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METHODS FOR DETERMINING PERMEABILIT' OF
WATER-BEARING MATERIALS, WITH SPECIAL
REFERENCE TO DISCHARGING-WELL METHODS

By L. K. WENzZEL

ABSTRACT

The permeability of a water-bearing material—its capacity to transmit water
under pressure—may be determined by laboratory or field tests. In the labora-
tory the permeability may be determined indirectly by analyses of the size, shape,
and arrangement of the grains comprising the material or directly by observations
on the rate of percolation of water through samples. In the field permeabilily
may be determined by tests of ground-water velocity or by discharging-well
methods, that is, by observing the fluctuations of the water table or piezometric
surface in the vicinity of discharging wells.

Many specific variations of these methods have been devised by investigators
with the intent to improve their applicability. Thus several formulas are avail-
able for computing permeability from the mechanical analyses of samples of the
material, and many different types of apparatus are used for measuring percolation
through samples. Similarly dye, salt, and other substances may be used to de-
termine the natural rate of movement of ground water, and several fcrmulas
have been developed for computing permeability from the draw-down or recovery
of the water level near discharging wells.

This report outlines the general methods for determining permeability and
includes some of the more widely used variations of each. It includes a bibli-
ography of literature on permeability and laminar flow and a list of organizations
in the United States that make permeability tests.

Four pumping tests to determine the permeability of water-bearing materials
have been made in Nebraska, in connection with an investigation of the ground-
water resources of the State by the Federal Geological Survey in coop-sration
with the conservation and survey division of the University of Nebraska. Three
of the tests were made in the Platte River Valley near Grand Island, Kearney,
and Gothenburg, and the fourth was made in the North Platte Valley near
Scottshluff. Observations on the fluctuations of the water level in many obser-
vation wells resulted in the collection of a large amount of information on the
behavior of the water level in the vicinity of discharging wells. The Federal
Geological Survey in cooperation with the Kansas Geological Survey rade a
similar pumping test in the Arkansas River Valley, near Wichita, Kans., in 1937,
in connection with a ground-water investigation. The permeability of the water-
bearing materials at the location of each of the five tests was computed by several
of the discharging-well formulas outlined in this report. The permeabil‘ties so
determined for any one test agree within about 5 percent. Descriptions of the
pumping tests and of the permeability computations are included in this report,
together with records of the draw-down of the water level in observation wells in
the tested areas in Nebraska.
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INTRODUCTION

The increase in the use of ground water for municipal, industrial,
irrigation, air-conditioning, domestic, and other purposes and the
attendant lowering of the water levels in wells have caused much
concern regarding the quantity of water that can be withdrawn
perennially from subterranean sources. As a result, ground-water
hydrologists are persistently confronted with the serious problem of
determining the safe yield of underground reservoirs. Such quanti-
tative investigations almost always involve the movement of ground
water, and to a large degree the success of these studies depends on
a reasonably accurate determination of the quantity of underground
percolation.

The quantity of water that will percolate through ¢ given formation
is directly proportional to the hydraulic gradient, tl'e cross-sectional
area, and the permeability of the material. In mc«t areas the hy-
draulic gradient can be determined from contour maps of the water
table or the piezometric surface, and the cross-sectional area can be
approximately ascertained from the logs of wells. The permeability
of the water-bearing material, however, is usually more difficult to
determine.

The permeability of water-bearing materials may s determined by
laboratory or field tests. In the laboratory the permeability may be
determined indirectly by analyses of the size, shape, and arrangement
of the grains constituting the matenal, or directly by observations on
the rate of percolation of water through samples; in the field the per-
meability may be determined by tests of ground-water velocity or by
observations on the fluctuations of the ground-water level in the vi-
cinity of discharging wells. This report outlines each of the methods
and attempts to point out its chief advantages and disadvantages.
Special emphasis is placed on the discharging-well methods, and ex-
amples of permeability determinations by this method are given for
pumping tests made in the Platte River Valley near Grand Island,
Kearney, and Gothenburg, Nebr., in the North Platte River Valley
near Scottsbluff, Nebr., and in the Arkansas River Valley near Wichita,
Kans. Records of draw-down collected in the four Nebraska pumping
tests are given at the end of the report. A bibliography on permea-
bility and laminar flow also is included (pp. 20-50). It is hoped that
this report will prove helpful to investigators making permeability
tests and to all who are interested in quantitative ground-water
investigations.
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THE DARCY LAW AND ITS RELATION TO PERMEABILITY
STATEMENT OF DARCY’S LAW

Hagen ! and Poiseuille 2 were the first to study the law of f'ow of
water through capillary tubes. They found that the rate of flow is
proportional to the hydraulic gradient. Later Darcy ® verified this
observation and demonstrated its applicability to water percolating
through the capillary interstices of filter sands. He expressed this

law by means of the formula v-——l—)l@, in which » is the velocity of the

water through a column of permeable material, & is the difference in
head at the ends of the column, I is the length of the column, ard P is
a constant that depends on the character of the material, especially
the size and arrangement of the grains. Because it is usually more
essential to determine the quantity of water flowing through & certain

! Hagen, G., Ueber die Bewegung des Wassers in engen cylindrischen Réhren: Annalen der Physik u.
Chemie, vol. 46, pp. 423-442, Leipzig, 1839.

2 Poiseuille, J. L. M., Recherchés expérimentales sur le mouvement des liquides dans les tub3s de trés
petit diamaétre; Royal Acad. Sci. Inst. France Math. Phys. Sei. Mém., vol. 9, p. 433, 1846.

3 Darcy, Henri, Les fontaines publiques de la ville de Dijon, Paris, 1856.

4 An attempt has been made in this report to utilize as much as possible a consistent set of symbols in
equations and formulas. Thus many of the symbols used by others in their formulas have been transposed
accordingly.
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cross section of permeable material than to determine the velocity
through the material, Darcy’s law is sometimes expressed as

Q=PIA .. 1

in which @ is the quantity of water discharged in a unit of time, P
is the constant, which depends on the character of the material, I
is the hydraulic gradient, and A is the cross-sectional area through
which the water percolates. This formula serves as a basis for
determining the quantities of ground water that percolate from areas
of recharge to areas of discharge, and consequently it is used for
determining the safe yield of underground reservoirs.

LABORATORY INVESTIGATIONS ON FLOW OF FLUIDS

There has been much difference of opinion among hydrologists as
to whether Darcy’s formula expresses closely the law of flow of water
through porous material for all hydraulic gradients, especially for
the low hydraulic gradients commonly found in nature. Since the
results of Darcy’s work were published, many laboratory investiga-
tions have been made on the flow of liquids and gases through perme-
able materials, most of the early experiments having been performed
by French and German physicists and engineers.® A review of early
investigations, including those of Ammon, Fleck, Hagen, Renk, Seel-
heim, Trautivine, Welitschkowsky, and Wollny was made by King.®
He also made laboratory investigations of his own on the flow of
fluids through wire gauze, disks of perforated brass, sandstone, and
sand 7 and the flow of air through sand, sandstone, and capillary
tubes.® Included in this report is a review of the experiments of
F. H. Newell, performed about 1885, on the flow cf water and oil
through rock.® King concluded that although the observations of
investigators showed that the flow of fluids was apparently not directly
proportional to the head the departures obtained were either
systematically plus or systematically minus, as might be expected
if the departures were due to errors of observation.’® Laboratory
experiments on the flow of water through tanks of sand and gravel
were made later under the direction of Slichter,!' from 1902 to 1904.
He concluded that ‘“‘the law of direct variation of the flow of ground
waters with head under which the flow takes place ar> verified by the
experiments in the tank.!

8 See bibliography in Slichter, C. S., Theoretical investigation of the motion of ground waters: U. S. Geol.
Survey 19th Ann. Rept., pt. 2, pp. 380-384, 1899.

¢ King, ¥. H., Principles and conditions of the movements of ground water: U, §. Geol. Survey 19th Ann.
Rept., pt. 2, pp. 178-195, 1899,

7 Idem, pp. 107-124, 135-157.

¢ Idem, pp. 157-178.

¢ Idem, pp. 124-135.

10 Idem, p. 204.

11 Slichter, C. S., Field measurements of the rate of movement of underground vaters: U. S. Geol. Survey

Water-Supply Paper 140, pp. 29-49, 1905.
12 Slichter, C. 8., op. cit., p. 48.
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Experiments have recently been performed in the laboratory of the
Geological Survey in Washington, D. C., that confirm the applica-
bility of Darcy’s law to very low liydraulic gradients. Using a con-
stant-head discharging apparatus devised by Meinzer ? (see pp. 56-59),
extensive tests were made on beach sand collected at Fort Caswell,
N. C. Stearns plotted the hydraulic gradient in feet per mile against
discharge in milligrams per second and reports, “The resulting curve
down to a gradient of 5 feet to the mile approximates a straight line
and supports Darcy’s law for this sand for hydraulic gradients ranging
from about 5.20 to 0.1 percent, or from about 270 to 5 feet to the
mile.”” 1* The apparatus used did not allow experiments to be carried
on accurately with hydraulic gradients much lower than 5 feet to the
mile. Later a nondischarging apparatus was designed to accoinmo-
date precise experimnents with low heads.’* (See pp.66-68.) The Fort
Caswell sand was again used, and from the experiments performed
with the new apparatus it was concluded that ‘“for the type of sand
used the flow varies at least approximately with the hydraulic grad-
ient, down to a gradient of 1 foot to the mile and probably to con-
siderably lower gradients.”” * Additional tests with the new appara-
tus ‘“‘show rather conclusively that for the material tested [Fort
Caswell sand] the rate of flow varies directly as the hydraulic gradient,
down to a gradient of 2 or 3 inches to the mile and that tkere are
indications that Darcy’s law holds for indefinitely low gradients.” 7

It has been recognized for sone time that the flow of water in open
channels and pipes mnay be either laminar or turbulent. With laini-
nar flow the water particles move in more or less parallell lines, whereas
with turbulent flow eddies occur and the water particles move in cir-
cuitous paths. In general,laminar flow occurs at relatively lov veloc-
ities and turbulent flow at higher velocities.

The nature of the two modes of fluid motion was first demonstrated
by Reynolds ® in a series of experiments on parallel glass tubes of
various diameters up to 2 inches. The velocity at which eddy forna-
tion is first noted in a long tube is termed the higher critical velocity.
There is also a lower critical velocity at which the eddies in or‘ginally
turbulent flow die out. Over the range between the two ecritical
velocities the fluid, if noving with streamline flow, is in an unstable
state, and a slight disturbance may cause it to break down intc turbu-

13 Stearns, N. D., Laboratory test on physical properties of water-bearing materials: U. S. G20l. Survey
Water-Supply Paper 596, pp. 144-147, 1928,

14 Idem, p. 155.

18 Meinzer, O. E., and Fishel, V. C., Tests of permeability with low hydraulic gradients: Amr. Geophys.
Union Tranc,, 1934, pp. 405-406. )

16 Idem, p. 409. |

17 Fishel, V. C., Further tests of permeability with low hydraulic gradients: Am. Geophys. Un‘on, Trans.,
1935, p. 503.

18 Reynolds, Osborne, An experimental investigation of the circumstances which determine whether
the motion of water shall be direct or sinuous and of the law of resistance in parallel channels: Roy. Soc.
London Trans., vol. 174, pp. 935-982, 1883,
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lent motion. Reynolds showed that the conditions of flow for any
tube and liquid could be characterized by the nondimensional quantity

in which » is the mean velocity, D is the diameter of the tube, p is the
density of the liquid, and u is the viscosity of the liquid. R is called
the Reynolds number. R has a value of approximately 2,000 for the
lower critical velocity. Thus

in which 2, is the lower critical velocity.

