

Animals

Changes in channel grade
Uniform discharge
Riffling

Winnowing

(;eduction in channel grade
Reduction in turbulence
Spreading of water
Loss of stream grade
Settling in relatively

quiet water
< Loss of velocity
Eolian transport from arid

to humid and aqueous environ=
ment
Chemical precipitation
Evaporites, supersaturation,

Caliche Formation
—

Compression to stone
Cementation to stone

Physical--disintegration

Chemical--decomposition

Denudation--base leveling by water

Deflation--base leveling by wind--fluted

yardangs, ventifacts

Abrasion--wear on the cutting particles

Quarrying--undercutting

rskIDATION——addition of oxygen--changes the color and

volume of & rock. Reduction of SO, and CO3
reduces volume.

CARBONATION--most commonly affects silicate rocks to
form Ca, Na, Mg, and K Carbonates~-source of COp
is atmosphere and plants.

HYDRATION--sddition of water of crystallization.
Change of feldspars to clay. Chemical action of
ground water.

KAOLINIZATION--

2KA1 Siz Oglorthoclase) + 2H,0 + CO, = HyAlyS1,09
(Kaolin-clay) + 4§i0, + KCO3

Leaching of silica and potash reduces volume 54%.

LATERIZATION--in moist tropics the change of feldspar
18 more complete--to Hydrergillite Al;03°3H,0 or
bauxite. Silica is soluble only in water of excess
OK - ions. pH changes with dry and wet seasons.
Silica probably dissolves in the dry season

and leaches in the early part of the moist season.

L__ May form precipitate of egate or chalcedony.

from accumulating overburden.
cent for clay materials to as
Density also increases as the

Physical and chemical changes

earth materials to rock, for example, clay to shale.

Porosities vary from about 15 to 65 per-
low as 8 percent for consolidated shales.
result of desiccation.

under increasing load eventually lithify
The degree of

consolidation may be a measure of the load that has been applied to

produce a given kind of rock.

Consolidation is also produced by chemical bonding of materials and by

fusion under high
sedimentary rocks
water, ice, wind,
basis of texture,

temperatures and pressure into rock. The clastic
are the lithified sediments that were transported by
and gravity. They are usually classified on the
mineral composition, structure and additional perti-

nent characteristics, such as cementation and color.

When muds, silts,

or clays are indurated they are termed respectively

mudstone, siltstone and claystone when massive, and shale when laminated

or figsile.

The cleavage of shale tends to parallel the bedding.

Secondary cleavage not parallel to the bedding is produced by pressure

of overlying sediments and plastic flow.

The lamination and fissility

of shale is usually best displayed after weathering.
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Weller (1959) stated that, "Mud and shale are compacted in several

stages that involve: (1) squeezing out of interstitial water until

the sedimentary grains come in contact with each other; (2) rearrange-
ment of grains and development of closer packing; (3) soft clay min-
erals are forced into the interstices between the more resistant min-
erals; and (4) the latter are deformed until all porosity is eliminated."

Shales have very low porosity and are generally considered nonwater-
bearing. Shale has been known to yield a very limited amount of water
at some localities, but quality is generally poor.

Weathering and fracturing of shales produce secondary voids. These
are initiated and produced by crustal disturbances that develop cracks
and fissures. ©Shales may also heave and rebound from release of load
to produce fractures. Freezing, thawing, root action, and chemical
changes tend to increase the size and extent of fractures.

‘Well sites in weathered shale must be selected carefully. Conditions
of infiltration, storage, and seepage must be recognized locally. A
large diameter well is usually the best method of obtaining water from
weathered and fractured shale. Sites that are topographically high
will usually be dry.

When clastic material of sand size is lithified it becomes sandstone.
Sand may be composed of any mineral assemblage. The mineral content,
therefore, is important to its description. '

Poorly sorted or well-cemented sandstones have low porosity and low
permeability, and are considered only fair to poor as ground-water
reservoirs. Poorly sorted sandstones that are highly fractured may be
good aquifers; therefore, a recognition of the degree and extent of
fracturing is important in evaluating the rock for water development.
Well-sorted, poorly cemented, clean gquartz sandstones are probably the
most dependable reservoir rock for ground water.

Sandstones famous for the dependability of water supplies are found
in the Dresbach, Jordan, St. Peter, Dakota, Mesaverde, Brandywine,
Ripley, Wilcox, and Ogallala formations.

The quality of water in sands and sandstones is influenced by struc-
tural geology, geomorphology, stratigraphy, sedimentation, porosity,
permeability, infiltration and circulation of ground water. Where
circulation is restricted or connate water is present, quality is poor
to unsatisfactory.

Along a coastline, ground-water quality is influenced by its relation
to sea level. A fresh water - salt water interface is kept in balance
by ground-water recharge and ground-water movement seaward. With-
drawal of ground water in excess of recharge lowers the water table.
When the water table is lowered, salt-water intrusion of the fresh-
water aquifer occurs. Research on controlling salt-water intrusion is
continuing.

Chemically precipitated sedimentary rocks that are important water-
hearing formations in some areas are: limestones, dolomites, chalk,
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and gypsum. Paleozoic limestones and dolomites of the northeastern
United States yield water to springs and wells. Cretaceous limestones
in the southern United States furnish water for many municipalities.

The porosity of limestones is influenced by granularity, matrix, cement,
skeletal remains, reefs, fractures, dolomitization, and solution.
Solution cavities in the rock follow fractures, joints, and bedding
planes and may be well developed within depths of 200 to 300 feet below
the land surface. See Figure 2-5. Brackish water trapped in struc-
tural basins may be flushed after uplifting and faulting. Circulation
of ground water is influenced by fractures, faults, and structural
geology to considerable depths.

As in sandstones, circulation of water in limestones and dolomites is
important to water quality.

Development of water supplies from wells in limestones depend upon
fractures and solution cavities that are adequate to store and yield
large volumes of water within economic pumping lifts.

Coal and lignite are genetically associated with sedimentary rocks.
They are associated with valley flat deposits and some coal strata are
in contact with sand. Many coal beds have partially burned and formed
clinker beds that are extremely porous. Coals will fracture under
stresses of crustal movements produced by earthquakes. Locally they
are aquifers, but the water is generally of poor quality.

Metamorphic rocks.--The texture and mineral composition of rocks change
when they are subjected to high temperatures and pressures. Under
metamorphic processes, the rocks are compressed to maximum density and
may exhibit foliation or banding as in slate, phyllite, schist and
gneiss. They are usually so dense that they lack interstices and are
incapable of absorbing water. They may, however, become fractured and
faulted during and after metamorphism. The fractures may create a
system of connecting ruptures that will absorb and transmit water.
Zones of fracture may be suitable for ground-water development.

Different mineral constituents of metamorphic and igneous rocks will
weather at different rates. Examination to determine the mineral con-
stituents of rocks may indicate weathered zones favorable for the devel-
opment of ground-water supplies.

Stratigraphy

Stratigraphy is a branch of geology that pertains to the study, identi-
fication, classification, and correlation of the layered rocks of the
~earth's crust. It is concerned with the origin, composition, occurrence,
distribution, characteristics, sequence, and ages of the various strata.
Environments of deposition are indicated by fossils, lithology, and
other characteristics that reflect the influence of land masses and
structure. Table 2-2 shows the relationship between sedimentary depo-
sition and tectonic framework.
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Table 2-2,

Summary of Lithologic Associations
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(from Tectonic Controf of Lithologic Associations, by E. C. Dapples, W. C. Krumbein, ond L. L. Sloss, Am. Assoc. Petroleum
Geologists, Bull. Vol. 32, No. 10, 1948. Used by Permission of Am. Assoc. Petroleum Geologists)

Observed Sedimentary Associations

Inferred Tectonic

. . work
Clagtics Non-Clastics Framewor:
Limestones, Deposgitional Source
Sandstones Shales et Cetera Area Area
Pure quartz Chiefly claystones; any Normal marine
Quartz-glauconite colors; calcareous, glau~ Fragmental
Quartz-iron oxide conitic, carbonaceous} Foreminiferal Stable
Quertz-muscovite quartz common in silt Secondary chert and shelf /
dolomite .
Random reef distribu- Stable
tion to mildly
epeirogenic
Quartz-potash Chiefly siltstones; any Nodular, with uneven P &
feldspar colors; micaceous; car- bedding Mildly
"Blanket" arkose bonacecus; feldspar may Dense, argillaceous unstable
Quartz-muscovite be commen in silt shelf
(subgraywacke)
Subgraywacke Chiefly siltstones; any Thickened shelf types
colers; miceceous, cal- Evaporites (primary Stable to
careous, siliceous, car- dolomites, sul- strongly
bonaceous; variety of phates, chlorides) Int epeirogenic
minerals in silt Marginal reefs nira
cratonic
basin
"Wedge" arkose Red, chocolate; silty, Nodular limestones Strongly
micaceous Special evaporite positive
sequences
Graywacke Chiefly siltstones; any Thick, dense, dark X
colors; ghloritic, sili- siliceous Strongly
ceous, micaceous, carbcna- Geosyncline © orogenic
ceous, pyritic; large
variety of minerals

Chemical composition, density, compaction, and consolidation of mater-
ials reflect the origin and the diagenetic stage of development of a

sedimentary rock.