From the above expression it is evident that laminar flow depends
on the velocity of the fluid and is not limited to tubes of capillary
size. Tolman * has made a valuable contribution by pointing out
the popular fallacy that laminar flow is associated only with capillary
tubes.

So long as the flow through granular materials is laminar the
velocity varies directly as the loss in head—that is, the flow conforms
to Darcy’s law. When the flow is turbulent, however, the velocity
increases less rapidly than does the loss in head. It follows, there-
fore, that Darcy’s law and all hydrologic work based on Darcy’s
law pertain only to laminar flow.

The rate of percolation of most ground waters is very slow, and it
is likely that laminar flow occurs under the natural hydraulic gradients
that exist in most water-bearing formations. This is confirmed by
many recent experiments, including those performed ir the hydrologic
laboratory of the Federal Geological Survey, in which the flow of
water through samples of sand was observed to vary directly as the
head under gradients between 270 feet and 2 or 3 inches to the mile.
Tolman,® from an analysis of the work of Poland,* Givan,” Hickox,?
McCurdy * and others, concludes that ‘‘at normal ground-water
gradients, which seldom exceed 1 percent, or 53 feot to the mile,
turbulent flow in sands and gravels is virtually nonexistent.” Mus-
kat,” in discussing the higher gradients that occur near discharging
wells, states “* * * it is clear that it is safe to conclude that in
the great majority of flow systems of physical interest the flow will
be strictly governed by Darcy’s law, except possibly in very localized
parts of the porous medium of very limited dimensions.”

1 Tolman, C. F., Ground water, p. 196, New York, McGraw-Hill Book Co., Inc., 1937.

20 Tolinan, C. F., op. cit., p. 200.

2 Poland, J. ¥., Unpublished experiinental work mentioned by Tolmnan, C. F., op. cit., p. 197.

2 Givan, C. V., Flow of water through granular inaterial: Unpublished thesis, Stanford University,
1933,

2 Hickox, G. H., Flow through granular materials: Am. Geophys. Union Trans 1934, pp. 567-572.

2 McCurdy, R. C., A study of the petroleuin drainage problemn: Unpublished thesis, Standord Univer-
sity, 1933.

25 Muskat, Morris, The flow of hoinogeneous fluids through porous inedia, p. 6¢, New York, McGraw-
Hill Book Co., Inc., 1937.
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It is evident that the several methods for determining permeability
which are 'outlined in this paper and which are based on Darcy’s law
can be used only when the ground-water flow is of the laminar type.
There appears to be ample evidence, however, to indicate that most
ground-water movement is of the laminar type and that the movement
closely follows Darcy’s law.

COEFFICIENT OF PERMEABILITY

The constant P in the equation @=PIA has been designated by
different names and has been expressed in various units. Although
there still are no generally accepted dimensions for the constaunt it is
now rather widely called the coefficient of permeability and is usually
- expressed as
volume of flow

P= (time) (cross-sectional area) (hydraulic gradient)

Two coefficients of permeability are used by the division of ground
water of the Geological Survey. One coeflicient is defined by Mein-
zer ® as the rate of flow of water, in gallons a day, through a cross-
sectional area of 1 square foot under a hydraulic gradient of 100 per-
cent at a temperature of 60° F. (See fig. 1.) That is,

_ 1 gal. at 60° F. ‘
Py @A & HOf) T @)

This coefficient may be expressed in field terms as the number of
gallons of water that would be conducted, were the temperature of
the water 60° F., through each mile of water-bearing bed under
investigation (measured at right angles to the direction of flow) for
each foot of thickness of the bed and for each foot per mile of hydraulic
gradient. '

The other coefficient of permeability used by the division of ground
water may be called the field coefficient of permeability and is defined
as the number of gallons of water a day that percolates under prevail-
ing conditions through each mile of water-bearing bed under investiga-
tion (measured at right angles to the direction of flow) for each foot of
thickness of the bed and for each foot per mile of hydraulic gradient.

In this report the symbol P is used to denote the coefficient of
permeability expressed in any units, the symbol P,, is used to denote
the coefficient of permeability as defined by Meinzer, and the symbol
P, is used to denote the field coefficient of permeability just defined.
Thus

P,= CIP F A e (5)

where C, is a temperature correction (see p. 62).

2 Stearns, N. D., Laboratory tests on physical properties of water-bearing materials: U. 8. Geol. Survey
‘Water-Supply Paper 596, p. 148, 1928,
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It is recognized that the coefficient of permeability, in order to
relate only to the structure of the water-bearing material, should be
defined also in terms of the acceleration due to gravity, g, and the

)

]

(R

U R T P U N
T
RO

—

o
\rﬁ- 1FoOT ~

B
FiGURE 1.—Diagram illustrating laboratory and field application of the coefficient of permeability, Py,
expressed in Meinzer’s units. A, Rate of fiow, in gallons a day, through a cross section of 1 square foot,
under & hydraulic gradient of 100 percent at 60° F. B, Rate of flow, in gallons a day, through a 1-foot
thickness of water-bearing material 1 mile in width, under a hydraulic gradient ¢f 1 foot a mile, at 60° F.

density, p, of water. However, changes in the coefficient of per-
meability caused by changes in g and p are extremely small, and it is
not generally considered necessary to correct for therm.
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The units of gallon, day, and square foot, selected by Meinzer as
those most generally applicable to ground-water work, in this report
are called Meinzer’s units.

Other permeability units in use in the United States are given
below, and conversion factors for changing these units into Meinzer’s
units or Meinzer’s units to these units, computed by V. C. Fishel, of
the Geological Survey, are given in the table on page 10 ard are
followed by the data used for computing the conversion factors.

The coefficients of permeability expressed in various units for water
at temperatures of 60° and 68° F. can be changed into Meinzer’s

. 1 gal. at 60° F. o 1.
units, { day)%fi.z)a(ft. 0/’ by multiplying by the proper factor

in the third or fourth column of the conversion table. The fifth and
sixth columns give conversion factors for changing the coefficient of
permeability expressed in Meinzer’s units at a temperature of 60° F.
into the other units at temperatures of 60° and 68° F.

Permeability units

1. P. W. Ketchum, A. E. R. Westman, and R. K. Hursh.—Cubic cent‘'meters
per second per square centimeter under a hydraulic gradient of 100 perzent at
a temperature of 77° F. Illinois Univ. Eng. Exper. Sta. Cir. 14, p. 22, 1926.

2. C. F. Barb and E. R. Branson.—Cubic centimeters per second per square
centimeter under a pressure of 1 gram per square centimeter per centimeter
length of material. Internat. Petroleum Technology, vol. 8, pp. 325-33¢. 1931.

3. P. G. Nutting.—Cubie centimeters per second per square centimeter under
a pressure of 1 dyne per square centimeter per centimeter length of material and
a viscosity of 1 centipoise. Am. Assoc. Petroleum Geologists Bull.,, vol. 14,
p. 1348, 1930.

4. R. D. Wyckoff, H. G. Botset, Morris Muskat, and D. W. Reed.—Cubie
centimeters per second per square centimeter under a pressure of 1 atmosphere
per centimeter and a viscosity of 1 centipoise. The unit is called a darcy. Rev.
Sci. Instruments, vol. 4, No. 7, pp. 394-405, 1933.

5. C. 8. Slichter.—Cubic feet per minute per square foot under a hydraulic
gradient of 100 percent. U. S. Geol. Survey Water-Supply Paper 140, p. 11, 1905.

6. O. W. Israelsen and E. R. Morgan.—Cubic feet per second per squere foot
for unit potential gradient at 60° F. Unit potential gradient was definec as 1/g
foot per foot. Am. Geophys. Union Trans., 1937, pp. 568-574.

7. C. S. Slater and H. G. Byers.—Inches per hour under a hydraulic gradient
of 100 percent (temperature not given). U. 8. Dept. Agr. Tech. Bull. 232, p. 9,
1931.

8. C. M. Nevin.—Cubic inches per minute per square inch under a pressure of
1 pound per square inch per inch length of material at a temperature of 68° F
Am. Assoc. Petroleum Geologists Bull. vol. 16, No. 4, pp. 373-384, 1932.

9. D. W. Kessler.—Cubie inches per hour per square foot under a pressure of
1 pound per square inch per 0.5 inch length of material (temperature not given).
Nat. Bur. Standards Tech. Paper 305, 1926.

10. H. D. Wilde and T. V. Moore.—Cubic feet per second per square foot under
a pressure of 1 pound per square foot per foot length of materlal Oil Weekly,
vol. 67, No. 12, pp. 34-40, 1932.
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Conversion table

[Prepared by V. C. Fishel]

: Factors for conversion of Mein-
Factors g%fgs’;zgr?é‘:’%gfn%gg‘: zer’s units for temperature of
Method of ; tures of 60° and 68° F. into | 90 Fd 1;1to tother utmts ex%
ethod of expressing : ) : y pressed for temperatures o
No.« permeability unit - Meinzer's unit at 60° F. 60° a~d 68° F.
68° F. 60° F. 68° F. 60° F.
1lem.$ 4 2 4 —5 -5
1 $ec. o2 (1 cm'; H,0/cmy) 1.897x 104 ____ 2.120x 104 ____ 5.270 x 10~5____| 4.716 x 10-5.
lcm.
2 Sec. om.? (gm.jom.?) om, 1.894 x 104 ____ 2.118x104_____ 5.280 x 10-5_ ___| 4.721 x 10-3.
1cm.?
3 Sec. om.? (dyne/orm.?) crm. 1.8486x107.._| 2077x107.__.. 5.410 x 10—¢____| 4.814 x 10-8.
1cm.s
4 Sec. om.? (a?}ltoasphere/cm.) 18245 20.50__________ 5.482x 10-2___.| 4.877 x 102,
5 WE;H"O)M) 9.640x 103_____ 1.077 x 104 ___. 1.037 x 10~4____| 9.283 x 10-5.
1ft.
6 Sec. T6.2 (1/g ft. HL0/Tt.) 1.861x107_____ 2.079x107_____ 5.374 x 10-8____| 4.809 x 10-4.
1in.
7 b B0 1339 1496 .. 7.470 x 10-2____| 6.684 x 102,
lin3
8 Tin, in.? (Ib.An.?) 1o, 28.97_ .. ... 3240 .. __.__ 3.452x 10~2____; 3.086 x 10-2.
1in.3
9 m 0.966_______._. 1.080___.______ 1.036_._.______ 0.926.
10 Qﬁ%‘m 3.604x 107 ____ 4.031x107_ ___| 2774 x 10-5___ | 2.481 x 10-9,

o The numbers refer to those used in the preceding list of permeability units.
b Determined for a viscosity of 1 centipoise, that is, for a temperature of approximately 68.4° F.