The younger sedimentary materials rest on older

materials except where crustal disturbances have modified the normal
stratigraphic sequence, or where materials have accumulated in crevices

and caves.

Determining the capacity of strata to hold, yield, and transmit water
is the object of subsurface investigations for water developments. A
knowledge of stratigraphy is valuable in evaluating the kinds of rocks

that occur in the foundations of water-development projects.

Abrupt

vertical changes in composition of strata are caused by rapid trans-
gressions and regressions of the seas in marine and associated environ-

ments and cycles of cut and fill (Figure 2-6).

Abrupt horizontal

changes in composition of strata are influenced by orogenic activity,
subsidence, changes in source materials, and changes in oceanic cur-

rents.

In Figure 2-7 the thickening of clastic rocks toward the south-

east indicate that deformation took place southeast of the area in

Middle and Upper Ordovician time.

In continental deposits abrupt hori-

zontal changes in texture and composition are influenced by shifting
channels, changes in discharge of the transporting agent, changes in
turbulence, changes in gradient, and changes in source materials.

A vast amount of data on stratigraphy has been compiled in numerous
reports published by States, the Federal Government, and geological

societies.
resources.

These data can be used in the developmenﬁ of ground-water



6000 8000 10,000

4000

2000

A
SW SAN JUAN
BASIN

NE SAN SE PICEANCE CRAIG _AREA NEAR SE WIND RIVER SE BIG HORN
JUAN BASIN CREEK BASIN COLORADO RAWLINS, WYO. BASIN BASIN
| 140 miles —1 130 miles | 120 miles 80 mites — 80 miles I 80 mites —F 160 miles

SOUTH

VERTICAL SCALE (FEET)
. f

Bozonic, 1955 B Silver, 1951, 1957

‘ F_Th:s portion of dingrom modified ofter—]

\IQ’ Y CLIFF HOUSE SS.

Rz —~ POINT LOOKOUY

Y
LAKE BASIN N.C. NT.
MONTANA BLAIB‘I“EO, CO.
200 miles
NORTH

WILLIAMS FORK FM.
<

McDERMOTT FM—

— Y,
TROUT CREEK SS. ”0@,}

FRUITLAND - ORTLAND
FNS.
ILES FM.

MENEFEE FM.-

(Upper port)

T = TRANSGRESSION OF SEA
R = REGRESSION OF SEA

LEGEND

MARINE

SHALE FACIES WITH THIN BEDS
OF SANDSTONE OR LIMESTONE

FEC3 LIMESTONE. OR MARLSTONE FACIES
TRANSITIONAL AND MARINE

- SANDSTONE FACIES

NON -MARINE

D SHALE AND SANDSTONE FACIES
WITH BEDS OF CQAL OR™ CONGL.

Robert J. Weimer, 1958

FIGURE 2-6.

Stratigraphic diagram of Western U. S.

From Upper Cretaceous Sfrcngrophy, Rocky Mountain Area, by R. S. Weinier. Am. Assoc. Petroleum

Geologists Bull. Vol. 44, No.l

1960. Used by permission of Am. Assoc. Petroleum Geologists.)

nI-2



Maynardville quadrangle Knoxville quadrangle
' ™ 4 o
Northwest of Southeast of Northwest of Chithowee
Woallens Ridge Wollens Fidge Bays Mountain Mountain
b - l VESgTE:AL
% [ Chottanoogo shale _ -éogo FT
— T formation —— — .- -~ =
3 L B9F‘Sw9°—d~— f9rm0/i:_,’; Clinch sdndstone.
Sy : .
)
2 . — < |
-§ e S B el S o g S :§
- \FEE‘* L= TAoccosm Ilmestone (red)frr— $
St e o A e Sy : S |
2 Chlckomauga Tl <
I \/\\}\\ TR T ~ 3
Q 7 limestone - R tooo
S T : — LR
S| §| NorTHWEST Moy . Tellico Sonds'oni ‘ Ll leeese
S| o —— X Athens | -0
~ . " shale —

/
. Conglomerate occurs locally
Red beds at about this horizon

FIGURE 2-7. Stratigraphic diagram of Tennessee
(From Tectonic Framework of Southeastern United States, by P. B. King. Am. Assoc. Petroleum
Geologists Bull. Vol. 34, No. 4, 1950. Used by permission of Am. Assoc. Petroleum Geologists.)

¢1-¢



2-16

Stratigraphic Traps

Stratigraphic traps limit the continuity of a reservoir rock and ter-
minate circulation. Fluid or gas once occupylng the reservoir voids
cannot escape. Varieties of stratigraphic traps such as pinch-out,
overlap, and change in facies are illustrated in Figure 2-8 and 2-9.

In Figure 2-8 the Dakota, Jordan, St. Peter and Dresbach sandstones

are good aquifers; the glacial drift yields water in most places but -
not everywhere in adequate amounts; the Sioux quartzite yields small
supplies; and the basal complex yields virtually none. Geologic inter-
pretation is required to predict the results of drilling at the points
indicated by the arrows.

Pinch-outs may result from certain conditions of sedimentation, erosion,
truncation, and overlap. In alluvial deposits they may be in the form
of splays, deltas, tributary fans, and cut and filled channels and
meander loops in valleys. Those of marine sediments may be in the form
of offshore bars, deltas, and other shoreline features. Figure 2-9 is
a diagrammatic section of the Atlantic Coastal Plain showing pinch-outs
and change in facies.

Change in facies is a lateral change in the composition or grain size
of the deposited material. It may be due to a change in the source of
the deposited material, distance from the source of the material, tec-
tonic activity or combinations of these.

Perhaps the most important of the stratigraphic traps that pertain to
development of ground-water resources are those associated with channel
deposits. Channels with trapped water may be associated with any geo-
logic age formation, as shown in Figure 2-10.

Structure

Structure refers to the arrangement and relative position of rock masses.

A description of rock, features such as folds, faults, bedding, joints,
flow banding, parting, cleavage, brecciation, pillowy bodies, and blocky
or ropey features are used to describe structure. Some structural fea-
tures such as stratification, jointing and blocky development are
exhibited by unconsolidated materials and are a part of the structure

of those bodies of material.

Structure may influence the occurrence and availability of ground water.
When a permeable stratum is confined between impermeable strata, water
available to the permeable materials is dependent upon intake along
structurally high areas. When a permeable stratum is faulted so that
the displacement terminates the permeable materials against impermeable,
and the fault plane or fault zone is impermeable, the supply of water
may be cut off to the side away from the recharge area. Wells on one
side of the fault might yield artesian water in large quantities whereas
wells across the fault may be unsatisfactory.

Major Features
Folds.--Folds may be defined as warps, flexures, or bends in strata.
They may be very gentle and simple patterns, or very complex. They
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FIGURE 2-8 Stratigraphic traps
(From The Occurrence of Ground Water in the United States,
by O. E. Meinzer. U. S. Geol. Surv. Water—Supply Paper 489, 1923.)

: FIGURE 2-9. Stratigraphic traps
(From The Occurrence of Ground Water in the United States,

by O. E. Meinzer. U. S. Geol. Surv. Water—Supply Paper 489, 1923.)

may be symmetrical, unsymmetrical, squeezed, overturned, or recumbent.
Interpretation, as illustrated in Figure 2-11, is necessary in select-
ing well sites and calculating depths to aquifers. In Figure 2~11 the
Bearpaw shale, Claggett formation, and Colorado shale yield little or
no water; the Lance and Judith River formations and Eagle sandstone
are good aquifers. Forecasting the presence and depth to the aqguifers
at any point in these ten townships requires geologic interpretation.

Synclines, as illustrated in Figure 2-8, are the most productive folds
for storage and replenishment of ground water. Recharge to basin
aguifers is usually revealed by water-table contour maps or cross sec-
tions. Quality of water varies with the geology of each basin.

Faults.--These are breaks in the rocks of the earth's crust along which
movement and displacement can be identified. They can sometimes be
identified on areal photos. They may be normal, reverse, thrust, up-
faulted block (horst), downfaulted block (graben), horizontal, or
variations thereof. Faults that occur during deposition are contempor-
aneous faults. Huge downfaulted blocks are commonly called rift val-
leys. Fault displacements may vary from a few inches to many miles.
. The Lewis and Clark Thrust has a displacement of about 25 miles (Hume,

1957).
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FIGURE 2-11. Stereogram of central Montana
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Unconformities.--Unconformities are surfaces that indicate periods of
non-deposition or erosion.