Data for computing conversion factors

Density of water at 60° F.=0.9990 gms./cm.?
Density of water at 68° F. or 20° C.=0.9982 gms./cm.?
Viscosity of water at 60° F.=1.124 centipoises.
Viscosity of water at 68° F.=1.005 centipoises.

1 gm.=980.665 dynes (assumed value).

1 1b.=453.5924 gms. '
1 1b./in.?=2.309 ft. water at 60° F.

1 1b./in.2==2.311 ft. water at 68° F.

1 1b./in.2=70.31 gms./cm.?

1 gm./cm.2=1.001 cm. water at 60° F.

1 gm./cm.2=1.002 cm. water at 68° F.

1 atm.=76.0 cm. mercury at 32° F.

1 atm.=76.0 x 13.5951 gms./cm.2=1,033.228 gms./cm.?
1 atm.=1.01325 x 10 ® dynes/cm.2

1 atm.=1,034.2 cm. water at 60° F.

1 atm.=1,035.1 cm. water at 68° F.

1 inch=2.5400 cm.

1 f1.=30.480 cm.

1 £t.2=9029.03 cm.?

1 cm.3=0.26417 x 10-3 gal.

1 ft.2=7.4806 gal.

1 gal.=0.13368 ft.?

1 gal.=231.00 in.?

Recently Theis ¥ introduced the very convenient term “‘coeflicient

# Theis, C. V., The relation between the lowering of the piezometric surface ard the rate and duration
of discharge of a well using ground-water storage: Am. Geophys. Union Trans., 1935, p. 520.
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of transmissibility,” which is the product of the field coefficient of
permeability and the thickness of the saturated portion of the aquifer.
It 1s equal to the quantity P,A in the equation Q=P ,IA divided by
the width of the section considered. The field coefficient of per-
meability for a homogeneous formation is a constant factor, whereas
the coefficient of transmissibility varies according to the thiclness of
the saturated part of the formation.

PERMEABILITIES OF NATURAL EARTH MATERIALS

The permeabilities of natural earth materials vary widely. Fine
sand is in general less permeable than coarse sand and therefors trans-
mits less water through equal cross-sectional areas under the same
hydraulic gradient. Clay may contain more water per unit volume
than sand or gravel, but the permeability of a clayey material is
generally low, and therefore the quantity of water transmitted through
it is usually much less than is transmitted through sand and gravel.
Coeflicients of permeability, expressed in Meinzer’s units, ranging from
about 0.0002 for a clayey silt to 90,000 for a gravel have been deter-
mined in the hydrologic laboratory of the Geological Survey. Thus
the gravel carries water at a rate about 450,000,000 times that of the
clayey silt. There doubtless are materials with permeabilities higher
and lower than those determined in the laboratory.

The material with the coeflicient of permeability of 0.0002 ccnsisted
of 21 percent of clay, 44 percent of silt, and 35 percent of coarser
grained material, but it had a porosity of 58.2 percent (see table,
p. 13). Under a gradient of 10 feet to the mile the rate of movement
of water through this clayey silt would be about 0.0004 inch a year or
1 foot in about 30,000 years. In the material with a coefficient of
permeability of 90,000 about 90 percent of the grains were larger than
2 millimeters. The porosity was 38 percent. The rate of movement
of water through this coarse material under a hydraulic gradient of
10 feet to the mile would be about 60 feet a day, or 1 mile in sbout 3
months. Under higher gradients the velocities through both. the
fine and coarse materials would be proportionally greater.

Although there are many water-bearing materials of low 1 ermea-
bility, most formations that are sufficiently water-bearing to be
utilized by wells have coefficients that are whole numbers of two or
more figures when expressed in Meinzer’s units—that is, above 10.%
The yields of wells depend, of course, not only on the permeability
of the formations they tap but also on the thickness of the formations,
the drawn-down of the water level, and the diameter and construction
of the wells. For many places in the United States the physical and
economic conditions are such that wells with moderate to high yields—

2 Meinzer, O. E., Movements of ground water: Am. Assoe. Petroleum Geologists Bull., vol 20, No. 6,
P. 710, 1936.

303464—42— 2
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100 gallons a minute or more—generally penetrate materials with
coefficients of permeability of 100 or more.

Meinzer # cites the Carrizo sand in the Winter Garden region of
Texas as an example of a more or less average performance of a moder-
ately productive water-bearing formation. This formation, which is
believed to have an average coefficient of permeability of about 200
and a porosity of about 40 percent transmits water under a hydraulic
gradient of 10 feet to the mile at an average rate of about 50 feet a
year, or about 1 mile in 100 years. This slow motion gives a com-
puted flow of water through a 60-mile section of the formation, about
200 feet thick, of about 24,000,000 gallons a day, or abcut 27,000 acre-
feet a year.

The hydrologic laboratory for determining the physical properties
of natural earth materials was established under Meinzer’s direction,
in the Geological Survey, Washington, D. C.,in 1923. Since that time
tests have been made in the laboratory on more than 2,000 samples of
material for composition, apparent specific gravity, porosity, moisture
equivalent, or coefficient of permeability, and small specimens of the
materials have been preserved in the laboratory for reference. Most
of the samples tested have been collected in connection with intensive
quantitative ground-water investigations carried on by the Geological
Survey in comparatively small areas, and as a result the physical
properties of only a few of the more effective water-bearing formations
have as yet been determined.

Coefficients of permeability have been determined in the hydrologic
laboratory for 1,327 samples of material from 23 Stetes. Of these
determinations less than 500 are published, but the others are availa-
ble for inspection in the files of the Geological Survey, Washington,
D. C. Many other permeability tests have been made by the Geo-
logical Survey with the variable-head type of discharging apparatus
described on pages 59-64, but these tests have been pevformed in the
field and the results are not readily available.

The physical properties of 35 earth materials from the United States
are listed in the accompanying table according to the coefficients of
permeability. The list includes the highest and lowest coefficients
determined in the hydrologic laboratory, together witl a representa-
tive group of samples with coefficients that fall within these extreme
limits. - The table shows that the coarser-grained materials in general
have larger coefficients of permeability, but 1t also shows that there
is no strict relation between the size of grains and the coefficient of
permeability. The table also indicates that it is difficult to specify
a range of coefficients within which a material predominately clay,
silt, fine sand, medium sand, coarse sand, or gravel will fall. For
example, samples with laboratory numbers 2,254 and 2,159 include

2% Meinzer, O. E., op. cit., p. 710,
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respectively 32.8 percent and 31.8 percent of medium sand, which is
the predominant material in both samples. Sample 2,254, hovever,
includes considerable fine sand, very fine sand, silt, and clay, wl ereas
sample 2,159 includes comparatively little of these fine-grained
materials. As a result the coefficient of permeability of sample 2,254
is 45 and that of sample 2,159 is 8,350.

Physical properties of representalive materials from the United States
[Samples are listed according to the coefficient of permeability]

Size of grain (percent by weight) Mois-
: Ap- P ture
Lab- par- o- | equiv-| ooa
0.50~ 0.125~ Small- | ent ros- | alent :
ora- | Larger| 2.0 14005( 6.25 | $%- | 6062 {0.062-| er | spe | ity | (per- | Clentof
Ry | Y | mm, | mm. | omm, | 2] mm. | 0005 | than | eific | (per- | cent gbility
T mm (ﬁné (coarse | (me- (ﬂné (very | mm, | 0.005 | grav- | cent) by
(graveD) |gravel) sand) | dium sand) fine | (silt) [ mm. ity vol-
8r: sand) sand) (clay) ume)
1,001.. 10.6 31,0 33.0 | 45.7|824.7 06440 21.0 | 1.62| 58.2 49.5 0.0002
. .9 1.0 | 45.3 49.3| 1.20 ) 55.5 37.4 .2
3 84| 23.2| 53.7 11.8 | 1.44] 45.1 18.1 6 -
. 26.1 15.9 | 20.4 28. 119 | 54.2 21.8 20
17.4 | 25.9 8.8 1.3{ 81.5 1.564 | 37.0 9.7 30
17.2 | 32.8 21.2| 19.6} 86.8 1.58 | 39.3 9.6 45
26.2 | 49.4] 15.2 1.9 81.3 1.40 | 46.6 9.7 60
16.3 | 25.0 | 14.2 6.8 ¢3.3 L74| 34.3 9.4 85
....... 7.3 ] 17.0 | 49.1 23.9 1.27 | 52.2 9.4 100
1,382_. 15.4 | 15.2 20.2 | 19.5 16.4 7.0 4.5 1.92 | 26.3 3.0 150
1,380 _ 14.31 11L.9 18.2 | 25.1 18.7 6.5 3.0 1.88 | 41.8 3.1 220
1,383 17.3 | 10.7 13.1 | 20.4 24.4 3.2 1.0 1.84 | 30.2 3.0 350
1,374.. 29.7 | 16.9 18.9 | 17.1 15.4 1.3 .4 1.90 | 27.1 2.6 480
1,234 12.7 | 13.3 21.2 | 24.3| 12.5 5.2 | 84.3 1.75| 33.2 3.0 590
1,385_. 27.4| 14.9 16.3 | 22.4 | 11.8 3.7 2.1 1.92 | 25.6 3.0 730
1,381.. 15.9 | 11.0 20.1 33.4| 15.4 2.6 .4 1.83 | 31.2 2.7 925
,202._ 2l. 1 17.7 25.8 23.5 9.7 .7 8,2 |.__... 1.85| 28.9 1.4 | 1000
1,562 179 | 31.4 32.2 | 14.0 2.0 .8 8.4 1.63 ) 31.4 {_______. 1,200
1,396 31.3 21.0 19.6 19.6 6.5 1.2 ] .1 1.95 26.1 2.3 11,370
1,376.. 16.8 | 15.2 25.81 29.4| 10.5 1.6 .5 .1| 1.80| 32.3 2.0 | 1.460
1,398 8.5 | 16.5 28.2 | 36.6 8.9 N .3 .1 1.84 | 29.7 1.7 [1.820
1,386__ 20.6 | 19.6 19.7 | 19.1 9.7 4.3 4.4 .91 L92( 25.0 2.8 | 2,005
2,287 25.9 | 33.3 27.1 11.0 1.0 .1 8.4 (... .77 | 30.0 2.3 | 2,400
1,397..) 946.9 | 14.5 17.1 16.6 4.1 .4 .2 .1 1.91 27.5 .
1,393 40.4 | 15.5 22.8 | 16.5 3.9 .4 .3 1 187 21.2 600
2,156_. 3.3 | 14.8 32.8 | 15.2 2.0 3.3 85 L.77| 33.3
2,327 .. 63.3 9.9 15.4 9.3 1.4 .4 82 1.99 | 25.4
2,325..- 75.2 8.6 9.4 5.2 .7 .2 82 2.06 | 23.4
2,316 48.1 21.2 13.4 7.1 4.4 2.8 82.3 1.86 ( 28.1
108__._| 10717 13.7 10.2 3.1 ng| 2.1 84 1.67 1 31.9
2,159__ 23.4 7.5 26.9 | 31.8 5.9 3.6 84 1.79 | 33.3
1,564 . 68.2 1 14.8 11.8 4.2 .4 .1 82 1.86 | 25.6
99 ____. 79.8 1.1 2.2 4.9 | 14512271336 1.890 | 25.1
2,250__ 70.0 | 19.4 6.9 3.6 .3 .2 82 36.8
2,241__| 90.0 7.9 1.0 1.0 .1 .1 81 38.0

! Larger than 1.0 mm.,

21.0 to 0.59 mm.