Evidences of unconformities are: discordant strata, basal conglomer-
ate, basal black shale, fossil desert varnish, lag gravel, edgewise
conglomerate, residual chert, concentration of glauconite, phosphatic
pellets and nodules, manganese and iron concretions, clastic zones in
nonclastic rocks, abrupt changes in heavy-mineral assemblages, sharp
differences in lithology or fossil assemblages and buried soils.
Unconformities may influence the migration of water in aquifers, -as
illustrated in Figure 2-8, 2-9, and 2-10. They also identify the boun-
daries of some formations and aid in correlation.

Minor Features

Cleavage.--Cleavage is the tendency of rocks to split or break apart
under stress along definite smooth, parallel, closely spaced planes.
The openings transmit water but are not considered important ground-
water sources. Cleavage is a secondary phenomenon that influences
weathering and rock disintegration.

Fractures.--Fractures are cracks or breaks in rock. They are openings
along which the walls of the voids are distinctly separated. Joints,
faults, and fissures are varieties of fractures.

Fractures are good sources of ground water in some geologic formations.
Locally they may yield enough for irrigation well developments. Even
fractured quartzites and argillites may be important sources of ground
water. Open fractures in limestone lead to the development of solution
channels.

Joints.--Fractures in rock along which there has been little or no
transverse movement are called Joints. They may be caused by expansion
and contraction resulting from changes in moisture content or temper-
ature, or as a result of stress. A joint set consists of a group of
breaks that are parallel or nearly so. A joint system is a group of
two or more intersecting sets or any group of joints with a character-
istic pattern such as radiating or concentric.

Joints are passageways for the movement of water. They are usually
inadequate as reservoirs for other than minor quantities of ground water
unless well developed. Figure 2-12 illustrates how a well obtains water
by cutting joints. They may, however, contribute to ground-water re-
charge and where there are well-developed joint systems, as in some
basalts, large supplies of water may be available.

Solution openings.--Sclution openings may be formed from the solution

of carbonates by ground-water circulation along fractures, joints and
bedding planes. Some cavities become enlarged to form extensive caverns
and caves. In limestone areas ground-water gradients are usually low.
Limestone voids will usually not be saturated at elevations above the
elevation of permanently flowing streams. Consequently, wells will

have to be drilled to depths greater than the elevation of these streams.
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FIGURE 2-12. Joint system
(From The Occurrence of Ground Water in the United States,
by O. E. Meinzer. U. S. Geol. Surv. Water—Supply Paper 489, 1923.)
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Introduction

Field geology includes observing, measuring, recording, describing, and
interpreting earth features according to established principles of rock
origin and geologic structure. This information, together with ground-
water data shown on maps and structure sections, will enable appraisal
of ground-water resources. A geologic map is essential in ground-water
investigation.

Published Geologic Maps and Reports

Geologic investigations have been conducted in most areas of the United
States, and as a result published maps and reports thereon are usually
obtainable. The principal source is the Geological Survey, U.S. Department
of Interior. Other sources include state geological surveys, bureaus of
mines, universities, and colleges. Bulletins and special publications of
technical societies such as American Association of Petroleum Geologists,
American Institute of Mining and Metallurgical Engineers, American Water
Well Association, Association of Engineering Geologists, Geological
Society of America, and others are additional sources. Several state
geological societies publish guide books, maps, and road logs for annual
meetings, Table 3-1 is a directory of U.S. Geological Survey Water
Resource Division offices. Table 3-2 lists the state geological survey
offices.

The Tectonic Map (1962) and Geologic Map (1974), of the United States,
published by the U.S. Geological Survey, are helpful in studying regional
structure and stratigraphy. Both maps are on a scale of 1:2,500,000,

about 40 inches per mile. State geologic bedrock and surficial geology

maps, at intermediate scales are also helpful. These are generally on a

scale of 1:250,000, about 4 inches per mile, or smaller. Photographic
enlargement of small or intermediate scale maps will often show relationships
that may not have been noted. Piezometric or ground-water favorability

maps may be used with the geologic maps to select areas favorable for
ground-water development.

State Geological Map Indexes - This includes maps and a reference list

for each state. All maps outlined on the state indexes are at a scale

of 1:250,000 or larger. Geologic maps that are indexed includes those
published by the U.S. Geological Survey, State Geological Surveys,
professional societies, universities and commerical organizations. USGS
open-file maps and reports are also referenced. During 1975, computerized
assisted methods were initiated by the Geological Survey in order to




Table 3-1, U.S. GEOLOGICAL SURVEY, WATER RESOURCES DIVISION

DISTRICT OFFICES

(Each address below should be preceded by "U.S. Geological Survey, WRD™)

ALABAMA
P.0. Box V
‘University, Alabama 35486

Skyljne Bidg., 218 "E" Street
Anchorage, Alaska 99501

ARIZONA
Federal Bldg. 301 W. Congress
Tucson, Arizona 85701

ARKANSAS

Rm. 2301 Federal Office Bldg.
700 W. Capitol Avenue

Little Rock, Arkansas 72201

CALIFORNTA
855 Oak Grove Avenue
Menlo Park, California 94025

COLORADO

Bldg. 53, Stop 415, Box 25046
Denver Federal Center
Lakewood, Colorado 80225

CONNECTICUT

Rm. 235, Post Office Bldg.
135 High Street

Hartford, Connecticut 06101

DELAWARE
( See Maryland District Office)

FLORIDA
‘Suite F-240, 325 John Knox Rd.
Tallahassee, Florida 32303

GEORGIA

6481 Peachtree Industrial Blvd.

Suite B
Doraville, Georgia 30360

HAWATIL
1833 Kalakaua Ave., 5th F1,
Honolulu, Hawaii 96815

IDAHO

Rm. 365, Federal Bldg. Box 036
550 W. Fort Street

Boise, Idaho 83724

ILLINOIS
P.0, Box 1026, 605 N, Neil St,
‘Champaign, Illinois 61820

INDIANA

1819 N. Meridian St,

Indianapolis, Indiana 46202

IOWA -

P.0. Box 1230

Rm. 269 Federal Bldg,
Iowa City, Iowa 52240

KANSAS

1950 Avenue "A", Campus West
University of Kansas
Lawrence, Kansas 66045

KENTUCKY

Rm. 572 Federal Bldg.

600 Federal Place

Louisville, Kentucky 40202

LOUISIANA

P.0. Box 66492

Baton Rouge, Louisiana 70806

MAINE
(See Massachusetts District Office)

MARYLAND

8600 LaSalle Road

Towson, Maryland 21204

MASSACHUSETTS (alsb ME, NH, RI & VT)

150 Causeway St. Suite 1001
Boston, Massachusetts 02114

MICHIGAN

2500 Science Parkway
Red Cedar Research Park
Okemos, Michigan 48864

MINNESOTA

1033 Post Office Bldg
St. Paul, Minnesota 55101

MISSISSIPPI
430 Bounds Streets
Jackson, Mississippi 39206

MISSOURI
1400 Independence Rd.
Rolla, Missouri 65401

MONTANA

P.0. Box 1696

42) Federal Bldg.

316 N. Park

Helena, Montana 59601

NEBRASKA

Rm., 406, Federal Bldg.
U.S. Courthouse

Lincoln, Nebraska 68508

NEVADA

Rm. 229, Federal Bldg.

705 N. Plaza Street

Carson City, Nevada 89701

NEW HAMPSHIRE
(See Massachusetts District Office)

NEW JERSEY

P.0. Box 1238

Rm. 420, Federal Bldg.

402 E. State Street
Jrenton, New Jersey 08607

NEW MEXICO

F.0. Box 4369 Geology Bldg. 2nd Fl
University of New Mexico Campus
Albuquerque, New Mexico 87106

NEW _YORK

P.0. Box 1350
353 U¥.S. P.0. and Courthouse
Albany, New York 12201

NCRTH CAROLINA

P.0. Box 2857

Century Station, P.0. Bldg.
Rm. 436

Rzleigh, North Carolina 27602

NORTH DAKOTA

P.0. Box 778

Rm. 332, New Federal Bldg.
3rd St. and Rosser Avenue
Bismarck, North Dakota 58501
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Table 3-1 (Continued)

010 |
975 W. Third Avenue
Columbus, Ohio 43212

OKLAHOMA
Rm. 621, 201 N.w. 3xzd
Oklahoma City, Oklahoma 73102

ORECON

P.0. Box 3202

830 N.E. Holladay St.
Portland, QR 97208

PENNSTLVANIA
¥.0. tox 1107
4th Fl. Federal Bldg.