30.59 to 0.26 mm.

40.26 to 0.09 mm.

30.09 to 0.05 mm.

€0.05 to 0.005 mm.

7 Larger than 0.25 mm.

8 Includes clay.

9 34.1 percent larger than 5 mm.
0 Large pebbles discarded in field.
10,25 to 0.10 mm.

120,10 to 0.05 mm.

13 0.05 to 0.005 mm.

The following is a brief summary of the permeability determinations
made in the hydrologic laboratory of the Geological Survey. Refer-
ences are given to the published permeability figures. Where no
references are given the results have not been published but are on
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file and may be consulted in the office of the Geological Survey,
Washington, D. C.

1,001. Escalante Valley, Utah, SE}{NW{ sec. 36, T. 28 S., R, 11 W. Sample from 8.4-inch auger hole;
depth 3.3-3.4 feet. Unpublished. X

2,278. Flathead Valley, Mont. Subsoil at well 30; depth 0.5-2 feet. Published (see footnote 34).

2,275. Flathead Valley, Mont. Silty sand in steep bank on south side of Flathead River at Jackson
gage. Published (see footnote 34).

2';,283?4.) Flathead Valley, Mont. Subsoil 100 yards west of well 5; depth 0-0.5 foot. Published (see foot-
note 34).

2,286. Arkansas Valley, Kans., NE}{NW{ sec. 29, T. 26 8., R.1 E. From well 3 miles north of Wichita;
depth 18-19 feet. Published in this report (p. 143).

2,254. San Luis Valley, Colo., sec. 23, T. 39 N., R. 11 E. From well 12N23N1; depth 5.2-6.3 feet. Late
Pliocene or early Pleistocene, Alamosa formation. Published (see footnote 30).

2,261. San Luis Valley, Colo., sec. 14, T.38 N., R. 10 E. From well 13M14D1; depth 3.0-4.5 feet. Late
Pliocene or early Pleistocene, Alamosa formation. Published (see footnote 30).

2,259. San Luis Valley, Colo., sec.36, T. 40 N., R. 10 E. From well 11M 36R1; depth 5.0-5.7 feet. Late
Pliocene or Early Pleistocene, Alamosa formation. Published (see footnote 30).

2,277. Flathead Valley, Mont. Sand from south bank of Flathead River 150 feet north of well 23. Pub-
lished (see footnote 34).

1,382. Platte Valley, Nebr., NWi4sec. 17, T. 11 N., R. 8 W. From drilled well; depth 4246 feet. Pleis-
tocene. Published (see footnote 35). .

1,389. Platte Valley, Nebr., NW1{ sec.17, T. 11 N., R.8 W. From drilled well; depth 78-86 feet. Pleis-
tocene. Published (see footnote 35).

1,383. Platte Valley, Nebr., NW1l4sec.17, T. 11 N., R. 8 W. From drilled well; depth 46-51 feet. Pleis-
tocene. - Published (see footnote 35). .

1,374, Platte Valley, Nebr., NWi{sec. 17, T. 11 N., R.8 W. From drilled well; depth 6-10 feet. Pleisto-
cene. Published (see footnote 35).

1,234. Platte Valley, Nebr., NE14 sec. 21, T. 8 N,, R. 16 W. From auger hole; depth 2-5 feet. Pleisto-
cene sand and gravel. Published (see footnote 35). .

1,385. Platte Valley, Nebr., NW1{sec. 17, T. 11 N., R. 8 W. From drilled well; depth 55-61 feet. Pleis-
tocene. Published (see footnote 35). .

1,381. Platte Valley, Nebr., NW14sec. 17, T. 11 N., R. 8 W. From drilled well; depth 40-42 feet. Pleis-
tocene. Published (see footnote 35). i

2,292. Arkansas Valley, Kans., NE}{NW{ sec. 29, T. 26 8., R.1 E. From well 3 miles north of Wichita;
depth 36-38 feet. Published in this report (p. 143). .

1,562, Long Island, N. Y., Creedmoor State Hospital, Queens Village. From well; depth 360 feet. Cre-
taceous. Unpublished. i

1,396. Platte Valley, Nebr., SE14 sec. 12, T. 8 N., R. 17 W. From drilled well. Sand and gravel. Pleis-
tocene. Published (see footnote 35). . -

1,376. Platte Valley, Nebr., NW1{ sec. 17, T. 11 N., R.8 W. From drilled well; depth 16-20 feet. Pleis-
tocene. Published (see footnote 35). .

1,398. Platte Valley, Nebr., SEl{sec. 12, T.8 N., R. 17 W. From drilled well. Sand and gravel. Pleis-
tocene. Published (see footnote 35). .

1,386. Platte Valley, Nebr., NW1{ sec. 17, T. 11 N., R. 8 W. From drilled well; depth 61-66 feet. Pleis-
tocene. Published (see footnote 35). .

2,287. Arkansas Valley, Kans., NE}4NW{ sec. 29, T 26 S, R. 1 E. From well 3 miles north of
Wichita; depth 19-20 feet, Published in this report (p. 143). .

1,397. Platte Valley, Nebr., SEl4 sec. 12, T. 8 N., R. 17 W. From drilled wel'. Pleistocene sand and
gravel. Published (see footnote 35). i . .

1,393. Platte Valley, Nebr., SE14 sec. 12, T. 8 N., R. 17 W. From drilled wel’. Pleistocene sand and
gravel. Published (see footnote 35). .

2,156. South-central Nebraska,sec. 4, T.2N., R.10 W. From gravel pit 12feet above water table. Pleis-
tocene sand and gravel. Published (see footnote 35).

2,327, Croton Valley, N. Y., about 1 mile downstream from Croton Dam. Frcm well D20D. Pleisto-
cene glacial valley fill.  Unpublished.

2,325. Croton Valley N, Y., about 1 mile downstream from Croton Dam. From well D9C. Pleistocene
glacial valley fill. Unpublished. .

2316. Croton Valley, N. Y., about 1 mile downstream from Croton Dam. From well 14E. Pleistocene
glacial valley fill. Unpublished.

108. Delair, N. J., Puchack Run field of Camden Water Department. From test well 2; depth 185 feet.
Upper Cretaceous, Raritan formation. Published (see footnote 36). i

2,159, South-central Nebraska, sec. 4, T2 N., R. 10 W. From gravel pit 30 feet above water table. Pleis-
tocene sand and gravel. Published (see footnote 35). .

1,564. Long Island, N. Y., Creedmoor State Hospital, Queens Village. From well; depth 670 feet.
Cretaceous. Unpublished. .

99. Fergus County, Mont., SE}{ sec. 30, T. 16 N., R. 18 E. Quaternary, Pleistocene (?) gravel of Judith
Basin. Published (see footnote 33). .

2,250. Long Island, N. Y., Locust Valley Water District, Locust Valley. D:pth 525-527 feet. Cre-
taceous. Unpublished. . i i

2,241. Long Island, N. Y., Village of Hempstead. From well; depth 19514-234 feet. Pleistocene glacial
gravel. Unpublished.

Arkansas.—Permeability determinations have been made on 45
samples of material taken from wells in the Grand Prairie region.
The materials tested are alluvium of Pleistocene age—probably early
Pleistocene—which represent the water-bearing’ formations that
extend from about 50 to 150 feet below the surface. From these
materials 1,000 or more irrigation wells withdraw water at individual
rates ranging from about 500 to 3,000 gallons & minute. The coeffi-
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cients of permeability of the samples range from 0.78 to 1,7¢0; 12
of the samples have coefficients above 1,000 and 38 have coefficients
above 200. The records are unpublished.

California.—Tests for permeability have been made on 179 samples
of material collected in the Mokelumne area near Lodi, Calif. The
materials represent the Victor formation, of Pleistocene age, and
Recent alluvium. The results are not published.

Colorado.—Permeability determinations have been made on &
samples of valley fill from the Closed Basin area in San Luis Valley.
The samples were taken from 12 wells on the valley floor and repre-
sent the Alamosa formation, of Late Pliocene or early Pleistocene age.
The coefficients of permeability of the samples range from about 1
to 650.%

Delaware.—Permeability tests have been made on 8 samples of
material from a well at Laurel representing material from depths of
21 to 90 feet. The coefficients of permeability range from 734 to
4,011. The results are unpublished.

Idaho—Tests for permeability have been made on 30 samples of
material from Idaho. Seven of the samples are from Jerome, Fre-
mont, Caribou, Jefferson, and Clark Counties and represent loess,
black gumbo, and gravelly loam soils and clay. The coefficients of
permeability range from 0.26 to 203! Three samples of loess have
coefficients of 7.3, 8.4, and 11. The results of tests on 23 sarmples,
‘ncluding 1 from Malad Valley and 22 from Kootenai Valley, are
‘mpublished.

Towa.—One sample of a water-bearing gravel from Sheldon has
Meen tested for permeability. The coefficient is 457. The analysis
s unpublished.

Kansas.—Permeability tests have been run on 42 samples of mate-
-ial from Kansas, 10 of which are alluvium from a well in the Arkansas
Valley near Wichita. The coefficients of permeability range from 30
to 4,500 and average 2,470. The analyses of the well samples are
aiven in this paper (p. 143), but those for the other 32 samples are
“mpublished.

Maryland.—Permeability determinations hdave been made on 8
samples of material from a well at Salisbury, The coefficients range
from 252 to 1,190, The results are unpublished.

Michigan.—Tests for permeability have been made on 10 samples
of material from Roscommon County. The coefficients range from
350 to 1,500. The results are unpublished.

Montana.—Thirty-one samples of material from Montana have
“een tested for permeability in the hydrologic laboratory. Seventeen

30 Robinson, T. W., and Waite, H. A., Ground water in the San Luis Valley, Colorado: U. S. Geol.
[urvey mimeographed report, p. 26, 1937,

31 Stearns, N. D., Laboratory tests on physical properties of water-bearing materials: U. S. Geol Survey
“"ater-Supply Paper 596, p. 164, 1928.
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of the samples, representing formations ranging in age from Quater-
nary to Upper Cretaceous, are from Rosebud County. The coeffi-
cients range from about 1 to 1,233.3 One sample of Pleistocene (?)
gravel is from Judith Basin in Fergus County and has a coefficient of
20,663.2 The coefficients of 10 samples of glacial delta material
from Flathead Valley range from 0.2 to 850.3* Of these samples 8
have coefficients of 20 or less. The results obtained by tests on 3
additional samples are unpublished.

Nebraska —Tests for permeability have been made on 47 samples
of material from Nebraska, the results of which are published.?®
Nineteen of the samples represent Pleistocene clay, sand, and gravel
taken from a well in the Platte River Valley near Grand Island.
The coefficients of permeability range from 2 for a sample of clay to
4,350 for a sample of sand and gravel (see p. 118). The average
permeability of the section represented by the 19 semples is about
1,200. Four samples of loess were collected from the Platte Valley.
The coefficients ranged from 1 to 4. Seven samples of Pleistocene
sand and gravel and one sample from the Ogallala formation of
Tertiary age, were taken from a well in the Platte Valley near Kearney.
The coefficients for the sand and gravel range from 770 to 2,600 and
the coefficient for the Ogallala formation is 15. Five samples of soil
and six samples of sand from the Platte Valley were also tested. The
coefficients for the soil range from less than 1 to 3 ¢nd for the sand
from 270 to 2,600. Five samples of Pleistocene sand and gravel were
collected from above the water table in a gravel pit near Cowles,
Webster County. The coefficients range from 250 to 8,350 and aver-
age 2,650.

New Jersey—Permeability tests have been made on 181 samples
of material from New Jersecy. Coefficients for 33 of the samples
from various parts of the State, listed in order of geologic age, are
published.®® The samples range in geologic age fror Recent to Up-
per Cretaceous and in coefficients from 1.6 to 10,464. Coeflicients
for 24 samples representing the so-called 800-foot sand, of Tertiary
age, at Atlantic City range from 616 to 10,464.” Four of these
determinations are duplicates of those published by Stearns. Accord-
ing to Thompson the average coefficient of the 24 determinations
is 2,662. Thompson lists the coefficients of permeability for two
samples of the Mount Laurel-Wenonah sand, of Upper Cretaceous

32 Stearns, N. D., op. cit., p. 168. Renick, B. C., Geology and ground-water resources of central and
southern Rosebud County, Mont.: U. S. Geol. Survey Water-Supply Paper 600, p. 36, 1929.

3 Stearns, N, D., op. cit., p. 165.

3 Cady, R. C., Effect upon ground-water levels of proposed surface-water storage in Flathead Lake,
Montana: U. S. Geol. Survey Water-Supply Paper 849, p. 80, 1941.

% Lugn, A. L., and Wenzel, L. K., Geology and ground-water resources of south-central Nebraska:
U. 8. Geol. Survey Water-Supply Paper 779, pp. 90-93, 98, 1938.

38 Stearns, N. D., op. cit., pp. 166-167.

37 Thompson, D. G., Ground-water supplies of the Atlantic City region: New Jersey Dept. Cons. and
Devel. Bull. 30, pp. 89-91, 1928.
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age, from a well at Avon by the Sea as 566 and 877.3 Coeflicients
have been determined for seven samples representing the No. 1 sand
in the Raritan formation, of Upper Cretaceous age, near Parlin.®
The coefficients of permeability range from 210 to 3,500. Results of
119 tests on New Jersey materials are unpublished.

New Mexico—Permeability determinations have been run on 66
samples of material, of which 24 from Lea County have been pub-
lished.*® The materials from Lea County are Tertiary sands that
were collected from outcrops. The coefficients range from 15 to 125
and average about 60.

New York.—Twenty-three samples of material from wells on Long
Island have been tested for permeability in the hydrologic laboratory.
The coefficients, all of which are unpublished, range from 500 to
90,000. The samples represent materials ranging in age from Pleis-
tocene to Cretaceous.

North Carolina.—One hundred thirty-two permeability tests have
been made on samples of material from North Carolina. Ninety-nine
of the tests were run on samples of beach sand from Fort Caswell,
in which the flow of water through each sample was observed under
several heads.* The coeflicients of 17 samples from the Elizabeth
City area have also been determined.*” Of these, four samples with
coefficients of 350 to 750 are from a deep test well, eight samples with
coeflicients of 475 to 700 are from shallow test holes, and five samples
with coefficients of 75 to 1,450 are from road cuts, a sand pit, and a
dug well. Determinations on 16 samples from North Carolina are
not published.

Oregon.—Permeability tests have been made on nine samples of
material from Harney Valley and on two samples from Willamette
Valley. Eight of the samples from Harney Valley represent valley
fill and one sample represents the Harney formation (?). Coeflicients
of permeability of these materials range from 2 to 73,000. The two
samples from Willamette Valley represent valley fill and heve co-
efficients of 695 and 1,050. The determinations are unpublisl ed.

Pennsylvania.—Two samples representing water-bearing material
tapped by the Meadville City wells have been tested for permeability.
The coefficients are 670 and 2,130. The determinations are unpub-
lished.

3 Thompson, D. G., Ground-water supplies in the vicinity of Asbury Park: New Jersey D pt. Cons.
and Devel. Bull. 35, p. 37, 1930.

3 Barksdale, H. C., Water supplies from the No. 1 sand in the vicinity of Parlin, N. J.: Naw Jersey
Water Policy Comm. Special Rept. 7, p. 10, 1937.

40 Theis, C. V., Progress report on the ground-water supply of Lea County, New Mexico: 11th Bienn.
Rept. of State Engineer of New Mexico, p. 133, 1934.

41 Stearns, N. D., op. cit., pp. 153-159.

4 Lohman, S. W., Geology and ground-water resources of the Elizabeth City area, N. C.: U. 8. Geol.
Survey Water-Supply Paper 773, pp. 26, 38-39, 1936.
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South Dakota.—Permeability determinations have been made on
three samples of sandstone from the Dakota group, of Cretaceous
age, from Canton.® The coefficients are 57, 81, and 69.

Tennessee.—Permeability tests have been run on 172 samples of
material, mostly sands, collected from wells and outcrops in western
Tennessee. Of these samples 112 have been published.* The
following table gives a summary of the determinations.

Permeability of malerial from western Tennessee

Coefficient
Number of Geologic formation or
samples group Source Maxi- | Mini- | Aver-
. mum | mum age
L
12 - Wilcox group (Tertiary).._| Well 51 of the Memphis Arte- | 1,181 503 840
sian Water Department.
22 s Lo o T Wells in Memphis and nearby | 3,936 348 1,295
areas.
A8 . e e L 1o N OutCrop aref. - oo -cueeeeana_. 1,488 9 514
R Ackern)m.n formation (Ter- | Wells. . ... 919 132 802
tiary).
23 s Ripley formation (Creta- | OutCrop ared - .-..o . .coc.__ 2,347 20.5 670
ceous).

Texas.—Tests for permeability have been made on 286 samples of
material from several areas in Texas. Nine samples of the Trinity
sand from the Big Spring area were found to have coeficients ranging
from 9 to 90. The average of the coefficients is 34. Coefficients of
permeability were determined on two samples of “basal sands” of
the Trinity group in Hood County.** The average of the coefficients
is 176. Thirty-five samples were obtained from a well near Lufkin.
The coefficients of the samples range from less than 1 to 435 and
average 171.

Utah.—Permeability tests have been made on two semples of mate-
rial from the Escalante Valley. The coefficients are 0.0002, the lowest
yet determined in the hydrologic laboratory, and 80. Tests have also
been made on two samples of material {rom the vicinity of Salt Lake
City. The coefficients are 0.2 and 5,250. The analys’s of the sample
with the very low permeability from Escalante Valley is given in this
report (p. 13). The other three analyses are unpublished.

Virginia—Permeability tests have been made on 16 samples of
material from Virginia. Eight of the samples were obtained during
the construction of the Bell well and Swart well 162 near Washington,
D. C.#%® The coeflicients of five samples from the Bell well range from

4 Meinzer, O. E., Problems of the soft-water supply of the Dakota sandstone: U. S. Geol. Survey Water-
Supply Paper 597, p. 163, 1929,

4 Wells, F. G., Ground-water resources of western Tennessee: U. S. Geol. Survsy Water-Supply Paper
656, pp. 82-83, 96-104, 1933.

4 Fiedler, A. G., Artesian water in Somervell County, Tex.: U. S. Geol. Survasy Water-Supply Paper
660, p. 46, 1934.

48 For location of the wells see Water levels and artesian pressures in the United 8 *ates in 1935: U. S. Geol.
Survey Water-Supply Paper 777, p. 250, 1936.
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1 to 7 and those of three samples from the Swart well range from 1 to
18.47 Coefficients for eight samples from southeastern Virg'nia are
unpublished.

Wyoming.—Eight samples of material from the vicinity of Jackson
Lake have been tested in the laboratory for permeability. Six samples
collected along the shore of the lake have coefficients ranging from 11
to 164 and two samples obtained from wells have coefficients of 178
and 187. The analyses are unpublished.

ORGANIZATIONS MAKING PERMEABILITY TESTS IN THE
UNITED STATES

The Geological Survey in 1935 made an inventory of the organiza-
tions in the United States that are making or have made laboratory or
field tests of the permeability of rock materials or other porous media.
A questionnaire soliciting information regarding methods used to
determine permeability and the manner of expressing results was sent
to 59 organizations that were believed to be interested in permeability.
Replies to the questionnarie were received from 35 organizations.
Replies were not received from a few organizations known to have
made permeability studies, and there were probably others thet failed
to receive the questionnaire. Replies were received from 17 organiza-
tions engaged in studies relating to oil production with the view to
increasing the yield of oil, such as by flooding or repressuring the forma-
tions; 5 organizations engaged solely in general research relating to the
flow of liquids through porous media; 4 organizations concerned with
the permeability of soils used for agricultural purposes—in this con-
nection with studies of the reclaiming of alkali soils, of the effect of
entrapped air on the rate of movement of soil water, and of the rate
at which water can be applied to soils for irrigating; 3 organizations
that employed permeability tests in connection with quantitative
studies of ground-water supplies, including the determinatior of the
transmissibility of water-bearing formations and the leakage from
Teservoirs; 3 organizations interested in the permeability of soils in
connection with engineering projects; 2 organizations engsged in
earth and foundation engineering and the construction of darms; and
1 organization engaged in highway engineering. One reply stated that
permeability tests were made to study the movement of gas in coal
strata with the view to determining the laws governing the movement,
control, and recovery of gas. Tests of permeability were made in one
laboratory in connection with investigations of the drying behavior
of porcelain bodies, the burning behavior of different kinds of brick,
and the problems involved in the utilization of refractories in weter-gas
sets and boiler settings. One reply stated that permeability tests were
being made on stone used in masonry structures. Tests of permea-

4 Cady, R. C., Ground-water resources of northern Virginia: Virginia Geol. Survey Bull. 50, p. 36, 1938.



20

PERMEABILITY OF WATER-BEARING MATERIALS

bility of soils and subsoils are being made in one laboratory in connec-
tion with the improvement of the public highways.

Names and addresses of organizations replying to permeability questionnaire

Carter Oil Co., Tulsa, Okla.

Clinger Oil & Gas Co., Tidioute, Pa.

Crew Levick Co., Titusville, Pa.

Forest Oil Corporation, Bradford, Pa.

Ginter Chemical Laboratory, Tulsa,
Okla.

Gulf Research & Development Corpora-
tion, Pittsburgh, Pa.

Harvard University, Cambridge Mass. -

Humble Oil & Refining Co., Houston,
Tex. :

Iowa Institute of Hydraulic Research,
Iowa City, Iowa.

Iowa State College, Ames, Iowa.

Los Angeles Department of Water and
Power, Los Angeles, Calif.

National Bureau of Standards, Wash-
ington, D. C.

Olean Petroleum Co., Olean, N. Y.

Oregon State Agricultural College. Cor-
vallis, Oreg.

Pacific Hydrologic
Francisco, Calif.

Pennsylvania State College, State Col-
lege, Pa.

Petroleum Reclamation Co., Bradford,
Pa.

Phillips Petroleum Co.,
Okla.

Laboratory, San

Bartlesville,

Shell Petroleum Corporation, Tulsa,
OKla.