Harrisburg, Peansylvania 17108

PUERTO RICO
pldg. 652, P.O. Box 34168
Ft. Zuchanan, Puerto Rico 00934

RHODE ISLAMND _
(Sce raossachusetts District Office)

SOUTH CAROLINA
200L Assembly St., Suite 200
Coluabia, South Carolina 29201

SOUTH DAXOTA
P.0. Box 1412 Rm. 231, Fed. Bldb.
uron, South Dakota 57350

TENNESSEE
A-142 Fed. Bldg. U.S. Courthouse
Nashville, Tennessee 37203

TEYAS
649 Federal Bldg. 300 E. 8th St.
Austin, Texas 78701

UTAR

8022 Federal Bldg.

125 South State Street
Salt Lake City, Utah 84138

VERMONT
(See Massachusetts)

VIRCIAIA
200 iI. Grace St. Rm. 304
Richmond, Virginia 23220

WASHINGTON
1201 Pacific Ave., Suite 600
Tacoma, Washington 98402

WEST VIRCINIA

500 Quarrier St. E

Rm. 3303, Fed. Bldg. and U.S. Courthouse
Charleston, West Virginia 25301

WISCONSIN .
Rm. 200, 1815 University Ave.
Madison, Wisconsin 53706

HYOMING

P.O. Box 2087
Cheyenne, Wyoming 82001
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Table 3~2. STATE GEOLOGICAL SURVEY OFFICES

ALABAMA

Geological Survey of Alabama
P.0. Drawer O

University, AL 35486

ALASKA

Division of Geological and
Geophysical Surveys

3001 Porcupine Drive

Anchorage, AK 99501

ARIZONA

Arizona Bureau of Mines
University of Arizona
Tucson, AZ 85721

-ARKANSAS

Arkansas Geological Commission
Vardelle Parham Geologic Center
3815 W. Roosevelt Road

Little Rock, AR 72204

CALTFORNIA

Division of Mines & Geology
Department of Comservation
Resources Building, Rm, 1341
1416 Ninth Street
Sacramento, CA 95814

COLORADO

Colorado Geological Survey
1313 Sherman Street, Rm. 715
Deaver, CO 80203

CONNECTICUT

Connecticut Geological and
Natural History Survey

State Office Building, Rm. 561

165 Capitol Avenue

Hartford, CT 06115

DELAWARE
Delaware Geological Survey
University of Delaware
101 Penny Hall

- Newark, DE 19711

FLORIDA

Bureau of Geology

Department of Natural Kesources
903 West Tennessee Street
Tallahassee, FL 32304

GEORGIA

Geologic & Water Resources Division
Department of Natural Resources

19 Hunter Street, SW

Atlanta, GA 30334

HAWAII

Division of Water & Land Development
Department of Land & Natural Resources
P.0. Box 373

Honoelulu, HI 96809

IDAHO
Idaho Bureau of Mines & Geology
Moscow, 1D 83843

ILLINOIS

Iliinois State Geological Survey
121 Natural Resources Building
Urbana, IL 61801

INDIANA

Indiana Geological Survey
Department of Natural Resources
611 N. Walnut Grove

Bloomington, IN 47401

ICWA

Iowa Geological Survey
Geological Survey Building
123 North Capitol

Iowa City, IA 52242

KANSAS

Kansas Geological Survey

1930 Aveune "A'", Campus West
University of Kansas
Lawrence, KS 66044

KENTUCKY

Kentucky Geological Survey
University of Kentucky

307 Mineral Industries Building
120 Graham Avenue

Lexington, KY 40506

LOUISIANA

Louisiana Geological Survey
Box G, University Station
Baton Rouge, LA 70803

MAINE

Maine Geological Survey

State Office Building, Rm. 211
Augusta, ME 04330

MARYLAND

Maryland Geological Survey

Mzrryman Hall, Johns Hopkins
University

Baltimore, MD 21218

MASSACHUSETTS

~ Division of Waterways

Department of Envircnmental
Quality Engineering

100 Nashua Street, Rm. 532

Boston, MA 02114

MICHIGAN

Geological Survey Division
Department of Natural Resources
Stevens T. Mason Bldg., Box 30028
Lansing, MI - 48909

MINNESOTA

Minnesota Geological Survey
University of Minnesota
1633 Eustis Street

St. Paul, MN 55108

MISSISSIPPI

Mississippi Geological, Economic
and Topographical Survey

2525 N. West Street

P.0. Box 4915

Jackson, MS 39216

MISSOURI

Missouri Geological Survey
Division of Geology & Land Surveys
P.0. Box 250

Rolla, MO 65401

v-<




Table 3-2 (Continued)

MONTARA

Montana Bureau of Mines & Geology

Montana College of Mineral
Science and Technology

Butte, MT 59701

NEZRASKA

Conscrvation & Survey Division
University of Ncbraska
Lincoln, NB 68508

Nevada Bureau of Mines & Geology
University of Nevada
Reno, NV 89507

NEW BAMPSHIRE

Office of State Geologist

Janes Hall, University of
New Hampshire

Durham, NH 03824

KEW JERSEY

New Jcrscy Bureau of Geology
and Topography

P.0. Box 289

Trenton, NJ 08625

NEW MEXTCO

New Mexico Burcau of Mines
and Mineral Resources

New Mexico Tech

Socorro, M 87801

NEW YORK

New York State Ccological Survey

New York State kducation Building,
Rm. 973

Albany, NY 12224

NCRTH CAROLINA

Departmeat of Natural and
Economic Resources

Office of Earth Resources

P.0. Box 27687

Raleigh, XN 27611

NORTH DAKOTA

Norcth Dakotaz Geological Survey
University Station

Crand Forks, ND 58201

Division of Geological Survey
Ohio Department of Natural Resources

Fountain Square, Building 6
Columbus, OH 43224

- OHIO

OKLAHOMA

"Oklahoma Geological Survey

University of Oklahoma
830 Van Vleet Oval, Rm. 163
Norman, OK 73069

ORECON

Department of Geology and
Mineral Industries

1069 State Office Building

Portland, OR 97201

PENNSYLVANIA
Burcau of -Topographic and
Geologic Survey
Departmcnt of Environmental Resources
P.0. Box 2357
Harrisburg, PA 17120

RHODE ISLAMD

Gruduate School of Oceanography
University of Rhode Island
Kingston, RL 02881

SOUTH CAROLINA
Division of Geology
State Development Board
Harbison Forest Road
Columbia, SC 29210

SOUTH DAKOTA

South Dakota Geological Survey

Science Center, University of
South Dakocta

Vermillion, SD 57069

TENNESSEE

Division of Geology
Department of Conservation
G~5 State Office Building
Nashville, TN 37219

TEXAS

Bureau of Economic Geology
University of Texas at Austin
University Station, Box X

UTAH

Utah Geological & Mineral Survey
606 Black Hawk Way

Salt Lake City, UT 84108

VERMONT -

Office of State Geologist

Agency of Environmental Conservation
5 Court Street .

Montpelier, VI 05602

VIRGINIA

Division of Mineral Resources
Natural Resources Building
P.0. Box 3667 . '
Charlottsville, VA 22503

WASHINGTON
Geology & Earth Resources Division

Department of Natural Resources
Olympia, WA 98504

WEST VIRGINIA

West Virginia Geological and
Ecoromic Survey

P.0. Box 879 .

Morgantown, WV 26505

WISCONSIN

Wisconsin Geological & Natural
History Survey

University of Wisconsin

1815 Uaiversity Avenue

Madison, WI 53706

WYOMING

Geological Survey of Vyoaing
P.0. Box 3008

University Station

Laranie, WY 82071

S-¢
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improve the geologic map indexes and to update them more frequently.
Twenty-two states are now indexed by the new format (May 1978), with all
states scheduled to be completed by 1979.

State Water Resources Investigations - These folders summarize the

status of ground-water, surface-water, and quality of water investigations
for each state. They are updated frequently. Selected references

include reports which concern ground-water quantity and quality. Ground-

water maps show pertinent data such as areal extent of principal aquifers,

ground-water availability, depths of wells, and range in well yields.
Areas which have water resource investigations in progress are outlined
on a state map and referenced.

State Geologic and Water-Supply Reports and Maps - This is a catalog
that lists USGS reports and maps that relate to geolegy, mineral, and
water resources for individual states. The list is categorized by type
of report or map. ’

Topographic Maps .
Much information helpful in studying geology may be interpreted from
topography. A topographic map is an excellent base for geologic map-
ping. The Topographic Division of the USGS is the principal source and
will supply state topographic map indexes free on request. Field units
of SCS Cartographic Division maintain files and can usually furnish 7-
1/2 and 15-minute topographic quadrangles.

Aerial Photos

Contact prints are excellent bases for mapping geology. Aerial photos
can be of invaluable assistance, both in office study and during field
work (Legget, 1962). They show relations of physiographic features,
evidence of earth movements, sand and gravel deposits, structural fea-
tures and conditions meriting further investigation. Study of photos in
the field with a stereoscope often reveals information not otherwise
discernible.

Scales

The choice of scale depends on the scope of investigation, complexity of
- geology, and availability of aerial photos or base maps. Geology for
most ground-water studies is best shown at scales between 1:20,000
(3.17" = 1 mile) and 1:62,500 (1" = 1 mile approximately).