Sinelair Prairie Oil Co., Independence,
Kans.

The Sloan & Zook Cos., Bradford, Pa.

Stanford University, Department of
Mining Engineering, Stanford, Calif.

Stanford University, Department of
Geology, Stanford, Calif.

Stanolind Oil & Gas Co., Tulsa, Okla.

Torrey, Fralich & Simmons, Bradford,
Pa.

United States Bureau of Mines, Bartles-
ville, Okla.

United States Department of Agricul-
ture, Washington, D. C.

United States Geological Survey, Wash-
ington, D. C.

University of California, College of
Agriculture, Davis, Calif.
University of California, Hydraulics

Laboratory, Berkel2y, Calif.
University of Idaho, Moscow, Idaho.
University of Illinois, Urbana, Il
University of Minnesota, Minneapolis,

Minn.

West Virginia University, Morgantown,

W. Va.

Yale University, New Haven, Conn.

BIBLIOGRAPHY ON PERMEABILITY AND LATTINAR FLOW
By V. C. FisgEL

The following bibliography on permeability and laminar flow in-
cludes references taken from the bibliographic file of the division of
ground water of the United States Geological Survey and from various
publications, especially the report of the committee on hydro-
dynamics, by H. L. Dryden, F. D. Murnaghan, and H. Bateman,
published in 1931 as Bulletin 84 of the National Research Council.
Included also are references kindly supplied by lydrologists, oil|
geologists, and other workers in the United States who are concerned
with the flow of fluids through porous media. With a very few
exceptions the items listed in this bibliography have been examined by,
R. G. Kazmann in the Library of Congress, the Department of
Agriculture Library, or the Geological Survey Library.
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METHODS FOR DETERMINING PERMEABILITY

The interrelation and classification of the various methods for de-
termining permeability of water-bearing materials is indicated by the
chart following. No attempt has been made to descr’be each method
completely but only to present the most important features. For
many formulas the symbols used by the originator have been changed
for consistency.

LABORATORY METHODS

The laboratory methods for determining permeability consist of
indirect and direct methods. Permeability is determined by the
indirect methods from analyses of samples of material for such
physical properties as grain size and porosity and by the direct methods
from observations on the percolation of water through samples of the
material. The coefficient of permeability is computed by the indirect
methods through the evaluation of semiempirical formulas that include
factors for the size and arrangement of the soil particles, or conversely,
the voids formed by the particles; the formulas for the direct methods
include factors for the observed rate of percolation, cross-sectional
area of the sample of material, and hydraulic gradient under which
the percolation takes place. In general, the factors for the indirect
formulas are more difficult to determine and are ususlly less accurate
than those for the direct formulas.

INDIRECT METHODS

Presented here are the indirect permeability forrulas of Hazen,
Slichter, Terzaghi, Hulbert and Feben, and Fair and Hatch. A
general discussion of the value of the indirect methoc's is given under
the heading “Comparison of methods” (pp. 68-71).

Hazen formula.—Hazen’s formula * for computing the flow of water
through sand includes the determination of permeability by means of a
mechnical analysis of the sand. His formula is

C’dh

V= (0.704-0.030) - - . _____ (6)

in which » is the velocity of the water, in meters a day, in asolid column
of the same area as that of the sand, C'is a constant, d, is the ‘“‘effective

4 Hazen, Allen, Some physical properties of sands and gravels with special reference to their use in filtra-
tion: Massachusetts State Board of Health 24th Ann. Rept., p. 553, 1893.
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size” of sand grain, in millimeters (a size such that if all grains were of
that diameter the sand would transmit the same amount of water that
it actually does—determined by Hazen as the diameter of sand grain
such that 10 percent of the material is of smaller grains and 90 percent
is of larger grains), h is the loss of head, [ is the thickness of sand
through which the water passes, and 0 is the temperature on the centi-
grade scale.
The formula may also be written

 Cdh/04-10
U—T(—gﬁ— —————————————————— )

in which ¢ is the temperature on the Fahrenheit scale. It should be
noted that the velocity » is not the actual rate of percolation. The
v
-

» where p is the effective

actual velocity is greater than » by the ratio

porosity of the sand.
In the Hazen formula

64-10
Od.f( H

represents a coefficient of permeability which at 50° F. becomes simply
Cd2. Tt may be defined as the flow of water through a square meter
of sand, in meters a day, under a hydraulic gradient of 100 percent, at
a temperature of 50° F. '

Hazen at first stated that the constant C' was equal to about 1,000
and that his formula was applicable only to sands having a uniformity
coefficient *° below 5 and an effective size of grain from 0.10 to 3.0
millimeters.®® Later he indicated that the value of C is not entirely
constant but depends upon the uniformity coefficient, upon the shape
and chemical composition of the sand grains, and upon the purity and
compactness of the sand.®® He stated that ¢ may be as high as 1,200
for very uniform and perfectly clean sand and as low as 400 for very
closely packed sand containing a considerable quantity of alumina or
iron. Hazen pointed out that the value of (' decreases as the uni-
formity coefficient increases.

Slichter formula.—Slichter® developed a similar formula for the
flow of water through sand in which the permeability was also de-
termined by means of a mechanical analysis of the send. Slichter’s
formula is

hd2A

Q=02012"75 . (8)

4 The uniformity coefficient of a sand is the ratio of (1) the size of grain which has 60 percent of the sample
finer than itself to (2) the size which has 10 percent finer than itself. The uniformity coefficient indicates
whether the sand particles are chiefly of the saine size or whether there is a great rango in their diameters.

% Hazen, Allen, op. cit., p. 553.

5t Hazen, Allen, The filtration of puhlic water supplies: New York, John Wiley & Sons, p. 22, 1901.

8 Slichter, C. 8., Theoretical investigation of the motion of ground waters: U. 8. Geol. Survey 19th Ann.
Rept., pt. 2, p. 322, 1899,
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in which @ is the quantity of water, in cubic feet, transmitted by the
column of sand in 1 minute; k& is the head under which the flow
takes place, measured in feet of water; A is the cross-sectional area
of the sand column, in square feet; I is the length of the column;
d. 1s the “effective size’’ of sand grain, in millimeters; u is a coefficient
of viscosity; and C'is a constant.

2
In Slichter’s equation 0.2012 %%3 represents a coefficient of permea-
bility and is Slichter’s “ transmission constant.” For a temperature of
50° F. the equation for the transmission constant becomes

_0.2012d2 15.3d7 o
=0.018150 @ -t

in which P is the flow of water, in cubic feet a minute, through a
cross-sectional area of a square foot, under a gradient of 100 percent at
a temperature of 50° F.

Slichter ® has given values for the coefficient of viscosity, u, for

several temperatures and the values for —lc-,for several porosities. He

P

also gives the following equation, in which the coefficient of viscosity
has been replaced by an expression varying with the temperature
similar to that given in the Hazen formula:

Q=%}g‘ff‘—4n +0.0187(0—32)] . (10)

This formula, however, does not give the same results as his funda-
mental formula because the expression 11.3[1+0.0187 (6—32)] does

12, which it replaces.

not equal for all temperatures the expression

For example, Slichter’s coeflicient of viscosity for 50° F. is 0.01315,

which substituted in the expression 0.2012

whereas the expression 11.3 [14-0.0187(#—32)], when evaluated for a
temperature of 50° F., gives a value of 15.1. For a water temperature
of 60° F. the values for the two expressions are respectively 17.8 and
17.2. Slichter’s “transmission constants’’ were apparently computed
by using for the viscosity correction the expressio 0———'23!2 % and
11.3 [1+0.0187(6—32)].* Hence the two sets do not agree, after a
correction is made to reduce the “ transmission constants’’ given in the
latter table, which are computed for a water temperature of 60° F., to
those for a water temperature of 50° F.

gives a value of 15.3;

8 Slichter, C. 8., The motions of underground waters: U. 8. Geol. Survey Water-Supply Paper 67,
PD. 24-25, 1902.

s Slichter, C. 8., op. ¢it., p. 27.

38 Slichter, C. 8., Field measurements of the rate of movement of underground waters: U, S. Geol. Survey
Water-Supply Paper 140, p. 12, 1905.
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If it is assumed that Slichter’s fundamental equation is correct, the
“transmission constant’’ as defined previously for a water temperature
of 50° F. is equal to the coeflicient of permeability expressed in Mein-
zer’s units divided by 12,500; and if the “transmission constant’ is
defined for a water temperature of 60° F., it is equal to the coefficient
of permeability expressed in Meinzer’s units divided by 10,770.

Terzaghi formula.—From a series of experiments Terzaghi ® devel-
oped the following semiempirical formula for determir ing permeability
from an analysis of the character of a sand.

P=(800 to 460)""("3 10 13) P (1)
In this formula P is a coefficient of permeability, u, and u, are the
coefficients of viscosity of the water at 10° C. and at temperature ¢
respectively, n is the void volume (voids divided by total volume), and
d. is the effective size of grain, in centimeters. The value of 800 was
derived from tests on sands whose grains were well-rounded, and the
value of 460 was derived from tests on irregular rough sand grains.

The formula is based on the assumption that the w'dest parts of the
capillary channels through which the water percolates have at least five
times the cross-sectional area of the narrowest parts. Thus the loss of
head per unit of length for a given flow through the narrowest channels
will be 25 times the loss of head per unit of length through the widest
channels. Terzaghi likens the flow of water through sand to the flow of
water through a set of sieves in series. The resistance to percolation is
confined to the sieves; and the resistance in the spaces between the
sieves 1s.negligible.

Hulbert and Feben formula.—The following formula was proposed by
Hulbert and Feben ¥ for computing the loss of head of water percolat-
ing through rapid sand filters.

105| 4,59 (9 -20.6) |-~ ~""""""-

In this, b is the loss of head in feet, ! is the depth of sand in inches,
@ is the rate of flow in million gallons per acre per day, p is the porosity
(percent void by Jackson Turbidimeter tube method), d, is the size of
sand grains in millimeters (50 percent or median sieve size), and 6 is the
temperature of the water in degrees Fahrenheit.

Hulbert and Feben’s experiments were carried on with graded strati-
fied filter sand used in rapid sand filters in contrast with Hazen’s
experiments, which were made on an unstratified mixture of coarse
sand interspersed with fine sand used for slow sand filters. The above
formula is applied separately to the material held on each sieve, and

h:

¥ Terzaghi, Charles, Principles of soil mechanics: Eng. News-Record, vol. 95, p. 832, 1925,
5 Hulbert, Roberts, and Feben, Douglas, Hydraulics of rapid filter sand: Am. YWater Works Assn. Jour.,
vol. 25, pp. 19-45, 1933,
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the sum of these individual losses of head is taken as the loss of head
through the entire sand bed.
In the Hulbert and Feben formula

10°d,* (§4-20.6)
24.2(6943—p) ~"TTTTTTTC

in which P is a coefficient of permeability and the other symbols are
those defined above.