Geologic Maps and Mapping

Surface Exposures »

Surface geology, as may reasonably be inferred, is based on the study of
outcrops. The classification of materials, measurement of bed, joint
and fracture attitudes, tracing of beds, and outlining of formation
boundaries are accomplished through study of surface exposures.

Outcrops of sedimentary, metamorphic, and igneous rocks permit infer-
ences regarding stratigraphy and structure based on knowledge of the
local geologic section. Alluvium, glacial drift, lacustrine and




loessial deposits and products of volcanism are, because of their depo-
sitional environments, irregular in thickness and extent and do not
permit inference of materials and conditions at depth. Surface obser-
vations in outcrop areas of the latter must be supplemented by subsur-
face investigations.

Geologic maps show classification, correlation, and distribution of
surface materials, locations of faults, and axes of structural features.
Accompanying cross sections show an interpretation of subsurface condi-
tions. The maps and sections are based on information obtained at each
exposure studied regarding location, elevation, rock classification,

and attitude. Field Notes, page 3-8, should be referred to before and
after studying these distinguishing characteristics.

Location. - The method of locating exposures or features observed will
depend on the base map used, its scale, requirements of the survey, and
amount of vegetative cover. Three methods--location by inspection, by
compass and paced traverse, or by plane table survey--may be used. If
mapping is to be done on aerial photo contact prints, enlarged prints,
or topographic maps published after about 1900, points may be located
by inspection with a high degree of accuracy. On planimetric maps,
sufficient detail may be shown to use inspection, but on these and other
plan maps location of points by compass and pacing probably will be
desirable. Plane table surveys of topography and geology are often
needed for detailed studies. They should be made separately. For
geologic surveys the geologist should select points to show geologic
information.

Elevation. - Position of outcrop or feature above or below mean sea
level, or an assumed datum, should be noted. Vertical relationships
are important in most geologic investigations, and especially those for
ground water, as a basis for developing cross sections and interpreting
structure. Elevations may be determined by inspection of topographic
maps or by altimeter traverse, plane table, or differential leveling.

Classification. - Note properties of the rock as observed at the out-
crop. Standardization of rock classification is desirable as a means
of promoting uniform description. After the primary genetic classifi-
cation of rocks as igneous, sedimentary, or metamorphic, the almost
universally used method is to '"name rocks on the basis of visible fea-
tures not on the basis of inference" (Travis, 1955). Correct identifi-
cation is important because nature of the material indicated geologic
history and potential behavior or influence on the problem.

Standard practice in Service classification is to describe or classify
rocks by features that may be seen with a good hand lens (10X). The
three charts, Classification of Igneous, Sedimentary, and Metamorphic
Rocks, contained in Travis (1955), will enable the naming of rocks as
precisely as warranted by examination methods. All gradations of com-
position and texture are possible, and to some extent charts are an
artificial systematization. Descriptions should be brief but give suf-
ficient Iinformation for purposes of the investigation.
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In making Service geologic investigations for ground water it is often
possible to develop a suitable map by making detailed additions to a
published map. Accurate classification will help to correlate new work
with the known columnar section and permit utilization of recognized
stratigraphic relations or the describing of a new formation as may be
required.

Attitude. - Strike and dip together define the attitude of beds or
planar features such as joints, foliation, fractures, and faults. The
strike is the bearing, angle from north, of a horizontal line in the
bedding plane, or other plane. The dip is the angle of inclination of
the plane below the horizontal measured at right angles to the strike.
It is necessary to include the direction of dip because the dip could
be in either of two directions and still be at right angles to the
strike. Written as: strike N37° W, dip 52° NE. If azimuth is used,
the zero reference point is north.

The principal means of mapping geologic structure is by measuring and
plotting locations, elevations and representative attitudes of beds
and other planar features. In some instances more than one interpre-
tation may be made if attitudes alone are used. Where strata are
steeply dipping or considerably broken, the possibility of their
having been overturned needs to be investigated.

Several primary features developed during deposition of sediments or
eruption of lavas are among the most reliable indicators of top or
bottom of bed. These include fossil evidence, ripple marks, cross bed-
ding, graded bedding, local unconformities, channeling, mud cracks,
rain imprints, animal tracks, contemporaneous deformation, pillow
structure, and vesicular tops of lavas. The development of drag folds
may sometimes be used but their evidence is not always conclusive
(Billings, 1954).

Field Notes. - It is essential that notes show information on items
discussed in foregoing paragraphs (Location, Elevation, Classification,
Attitude) adequately and without ambiguity. Opinions vary as to how
much should be recorded. Some geologists use only the briefest descrip-
tions while others write at length. Experience has shown it is better
practice not to rely upon memory. As an outline, notes should first
contain observed facts, then inferences, and finally any theories to

be investigated further. Inferences and theories should be identified
as such with a question mark in parentheses. As the examination pro-
gresses, the geologist will be able to adjust the detail to fit the
purpose of the survey. Observations and notes should aim at one visit
to an outcrop although return to some points for further study may
become necessary as ideas develop. Because field notes usually are

the record of observations at various points along a traverse, together
with some observations enroute, the use of place designations—A.T.P.
for At This Point and S.L.0. for Since Last Observation--will be found
helpful in properly separating entries (Willis, 1923). The geologist
must be observant and alert for indications that either confirm or
contradict previous findings.
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Use of Aerial Photos

Interpretation of geology from aerial photographs is an application of
geomorphology. Aerial photos are versatile and valuable tools for
those who map geology, survey soils or locate ground water (Howe, et al,
1956). Photo geologic interpretation has done much to bring civil
engineering and geology together. It permits interpretation of strati-
graphy and structure from land forms and furnishes clues regarding
engineering properties of soils.

Geologic interpretation of aerial photos is based upon observed relations
of rock outcrops and physiographic features, knowledge of area strati-
graphy, and inferences that may be drawn therefrom. Interpretation may
be accomplished by viewing photo prints with a pocket stereoscope, a
mirror and prism stereoscope, or with one of several of photogrammetric
instruments that, in addition to viewing, permit measuring horizontal,
vertical and slope distances, and plotting of interpreted information
(Ray, 1956). Criteria of interpretation are the same regardless of
equipment used. Through photogrammetry, measurements enabling the cal-
culation of dip and thickness of formations, the positioning of con-
tacts, and drawing of geologic cross sections may be accomplished. It
‘should be emphasized, however, that photo interpretation is most useful
as a supplement to field mapping and results need frequent field checks.

Photo geologic interpretation is a two-step process; the first step con-
sists of observation, identification, and measurement of features; the
second involves use of inductive and deductive reasoning to analyze
significance of the features. A thorough knowledge of land forms is
essential. Features are identified by their relative photographic tone,
color, texture, pattern, shape, and size. These recognition elements
are more meaningful if they can be used in combination. Similarly, an
association of physiographic features may permit identification where
one might not be distinctive. The use of an additional set of photos

at a scale of about 1:62,500, or study of a photo index mosaic is often
advantageous because a larger area can be viewed.

Linear features less than a mile in length that may indicate joints or
small faults and can be mapped by stereoscopic study of photos are
called fracture traces. Lineaments are features perhaps many miles in
length that may indicate major faults and can best be studies on aerial
mosaics (Lattman, 1958). Lineaments may often be most readily discerned
by viewing with line of sight at a low angle to the mosaic (Colwell,

1960).

Through recognition of land forms, information on lithology and struc-
ture may be interpreted. The amount of information obtainable depends
primarily on types of rock exposed, climate and stage of the erosion
cycle. Areas of gently folded sedimentary rocks of contrasting hard-
ness will yield the most information, areas of igneous rock next, and
metamorphic rock areas the least (Ray, 1960). Sedimentary terrains
have marked differential erosion characteristics that stand out on
aerial photographs while intrusive rocks are relatively homogeneous
over wide areas. A criss-cross joint pattern of short lineations is
distinctive in many areas and most intrusive igneous rocks have strong
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development of irregularly and widely spaced joints (Ray, 1960). Ex-
trusive rocks are marked be characteristic land forms such as volcanic
cones and lava flows. The processes of metamorphism tend to destroy
the erosional differences and land form characteristics of the original
sedimentary or igneous rocks and, as a consequence, aerial photographs
of metamorphic terrains may reveal little information. In such areas
the prominent regional cross joints commonly are widely spaced and
streams flow along them. Fault lineation characteristics may be rec-
tilinear depressions (Ray, 1960).

Although climate, vegetation and stage of erosion cycle introduce var-
iables, the following list of photo images and commonly associated
rock types summarized from Liang and Belcher (1958), Ray (1960), and
Amenta will prove helpful in determining lithology of most terrains.

Photo~image Photo~interpretation

Terrain Features

1. TFlat to gently rolling a. Flat-lying or nearly flat-lying
sedimentary rocks underlying
coastal plains, plateaus, mesas

b. Peneplain on homogeneous, igneous
or metamorphic rocks

2. Gently rolling to moderately a. Shale exposed in humid climate

ling; . .
rolling; smoothly rounded 01d igneous or metamorphic rock

with deep saprolitic soil

3. Gently rolling to moderately a. Dissected horizontal sedimentary:

rolling; hilltops are flat rocks in humid climate
or rougded with accordant b. Dissected peneplain on homoge-
elevations . ;
neous, igneous or metamorphic
rocks
4. Moderately rolling to hilly a. Igneous or metamorphic terrains;
with variations in relief variations in relief caused by

non-homogeneous rock or structure
5. Low to high relief with par- a. Folded and faulted sedimentary '
allel ridges and valleys rocks

Drainage Patternl/

1. Dendritic a. Horizontal or gently dipping
sedimentary rocks

b. Homogeneous rocks with lack of
structural control

2. Subdendritic a. Homogeneous rock at surface
: underlain by non-homogeneous rock

1/ Usually pattern may be most effectively studied by tracing drainage
lines on a separate sheet.




Photo-image

3. Trellis

L. Angulate

5. Annular or ring-like

6. Deranged

Drainage Texture

1. Fine

2. Coarse

3. . Absent

4, Karst

Photographic Tone

1. Light

2. Dark

Qutcrop Features

1l. Massive

2. Bedded
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Photo-interpretation

Steeply dipping sedimentary rocks;
less commonly the result of
faulting

Strongly jointed or faulted ig-
neous or metamorphic rocks

Sedimentary rocks in structural
domes or basins
Ring dikes in regions of igneous

activity

Recent glacial deposits; land-
slides

. Shalez/, siltstone, impervious

rock; loess is an exception pro-
bably because of fine grain size.

. Sandstone, conglomerate, pervious

rocks

. Well-drained materials--gravel

terrace, sand dunes, river flood
plains, terrace alluvium

. Limestone, dolomite; possibly

gypsum or halite

. Sandstone, siltstone, weathered

shale, limestone, dolomite, chalk,
gypsum, acid igneous rocks

Red sandstone, graywacke, shale,
gray limestone and dolomite, basic

igneous rocks

Conglomerate, limestone, dolomite,
gypsum, chalk, quartzite, igneous

plutons

Sandstone, siltstone, shale, lime-
stone, precipitates, tuff, series
of successive lava flows

g/ Rock types underlined show photo-image more often than those not

underlined.
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Photo-image

Banded

Foliated (dominant linea-
tion direction)

Other linear features (may
or may not be outlined by
vegetation)

Other Features

1.

2.

Lobate pattern of vegetation
in viecinity of wvolcanic cone

Similar curvature of streams
in areas of gently dipping
sedimentary rocks

Modified dendritic drainage
and scoop~shaped valley
heads

Gully shape

a. Long, smoothly rounded
b. "U" shaped

c. "V" shaped

Mottled soils of drift plain

Sharpnéss of tonal boundary
between dark and light soils

a. Distinct
b. Puzzy, irregular
Rounded topography, intri-

cate drainage channels and
heavy vegetation

Sharp, steep, resistant
ridges and rock controlled
channels

Photo-interpretation

Sandstone, siltstone, limestone,
dolomite, metamorphic rocks

Schist, slate

Faults,. joints
Igneous dikes

Glacial groovihg

. Areas of flow rock

Indicates position of structural
axis

Convexity indicates direction of
structural plunge

Dissected loess

Near surface materials are:

al
b.

C.

a.

Clays
Silts

Sands and gravels

Light-toned areas generally
slightly higher and better drained
than darker areas in which clay
materials and humus have accumu-
lated. Linear pattern of light-
toned areas may represent minor
recessional moraines.

Soil properties

Q.

b.

8.

a.

Coarse grained, well drained

Fine textured, poorly drained

Provable deep soils

Area of shallow soils
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Photo-image " Photo-interpretation
9. Scarp with hummocky topo- a. Landslide

graphy below and local lobate :
outlines, undrained depres-
sions

10. Sinuous ridge, smoothly a. Serpentine outcrop area.

rounded surface, short steep
gullies, very poor vegetative
cover, dull gray tones

In Service geologic and ground water investigations aerial photo geo-
logic interpretation is useful in locating faults, outlining and study-
ing geologic structure, supplementing and corroborating information
obtained in the field.

Color aerial photographs are effective in showing geology in areas
where color contrast is strong. They cost more than black and white
pictures for limited areas but reportedly can be obtained at more com-
petitive figures for larger areas. Their use will aid preparation of
geologic maps where colors outline complex features (Colwell, 1960).

Infrared imagery in 3 to 5 micron and 8 to 14 micron wave lengths
obtained by aerial reconnaissance has proven useful for distinguishing
thermal emission contrasts related to various geologic features. If a
temperature differential exists, it can be read. Infrared investiga-
tions of parts of the Island of Hawaii; the Steamboat Springs hot
springs area, Nevada; the Salton Sea geothermal area, California; and
Yellowstone National Park, Wyoming, have shown thermal anomalies that
helped to delineate faults, contacts between rock types and locate
springs both hot and cold, steam vents and mud pots.

Comparison of infrared imagery with conventional photography of part

of the Shenandoah Valley, Virginia, by S. J. Gawarecki, discloses that
many old drainage channels, sinkholes, and emerging subterranean streams
not readily visible on conventional aerial photographs are clearly
visible on infrared imagery. Based on these results, infrared imagery

may be particularly effective in engineering geology and ground water

studies (Nolan, 1963 and 196k).

Ground-Water Observations

The sources and occurrence of ground water have been discussed in
Chapter 1, Ground-Water Hydrology. The influence on ground water of
stratigraphic and structural features has been described in Chapter 2,
Ground-Water Geology. This chapter contains information concerning
methods and equipment for investigating ground water availability.
Measurements of water levels, flows of springs and streams, and pro-
duction of wells in an area all may be used to relate hydrology to
geology and permit estimates of ground water occurrence, movement and
availability. Field observations of ground water are the basis for
ground water maps just as descriptions of surface exposures are for
geologic maps.
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Howe, et 2l(1956), prepared a ground water prediction map for Tippe-
canoce County, Indiana, based on geologic, soils, and drainage maps
made principally from stereoscopic study of photographs supplemented
by ground water observations. Examination of well records confirmed
their analysis. ‘

Elevation of Water—Surface. - Information regarding position of the
water surface is essential to preparation of ground water maps. Ele~
vations are used to draw contour maps of the water table or piezometric
surface for confined aquifers from which may be determined the direc-
tion of water movement, hydraulic gradient, relative aquifer permeabi-
lities, and the position of ground water divides.

Under normal conditions the elevation of the water surface fluctuates
seasonally. It rises as a result of recharge by precipitation and
streamflow and falls because of natural discharge and pumping from
wells. This change may be enough to influence accuracy of the survey.
It is important to note the date and hour that measurements are made

to permit correlating observations with annual water level fluctuations
recorded in most areas by the U.S. Geological Survey.

Sufficient observations of water surface elevation should be made at
streams, lakes, reservoirs, springs and in wells to meet needs of the
survey. Land surface elevations may be determined as described on
page 3-T. ’

Water Table Measurement.--Method of measurement from a surface refer-
ence point to the water surface will need to be adapted to site con-
ditions. Consideration needs to be given to geology and the possibi-
lity that the water surface observed may be perched. Efforts should
be made to obtain information on the main water table.

There are several satisfactory methods of measuring depth to water in
wells, including the chalked tape, tape and float, tape and inverted
cup-shaped weight, electrical sounding devices, and air lines installed
in wells. The chalked tape method has been found to be the simplest
and most satisfactory for rapid and accurate measurement in most wells.
A steel tape 1s used with a small lead weight attached. The lower few
feet are covered with carpenter's chalk, then wetted and drawn through
the fingers to spread the chalk in a even film. The tape is lowered
into the well until the weight is a few inches beneath the water sur-
face. A reading is made at the surface and the tape quickly withdrawn
and read at the water mark. Depth to the water level is obtained by
subtraction. The tape should be held only momentarily at the surface
measuring point because water tends to rise on the tape by capillarity
in the chalk film. In place of chalk a paste called "National Water
Finder," manufactured by the Metal Hose and Tubing Co., Dover, New
Jersey, may be used. The paste is spread on the tape or probe and the
part that dips into the water will turn red.

If chalk or paste on tape are to be used in a pumping well or one in
vhich there is splash, tape must be inserted in a 1/2" to 3/4" pipe
extending from ground surface deeper than the lowest water level to be
measured.
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There are several types of electrical sounders but in all the circuit
is closed by contact with the water. ZElectric sounders are advanta-
geous for deep wells and wells in which there is splash.