Fair and Hatch formula.—Fair and Hatch *® have published two
formulas for computing the loss of head of water percolating through
sand filters: The first formula, which pertains to unstratified filter
sands, is

P:

S
H=KLTF0[100

sum ofP] O (14)
and the second formula, which relates to stratified sand beds, is

S P
H— KLTFD[IOO sum of d] ____________ (15)

In both formulas H is the loss of head of water passing through the
filter bed in terms of the water column, K is a filtration constant
(according to the authors K=5/g), L is the vertical depth of the filter

bed, T is a temperature viscosity factor (equal to 7—: where m is the

(1—f)?

viscosity and r is the density), F is a porosity factor (equal to ( 7

where f is porosity), » is the velocity of approach over the gross area
of the bed (or rate of discharge per unit of cross-sectional area), Sis &
sand shape factor, P is the percent of sand held between adjacent
sieves, and d is the geometric mean of the rated sizes of adjacent sieves.

The coeflicient of permeability as obtained from the formula for
unstratified sand beds is

1
j o (16)
S P
KTFI 5 sum of d—]

and as obtained from the formula for stratified sand beds the coefficient
of permeability is

100

P= P
K TFS"[sum of zé]

DIRECT METHODS |

Many early investigators, including Hazen, Newell, Seelheim,
“¥Vollny, and King, devised apparatus for measuring the flow of water
through permeable materials. Tbe apparatus of these investigators

% Fair, G. M., and Hateh, L. P., Fundamental factors governing the streamline flow of water through
~and: Am. Water Works Assn. Jour., vol. 25, pp. 1551-1563, 1933.
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has since been altered and improved, new features have been intro-
duced, and the procedure for making percolation tests bas been con-
siderably changed. Whereas the early investigators were apparently
interested chiefly in measuring the percolation through sand samples
in order to study the Darcy law and to devise and to check indirect
percolation formulas, the principal use of the percolation apparatus
now is to measure directly the permeability of the material.

There are, of course, many kinds of percolation apnaratus in use by
investigators, and a description of each will not be practicable in this
paper. However, each general type of apparatus—the constant-head
discharging apparatus, variable-head discharging apparatus, and the-
nondischarging apparatus—is used in the hydrologic laboratory of the
Geological Survey, so a discussion of the apparatus ard procedure used
in this laboratory will include the essential features of all. '

V. C. Fishel, pbysicist of the Geological Survey, who has performed
most of the work in the hydrologic laboratory since 1929, has kindly
prepared the following text on the direct laboratory methods for deter-
" mining permeability. Most of the methods and apparatus described
by him were devised by O. E. Meinzer, geologist in charge, division of
ground water, who organized the laboratory in 1923 and who has
supervised its operation since that time.

DISCHARGING APPARATUS

By V. C. FIsgEL

Constant-head apparatus.—The constant-head type of apparatus
was devised by O. E. Meinzer * in 1923 to measure the rate of flow of
water through columns of unconsolidated materials under low heads,
such as are found in nature. The method is to allow inflow of water
at the bottom of a column of the material of known height and outflow
at the top. The difference in head of water at the bottom and the
top is regulated by an adjustable supply tank and is indicated by two
pressure gages. Observations are made on the rate of discharge and
the temperature of the water.

The apparatus is shown m figure 2. The glass cylindrical vessel q,
which is called the percolation cylinder, is closed at the lower end and
has four openings, two at the bottom and two at the top. Itis 3 inches
in diameter and 8 inches in height. There is one opening near the
bottom, &, for inflow of water; one near the top, ¢, for discharge of
water that has percolated up through the sample; and two, d and d’,
for pressure gages. The pressure gages consist of two glass tubes,
and e’, each about half an inch in diameter, that indicate tbe head at
the bottom and top of the column of material that is being tested.
The glass tubes must be of sufficient diameter to make capillarity in

3 Stearns, N. D., Physical properties of water-bearing materials: U, 8. Geol. Su-vey Water-Supply Paper
596, pD. 144-147, 1928,
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them negligible. Another cylindrical vessel, f, about 12 inches high
and 5 inches in diameter, is used as a water-supply tenk. Distilled
water enters the supply tank slowly through a glass tube, g, from which
it passes through a rubber tube, &, to the percolation cylinder. The
water level in the supply tank is maintained nearly con<tant by allow-
ing surplus water to leave through an outlet in the side of the tank.
The tank can be raised or lowered by means of a screw jack, 1, with
which very fine adjustments of head are possible.

When making a test the apparatus is set up as shown in figure 2,
with the material to be tested resting on a fine copper gauze. To
prevent entrapping air beneath the screen, water is introduced into
the apparatus before the sample is placed in it until tle water stands
about 1 centimeter above the screen. If the sample was taken
volumetrically, the requisite weight of sand to make a column 10
centimeters high, based on the air-dry apparent specific gravity, is
slowly poured into the percolation cylinder. Additional water is
introduced during the filling process to prevent the water level from
dropping below the screen. The sample is shaken, tamped, and jarred
in order to reduce it to practically the volume it had in nature. If
the sample was not taken volumetrically, the material is packed into
the cylinder until a column 10 centimeters high is chtained. It is
jarred and tamped to make it as compact as possible, this degree of
compaction being assumed to represent that of the natural sample.
Serious errors may, of course, result from applying ‘tbe coeflicient of
permeability determined in the laboratory to field problems because
the natural packing of the formation that was sampled may not be
duplicated in the laboratory.

After the percolation cylinder has been filled with the material to
be tested, additional water is introduced at the bottom under a low
head in order to avoid roiling. Periods of a few minutes to several
hours may be required to saturate the sample, depending on whether
the material is coarse or fine. The test is begun when water is dis-
charged uniformly from the outlet at the top of the cylinder, and
observations are made on the temperature of the water, head, and
rate of discharge. After a test has been made at a given head, the
supply tank is raised or lowered and a new test is made at a different
head. Three to five tests are usually made in order that a consider-
able range in head will be covered.

According to Darcy’s law the volume of water that will percolate
through a column of water-bearing material in a given time will be
expressed by the equation Q=PJIAt, in which @ is the volume of
percolation, P is the coefficient of permeability, I is the hydraulic
- gradient, A is the cross-sectional area of the material, and ¢ is the
length of the period of flow. The hydraulic gradient under which the
constant-head discharging apparatus operates is ecual to h (the
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difference in head at the bottom and top of the water-bearing ma-
terial), divided by I, the length of the column of material. Hence

_ @&
P= Ath ————————————————————— (18)

The percolation cylinder has a diameter of 3 inches (7.62 centi-
meters) and the length of the column of material tested is 10 centi-
meters. If @, [, A, and h are measured in centimeters and ¢ ir seconds

_ 021039

_ ht ___________________
in which P is the coefficient of permeability expressed as the flow in
cubic centimeters per second through a cross-sectional arsa of 1
square centimeter under a hydraulic gradient of 100 percent. The
coeflicient of permeability can be expressed in terms of Meinzer’s
coefficient by multiplying the above metric coefficient by the con-
version factor 21,200 (see p. 10). Thus

P

in which P, is the flow in gallons per day through a cross-sectional
area of 1 square foot under a hydraulic gradient of 100 percent. The
coefficient of permeability is defined for a temperature of 60° F. If
the test is made at any other temperature a correction factor must be
applied according to the procedure explained on page 62.

Permeability tests can be made also on consolidated samples with
the constant-head apparatus in the manner described on pages 56~58.
The coeflicient of permeability expressed in Meinzer's units may be
computed by the equation

21,200Q!
Ath  ~TTTTTTTToTTTT

in which P, is the coefficient of permeability, € is the volume of
percolation in cubic centimeters per second, [ is the length of the
sample in centimeters, A is the cross-sectional area of the semple in
centimeters, ¢ is the period of percolation in seconds, and A is the
difference in head at the bottom and top of the sample, in centimeters.

Variable-head apparatus.—The variable-head discharging apparatus
was designed in 1933 by C. V. Theis primarily for field use in con-
nection with his ground-water investigations in New Mexico. An
apparatus of this type, with minor modifications from the original
apparatus used by Dr. Theis, is shown in figure 3. It consists of a
brass percolation cylinder a, 3.53 centimeters in diameter and 13.25
centimeters high, connected with a manometer tube b, part of which
is graduated in centimeters. The inside diameter of the manometer
tube is 1.04 centimeters and its height is 35 centimeters. A screen

303464—42—5

P,=
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at the base of the percolation cylinder supports the material to be
tested. The cylinder is connected with the manometer tube by a
copper tube £, with suitable packing gland d, and pipe reducer e. The
copper tube is mounted in a lead base ¢. In this type of apparatus
the water is forced upward in the percolation cylinder until it spills
- over the edge. The percolation is caused by a
head which is created by initially filling the
manometer tube to a higher level than the over-
s flow level of the percolation cylinder. As
! water flows upward through the sample the
| water level declines in the manometer tube,
'c with the result that the head which causes the
L flow diminishes continuously tmt at a decreas-
[ ing rate.

In making a test the apparatus is set up as
shown in figure 3, with the manometer tube
i adjusted so that the bottom of the water-level
i meniscus in the manometer tube is exactly at
the zero line at the time water first overflows
the percolation cylinder. The level at which
water will overflow the percolation cylinder will
fluctuate slightly owing to surface tension, but
the fluctuation can be eliminated by placing a
nail across the top of the cylinder, with the head
of the nail about one-sixteenth of an inch from
the cylinder. After the zero-level adjustment
L is completed water is withdrawn from the
¢ apparatus until the water level stands about
half an inch above the screen in the bottom of
the percolation cylinder. Any air bubbles that
exist below the screen may be removed by
blowing gently into the manometer tube. The
material to be tested is then poured into the
1 Il percolation cylinder until the cylinder is com-
FteurES —Diagram of variable- pletely filled, care being taken during the

head type of discharging per- process not to allow the water level in the ma-
meability apparatus. . .
nometer tube to drop out of sight, as an air bub-
ble may be drawn beneath the screen by capilarity. Water is added
slowly to the manometer tube to prevent a decline of the water level
during the filling process, and the material in the cylinder is compacted
either by tamping or by jarring. After the cylinder is filled with
material, water is added slowly to the manometer tube until the water
level in the manometer tube is raised nearly to the top and the material
in the test cylinder becomes saturated. The water level in the tube
then declines as the water percolates upward through the material in
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the percolation cylinder. The test is completed by recording the
time at which the water level passes the marked divisions on the
manometer tube.

The apparatus used by Dr. Theis was designed particularly for
tests on undisturbed samples. One edge of the percolation cylinder
is constructed with a cutting edge so that the cylinder can be easily
driven into the material to be sampled. However, extreme care must
be taken to prevent the entrapping of air beneath the screen when
making permeability tests on undisturbed samples. By drilling a
small hole in one side of the test cylinder immediately below the
screen the entrapped air and some water may be forced out of the
cylinder as the water is introduced at the beginning of the test. The
hole is closed after all the air is ejected, and the test is then made
according to the procedure just described.

According to Darcy’s law

PhAdt
/A ———

dQ=PIAdt=

in which d@ is the volume of percolation through the cylinder in
time dt, P is the coefficient of permeability, [ is the hydraulic gradient,
h is the head under which the percolation is taking place, ! is the
length of the column of water-bearing material (equal to the length
of the test cylinder), and A is the cross-sectional area of the material
(equal to the cross-sectional area of the test cylinder).

ahy—ah=0Q __ . __ ___________._ (23)
h=h— 24)

and
dh=— ‘—ig _____________________ (25)

in which 4 is the head in the manometer tube at any given time, %
is the initial head, @ is the volume of percolation, and a is the cross-
sectional area of the manometer tube.