Many wells are equipped with a pressure gage and an air line of known
length. The air line is usually a copper tube one-eighth to one-
quarter inch in diameter but may be one-fourth inch galvanized pipe,
with surface end connected to a pressure gage with an air inlet wvalve
Just below the gage. See Figure 3-1. The lower end of tube or pipe

is open. The pipe must be airtight and it should extend 20 feet or
more below the lowest pumping level (Wood, 1950). Depth to the lower
end of the air line must be accurately known. ‘Air pressure can be
furnished by an ordinary tire pump. The gage indicates pressure neces-
sary to counter-balance depth of water outside the air line. (This is
maximum pressure that can be attained). Practically.all gages are now
calibrated in feet, so that direct reading of water level above end of
air line can be made. Depth to water level is depth to lower end of
air line less gage reading in feet. If gage reads in pounds per square
inch, multiply reading by 2.31.

Water levels of flowing wells may be calculated by measuring the pres-
sure developed when the well is closed, or for low heads by connecting
a short length of hose to the well and elevating the end until flo
stops. :

Piezometers.--Ground water piezometers are accurate, reliable and inex-
pensive tools for determining hydrostatic pressure at particular depths
or in selected layers of soil or rock. A piezometer consists of stan-
dard one-fourth or three-eighths inch iron pipe driven vertically into
the ground to a dafinite elevation or stratum. The pipe is driven so
that no leakage cccurs and ground water can enter only at the bottom.
Construction details of observation wells and piezometers and differ-
ences in design and conditions measured are shown in Figure 3-2.

Because ground water moves from points of high hydrostatic pressure to
points of lower pressure, it is possible by measuring pressure at a
number of points to determine the movement of water. Results may be
plotted in both plan and section and contours or equipotential lines
drawn on the pressure surface indicated by the piezometer readings.

Flow lines drawn perpendicular to the equipotential lines show direction
of flow, hydraulic gradient, and areas of concentrated flow.

Piezometers, as well as being a principal tool in drainage investiga-
tions, are useful in planning development of confined ground water, in
analyzing effect of engineering structures on local ground water condi-
tions, determining need for and location of relief wells, and in mea-
suring pore pressure in the foundation of structures.

Effective positioning of piezometers horizontally and vertically requires
knowledge of underlying aquifers, preferably based on carefully logged
borings. Piezometers may also be located in a grid pattern with a num-
ber of pipes of different length dt each location depending upon depths



3-16

Pressure

Motor

Discharge

Attach Air
Pump

A B R ST P R

Pump Column

-—Casing

—

-
-~

/ <\Drowdown Curve

Pumping Level >

End air line 2"
above top of
strainer.

-<—Water Level Inside Casing

Pump Bowls

—Strainer

Figure 3-1. Air Line for Measuring Depth to Water Level

( From Wood, 1950)
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FIGURE 3-2. Observation Wells and Piezometers
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to aquifers. Piezometer locations should be referenced horizontally
and vertically.

In unconsolidated materials piezometers are driven or a hole is augured
part way and the pipe driven the last few feet. In rock, the hole is
drilled and pipe or casing 3 inches or L inches in diameter is used.
The hole is drilled nearly to the intended depth, pipe is cemented in
place and the hole then drilled to final depth using a smaller bit.

Instructions for installing, flushing, testing, and reading piezometers
are contained in Chapter 2, Section 16, National Engineering Handbook.
Additional information on piezometers can be obtained from Donnan and
Bradshaw (1952) and The Yearbook of Agriculture (1955).

Discharge of Springs and Streams. - Information concerning the flow of
springs and streams is important because these flows, in effect, sum-
marize ground water conditions and may tell much about geology. In
consolidated rocks, the location and alignment of springs is related
to the location of faults or other structures influencing water accumu-
lation, and the flows give information on aquifers. Springs in either
bedrock or alluvium may be caused by bodies of perched ground water,
water under artesian pressure, or outcrop of the main water table.
Gains or losses in base flow of streams mark effluent or influent
reaches resulting from ground water discharge or recharge.

Estimates of flows are sufficiently accurate for preliminary surveys,
but measurements are needed for detailed ground water investigations.
The U.S. Geological Survey measures the flow of most streams and many
springs and publishes discharge records in water supply papers.

In estimating small flows, it is helpful to visualize the time required
for that flow to fill a one, five, or fifty gallon container. Flows

of more than 100 gpm may be most satisfactorily estimated by measuring
the average velocity of an object floating on the stream and estimating
or measuring the average cross sectlonal area of flow.

Measurements of a few gallons per minute can be made rapidly and accu-
rately by collecting the flow and timing the filling of known volume
containers. Flows of over 100 gallons per minute may best be measured

" with sharp-crested weir or Parshall flume as described in McGuiness
(1963) and Donnan and Bradshaw (1952).

Production of Wells. - Well records are of value in showing the amount
of ground water that has been obtained and providing information with
which to estimate possibilities for additional production. See Chap-
ter 2, Figures 2, 3, and 4 for yields and potential yjields of irriga-
tion wells from saturated thicknesses of sands and gravels, and from
very fine sands. The volume of water pumped with resultant drawdown
indicates the capacity of aquifers at specific locatiopns.

Data on production may be obtained from owners, lessees, drillers, pump
agencies, well testing firms, power or gas companies, state engineer
records, and U.S. Geological Survey records. The information obtainable

__>
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is, in most instances, definitely worth the time and effort required
to collect it.

If wells are in operation, their production may be estimated using
nomographs for flow from pipes. See Figure 3-3.

Pipe orifices are commonly used to measure discharges ranging from 50
to 2,000 gallons per minute (see Chapter 9, Section 15, National Engi-
neering Handbook).

Subsurface Information

The amount of subsurface information available is a major factor in
preparation of accurate geclogic and ground water maps. Advantage
should be taken of all opportunities to obtain subsurface information.
The great value of reliable subsurface data and the considerable cost
of obtaining it first hand justify diligent search for and acquisition
of exploration records.

Common sources of subsurface information are well logs, auger holes,
test pits, geophysical probes and test holes. In some areas gravel
pits, quarries, strip mines and underground mine workings may afford
opportunities to examine and measure stratigraphic sections. Logs of
oil tests and seismograph shot holes may often be obtained from state
departments of geology and mineral resources and sometimes from the
0il companies.

Well Logs. - Complete water well logs show materials penetrated, depth
and thickness of principal aguifers, static water level, yield, pumping
water level, pump setting, casing, and perforation record. See Figure
3-4. Such logs provide data on stratigraphy, water table, nature and
capacity of aquifers needed to interpret and evaluate ground water
occurrence. Some logs may contain incomplete information and sources
suggested above will need to be canvassed. The passage of stzate ground
water codes with provisions that require licensing and bonding of dril-
lers, and filing of well logs generally has improved the quality and
availability of records. Many states maintain files of water well logs
from which copies may be obtained by request to the state engineer or
designated ground water authority.

Hand Auger Holes. - Exploration by hand auger is limited in usefulness
by gravel or rock fragments. Augers are used in prospecting for shal-
low water and constructing observation wells in relatively fine-grained
alluvium.

Test Pits. - Pits are commonly used to explore earth materials, uncover
bedrock for identification, measurement of attitude, and location of
formation contacts. Pits have a definite advantage in permitting
examination and sampling of materials in place but the walls require
support in wet soils.

Geophysical Surveys. - Precise measurement of relative physical proper-
ties of soils and rock often help to more closely delineate stratigraphy
and structure where general geologic features are known. The properties
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measured by geophysical methods include electrical resistivity, elas-
ticity or rate of transmission of sound or shock waves, density or-
gravitational field and magnetic field. It is not possible to deter-
mine the presence of ground water directly by geophysical surveys.
Depending upon soluble solids contained, the first property, electrical
resistivity, is influenced by water. Elasticity is also influenced by
water but to a greater extent by consolidation. Density measurements
may reflect presence or absence of voids and thus, indirectly, the
possibilities of water. Anomalies, or variations from general trend,
in the magnetic field indicate structures that favor in some instances
but in others hinder accumulation of ground water.

If the ground water contains sufficient dissolved solids to serve as a
conductor, depth to the water table may be calculated from observed
reduction in electrical resistance measured with resistivity equipment.
Resistivities are usually high for dense impervious rocks and low for
porous rocks containing water (Legget, 1962). The resistivity method
is especially effective in measuring depth to fresh water-salt water
interfaces because of the much lower resistance of salt water (Taylor,

1960).

The water table may be indicated by velocity of shock or sound trans-
mission of about 5,000 feet per second measured with a refraction seis-
mograph. However, other materials not saturated, such as coarse and
compact soils, sandstone and cemented soils, may show approximately

the same velocity. It is most effective in porous soils where water
surface is well defined. Inaccuracies have been noted in fine-grained,
slowly permeable soils because capillary forces act to raise the zone
of saturation and wetness several feet above the water table. The
seismic method is effective in materials that increase in density with
depth.

Differences in density of materials in the earth's crust indicate geo-~
logic structure which may influence ground water accumulation. An area
with low gravity value adjacent to a gravity high might be a body of
alluvium along a mountain front. Information on aquifer boundaries
could be deduced under special conditions but it is unlikely that in-
ferences regarding presence of ground water would be warranted.

Magnetic anomalies result from uplift or intrusion of large bodies of
igneous rock, emplacement of dikes or sills and extrusion of basalt.
In general, magnetic highs resulting from igneous intrusion correspond
to structural highs in overlying sedimentary rocks and are not favor-
able for accumulation of ground water. Conversely, magnetic lows may
indicate synclinal structure and favorable conditions. Dikes and sills
tend to form barriers to water movement in sedimentary rocks. Basalt
flows, where below the water table, may contain ground water in joints
or porous interflow zones. Maghetic surveys are rapid and effective
in locating anomalies. Additional geologic and ground water informa-
tion must be obtained to relate survey findings to ground water occur-
rence,

The resistivity and seismic methods are useful in supplementing sub-
surface information available from well logs and test drilling. The
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WHEN PIPE IS PARTLY

AND OBTAIN ADJUSTE(

©|oo

PERCFNT Fut |

PARTLY FULL."X"=40"."Y"= 6"AND
2=2". ASSUME PIPE IS FULL AND
PROCEED AS IN EXAMPLE (.
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Figure 3-3. Estimated Flows from Pipes
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Figure 3—3. ( Continued)

B-Estimated Flow from Vertical Pipe

THE APPROXIMATE FLOW FROM VERTICAL
PIPES OR CASINGS CAN BE DETERMINED

BY MEASURING THE MAXIMUM HEIGHT (H)
IN INCHES TO WHICH THE WATER JET RISES
ABOVE THE PIPE,AND INSIDE DIAMETER OF
THE PIPE (D) IN INCHES.

THE FLOW IN GALLONS PER MINUTE 1S GIVEN
IN THE FOLLOWING TABLE FOR DIFFERENT
SIZES OF STANDARD PIPE AND FOR DIFFERENT
HEIGHTS OF THE WATER JETS.

Height Nominal Diameter (D) of Standard Pipe-
(H) inches
inches 2 3 L 5 6
2 28 59 o7 138 193
2.5 32 T1 117 176 - 248
3 34 76 131 195 271
3.5 38 86 1h7 o2k 327
L Lo 91 159 239 330
5 L5 103 180 277 398
6 50 113 199 307 L4148
T 55 126 22l 341 ko7
8 58 131 233 363 526
9 63 1L 253 1390 568
10 66 148 263 408 595
12 Th 168 295 457 668
14 81 183 320 493 723
16 86 196 3Lk 530 175
18 90 20k 360 557 808
20 98 221 387 599 870
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scs WELL RECORD
Soil Conservation Service
Well No._____ (State or USGS)
Date: , 19 Record by
Source of Data
‘1. LOCATION: State County Area SCD
N T y ¥ Sec T Ng E
earest Town 7 . s W
2. OWNER: Address
Tenant Address
Driller Address
I
3. TOPOGRAPHY | _I __‘___
| |
4. ELEVATION ft. (ground surface or. ! |
reference point) L. !
5. TYPE: Dug; drilled; driven; jetted , 19 IR I
| 1
6. DEPTH: Date » 19 Locate well in section.
reported; measured
7. CASING: Kind Size Length Perforated ft. to ft.
8. WATERBEARING STRATA
From to Material (sand, Formation
gravel, sandstone,
limestone, basalt)
Reported Above (ground surface
: . , 19
9. WATER LEVEL: _____ ft¢ Measured — Below (or ref. point)
10. PUMP: Type Capacity Power
Bowl Setting Discharge pipe Pump column
(depth) (dia.) (dia.)
11. YIELD: Flow______ _ Pump (measured Type of test - Bailer
(gpm) (gpm) (reported Pump
P (estimated
Drawdown ft. after hours pumping
(gpm)
12. USE: Adequacy, permanence
(Dom; stock; irrig.; other)
13. QUALITY: Temp. °F

(Taste; odor; color; analysis)
14. REMARKS:

(Gravel pack data; perforation size; screen opening and dimensions; source

of data; etc.)

15. RECORD LOG OF WELL ON REVERSE SIDE

Figure 3-4. Well Record Sample Form
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Figure 3—4. (Continued)

LOG OF WELL

Kind of Rock or Other Material
(Give color and tell whether
hard or soft) :

Depth in Feet

From - _To

Thickness

in feet

Remarks
(Especially information
as_to water found)
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equipment, its uses, capabilities, and limitations are described in
Chapter 2, Section 8, National Engineering Handbook.

Test Drilling. - If logs are not available or wells have not been dril-
led in an area, test holes at carefully selected locations will be
needed to determine stratigraphy and obtain ground water information.
Such test drilling should be planned to complete geologic cross sec-
tions, provide a basis for interpreting geophysical probes or aid in
delineating complex structures.

Conclusions regarding apparently favorable well locations in unproven
areas should be confirmed by test drilling of one or more holes.
Borings 4 inches to 6 inches in diameter may be used to check strati-
graphy, determine depth to water and thickness of aquifer, and obtain
samples of the aquifer and the water. :

Alluvial aquifers often are lenticular bodies of sand or sand and
gravel in former stream channels. Several test holes drilled along a
line perpendicular to the estimated direction of former flow probably
will be needed to locate the thickest permeable section.

In rock, test holes are of value in verifying stratigraphy and deter-
mining whether or not conditions of jointing, fracturing or development
of solution passages are favorable in advance of sinking the larger
hole.

Test drilling provides a means of obtaining information and samples
needed to design and construct a well of maximum efficiency. An esti-
mate of probable water obtainable, on which to decide diameter of final
well, may be based on timed bailing of test hole or calculated from
thickness and permeability of aquifers as determined from test hole log
and mechanical analysis of samples. Preliminary estimates of the per-
meability of aguifers may be obtained from grain-size distribution
using "Effective Size-Permeability Curve," Plate 1 in Scherer (1959).

Test pumping to determine well characteristics, optimum pumping rate,
pump setting and power required is usually performed after development
of the final well is completed. Pumping tests are further discussed
on page 3-33.

If salt water encroachment needs to be guarded against, the depth to
fresh water-salt water interface should be determined by test drilling.
This depth is needed to calculate depth at which well should bottom.
Wells should not be drilled too deep if there is a pessibility that
salt water may lie beneath the fresh ground water. This is likely in
coastal areas, on islands, and in arid areas where evaporite deposits
occur in the geologic section. Beneath coastal areas, movement of
fresh ground water toward the sea usually prevents landward intrusion
of the slightly denser salt water.

Equilibrium is established between these fluids of different densities
when, for each foot of fresh water above sea level, there are about 40
feet of fresh water lying below sea level. The fresh water-salt water
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interface thus slopes downward away from the ocean and the water table
rises. This is known as the Ghyben-Herzberg relation between fresh

and saline waters. It was originated by two independent investigators
on the European coast about 50 years ago (Taylor, 1960 and Todd 1959).

As general guides in planning, wells in proximity of the coast should
not pump from below sea level; interior basin wells should bottom above
the expected elevation of fresh water-salt water interface, taking into
consideration the anticipated drawdown. (Interface will rise as much
as 40 feet for each foot of drawdown). Such wells should be designed
and developed for minimum drawdown and located so that drawdown is
distributed as widely as possible.

Logging.--An accurate and comprehensive record of materials penetrated
and hydrologic conditions encountered in test drilling must be main-
tained. The purpose of test drilling is to obtain all possible sub-
surface information. Logging is the recording of that information.

In addition to the record of materials, it is important to observe and
note the depth at which water is reached, the depth to the static

water level, and any changes in static level during drilling. Such
changes indicate flow up or down the hole as a result of confined or
unconfined water. Samples of all materials and water should be obtainea
for analysis.

Instructions for logging test holes contained in Chapter L, Section 8,
National Engineering Handbook, are entirely appropriate for ground
water investigations and should be followed as closely as possible.
Several other kinds of logs are helpful in obtaining additional infor-
mation and can sometimes be employed to advantage.

The drilling-time log is an accurate record of the time required to
drill each foot. Hardness.of material being drilled controls drilling
time and is basis for distinguishing different formations (Kirby, 195L4).

Electric logging has become accepted practice for most oil wells on
completion of drilling. Since 1945, its use as a supplement to sample
logs has been increasing in water well construction. Electric logging
usually includes measuring the self potential, spontaneous potential
or "SP" of the earth and resistivity of formations penetrated.

Radioactive logging, using gamma and neutron rays, has been widely used
in the petroleum industry and has been applied successfully to water
wells to locate porous zones, estimate porosity, and make local correla-
tions.

A temperature log, using a recording resistance thermometer, may show
ground water circulation or some geologic feature if temperature varies
from the normal 1° C. rise for each 100 feet of depth.

Caliper logging, using a device with four spring loaded arms connected
to a recording electric resistor, developed by the Illinoils Geological
Survey, shows the average diameter of hole and is useful in locating
caved portions and casing in old wells.
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Other devices to obtain subsurface information include well current
meters for tr