Substituting (25) in (22)

—adh =L hfdt __________________ (26)
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in which D is the diameter of the test cylinder and d is the diameter
of the manometer tube. By integrating

_ PD

—log, h——(—iﬁ— +C . (28)
When ¢=0, h=h,; hence
—log, he=C_ _____ . (29)
Substituting (29) in (28)
PDt
—log, h=—7ﬁ——log., ho oL (30)
ho  PD%
loge F=" s (1)
di loge%o
. i — (32)
and
2
P=2.30259 %—2 l? logs ’—’i ________________ (33)

The above equation will give the coefficient of permeability ex-
pressed as the flow of water in cubic centimeters per second through a
cross-sectional area of 1 square centimeter under a hydraulic gradient
of 100 percent, if [ is measured in centimeters and ¢ in seconds. D,
d, h, and hy may be measured in any units but D and d must be
measured in the same units and A and h, must be in the same units.
For the apparatus used in the hydrologic laboratory the coefficient
of permeability is computed in Meinzer’s units by the formula

56,142 ].Oglo %0

7 mmmmmmmmemmmee-

The coeflicient of permeability is defined for a water temperature
of 60° F. If the test is made at any other temperature, the per-
meability may be corrected by multiplying the right side of equation
34 by the proper correction factor, which is given below.

Pn=

Factors for converting coefficients of permeability computed at water temperatures of
40° to 80° F. to coefficients of permeability at water temperature of 60° F.

Water temperature | Conversion || Water temperature | Conversion || Water temperature | Conversion
(°F.) factor (Ct) (°F.) factor (C:) (°F) factor (Ct)
1.37 1.09 0.89
1.35 1.08 .88
1.33 1.06 .87
1.31 1.04 .86
1.28 1.03 .85
1.26 1.01 .84
1.24 1.00 .83
1.22 .99 .82
1.20 .97 .81
1.18 .96 .80
1.16 .95 .79
1.15 .93 .78
1.13 .92 .77
111 .91
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When permeability tests are made on consolidated samples a glass
percolation cylinder is always used in order to facilitate the cetection
and elimination of air bubbles that may become entrapped beneath
the material during the test. The sample to be tested is first cut into
a convenient sized cube or core and the sides are carefully coated with
paraffin. The paraffin should be warmed to a temperature only
slightly above the melting point in order to prevent its peretrating
too deeply into the sample. In general the paraffin should penetrate
about 2 millimeters into the sample, and a corresponding correction
should be made in the cross-sectional area in the permeability formula.

The apparatus is set up in the manner described for making tests
on unconsolidated samples and water is introduced into the apparatus
until it stands slightly above the screen. The sample i1s carefully
placed on the screen to prevent the entrapping of air beneath the
material and additional water is introduced through the manometer
tube to replace the water drawn up into the material by capillarity.
Paraffin at a temperature just above the melting point then is poured
into the annular space between the material and the inner wall of the
percolation cylinder. The paraffin, whose base rests on tke water
surface, soon solidifies and forms a tight seal between the material
and the wall of the cylinder. The test is then carried or in the
manner described for unconsolidated materials.

For the variable-head apparatus the coefficient of permeability is
computed by the equation

_ 48,815al

Pm_'T log AR (35)

in which P, is the coefficient of permeability expressed in Meinzer’s
units, a is the cross-sectional area of the manometer tube ir square
centimeters, [ is the length of the sample in centimeters, 4 is tte cross-
sectional area of the sample in square centimeters, ¢ is the time of
percolation in seconds, kg is the initial head in any unit, and h is the
head measured in the same unit as hy at any time ¢.

Whenever possible undisturbed samples of water-bearing material
should be collected for permeability tests because changes in the
permeability of the samples resulting from a rearrangement of the
material are largely eliminated. The apparatus described below,
which is a variable-head discharging apparatus, was designed espe-
cially for testing undisturbed material and is equipped with conven-
tent parts for collecting samples.

The apparatus for collecting ssmples (fig. 4) consists of a non-
corrosive metal collecting cylinder @, which is 13.25 centimeters high
and 3.53 centimeters in diameter; a driving head f; some short lengths
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of connecting pipe g, for collecting samples a few feet below the sur-
face; and two cups h for clamping over the ends of the cylinder while
the sample is being taken to the laboratory. The collecting cylinder
has a sharp cutting edge at one end and is threaded at the other end.

The apparatus for making the permeability test consists of the
collecting cylinder a (fig. 4), which is now used as the percolation
cylinder, & manometer tube b, a reducer ¢, for connecting the percola-
tion cylinder with the manometer tube, a screen d, supported by a
clamp around the edge of the cylinder, and a glass receiving reser-
voir ¢, which is 15 centimeters in diameter and 20 eentimeters high.
The screen clamp has four legs, which hold the base cf the percolation
cylinder about a centimeter above the bottom of the glass reservoir,
The glass receiving reservoir has sn overflow near the top.

The cylinder, after being connected with the drivirg head, is driven
full length into the material to be tested. - The driving head is then
disconnected and the sample is cut off flush with hoth ends of the
cylinder. The cups are clamped over the ends of the cylinder to
prevent spilling, and the sample is then taken to tle laboratory for
testing. Several samples may be collected at one time by employing
interchangeable cylinders.

The cups on the ends of the cylinder are removed in the laboratory,
the manometer tube is connected by a reducer to tbe threaded end
of the cylinder, and a screen is clamped on the other end. The
cylinder, with the cutting edge pointing downward, is then carefully
fowered into the glass reservoir that is partly filled with water. The
trapping of air beneath the cylinder is easily prevented by bolding
the cylinder in an oblique position when the lower end enters the
water. After the sample becomes saturated by the upward percola-
tion of water the zero level on the manometer tube is adjusted to the
level of the reservoir overflow. Water is then introduced into the
manometer tube, from which it percolates downward through the
material and overflows the glass reservoir. The test is completed by
recording the time required for the water level to pass between the
graduations on the manometer tube.

This apparatus has an advantage over the variable-head apparatus
previously described in that the trapping of air beneath the screen is
easily prevented. However, because the percolation of water is
downward the screen would tend to become cloggec if the test was
carried on over an extended period.

The coefficient of permeability is computed by the same formulas
as those employed for the other variable-head apparatus.
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FIGURE 4.—Diagram of apparatus for collecting and making permeability tests of volumetric samples.
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NONDISCHARGING APPARATUS
By V. C. FIsHEL

Apparatus of the nondischarging type was designed by Meinzer % in
1933 for making permeability tests under very low hydraulic gradients.
It consists of a supply reservoir, a receiving rese voir, and a con-
necting conduit (percolation tube) containing the sample of material
through which the water passes from the supply reservoir to the
receiving reservoir (fig. 5). The conduit is a U-tube, constructed from
an 8-foot length of %-inch copper pipe bent in such a manner that

Equalizing tubes

Supply reservoir "z )
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Pressure gage
Pressure gage
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FiGURrE 5.—Diagram of nondischarging type of permeability arparatus.

columns of the tube are about 4 inches apart. The length of the
sample of sand used in this apparatus is 2 meters. The supply and
receiving reservoirs are made of copper sheeting and are 6 inches
square. They are tightly covered to prevent evaporation but are
connected at the top to insure equal air pressure on the two water
surfaces. In the bottom of each reservoir is a compartment 2 inches
square with lower walls. By keeping the water levels above the tops
-of the small compartments, the 6-inch reservoirs may be used, and by
lowering the water levels the 2-inch reservoirs may be used. Glass

8 Meinzer, O. E., and Fishel, V. C., Tests of permeability with low hydrauli: gradients: Am. Geophys.
Union Trans 1934, pp. 405-09. Fishel, V. C., Further tests of permeability with low hydraulic gradients:
Am. Geophys. Union Trans. 1935, pp. 499-503. Meinzer, O. E., Movements of ground water: Am. Assoe.
Petroleum Geologists Bull., vol. 20, No. 6, pp. 706-710, 1936.
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pressure tubes are connected with each of the reservoirs, and the
difference between the water levels in them is obtained with a cathe-
tometer. Pressure tubes 1 centimeter in inside diameter were first
originally used, but tubes 1.7 centimeters in diameter were later
substituted. The entire apparatus, except the pressure tubes, is
enclosed in a constant-temperature chamber, which is kept at a
temperature slightly higher than the maximum room temperature.
The tubes are connected above with the reservoirs by rubber tubing,
to prevent evaporation and to equalize the air pressure in the tubes
with that in the reservoirs. Distillation of the water from the reser-
voirs into the tubes is prevented by inserting a capillary tub< in the
rubber tubing connecting them.

The test is started with the water level in the supply reservoir at any
desired height above the water level in the receiving reservoir. As
water flows through the sample the water level declines in the supply
reservoir and rises in the receiving reservoir, with the result that the
head which causes the flow diminishes continuously but at a de-
creasing rate. In an apparatus of this type the only observations
that are required are the differences in the water levels at stated times
and the temperature of the water. The volume of percolation is
indicated by the change in water level.

According to Darcy’s law the quantity of water dQ that will perco-
late through the column of water-bearing material in the time dt is

in which P is the coefficient of permeability, « is the cross-sactional
area of the material, & is the head causing the percolation, and [ is the
length of the column of water-bearing material.

The drop in water level Z; in the supply reservoir in time ¢ will be

Zy= g— and the rise of the water level Z, in the receiving reservoir will

be 22:%' @ is the volume of percolation, 4 is the cross-sectional area,

of the supply reservoir plus the cross-sectional area of the pressure
gage; B is the cross-sectional area of the receiving reservoir plus the
cross-sectional area of the pressure gage. If %, is the initial head and
h is the head at any subsequent time

ho—h=2, 4 2= 94 40D (37)

and —dh— (—A—Z%’ZQ ___________________ 38)
Substituting (38) in (36)

ABdh _ Padt 9)

TW@FBh L T
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Integrating AB
Pat
A—i—Bl h—T-i-O ---------------- (40)
When t=0, h=h,, and
AB
C=— ATB logeho- oo (41)
Substituting (41) in (40)
AB Pat AB
A—l—Bl gch= '—l‘“—ml()geho ——————————— (42)
lAB hy
P= at (A+B) IOgc ————————————————— (43)

When the supply reservoir and the receiving reservoir have equal
cross-sectional areas

A ho Al ho
P‘—‘2At1 ch 2t10eh—-——--—-——--~ (44)
and P 230259Al1 ho 45)

2at S M

If A, [, and a are expressed in centimeters and ¢ is expressed in
seconds the coefficient of permeability is the volume of water in cubic
centimeters per second that will percolate through a cross-sectional
area of 1 square centimeter under a hydraulic gradient of 100 percent.
The coefficient of permeability may be expressed in Meinzer’s units by
multlplymg by 21,200 (see p. 10).

24,408 Al hy
P m= T 10 0 h —————————————————— (46)

COMPARISON OF METHODS

The indirect methods of Hazen, Slichter, and Terzaghi are similar
in tbat the formula for each contains the square of the effective, or 10
percent size, sand grain. Hazen’s formula makes no allowance,
however, for similar material of different porosities ercept through the
selection of the constant in his equation, whereas the formulas of
Slichter and Terzaghi include factors to compensate for the degree of
compactness. Hulbert and Feben’s formula contains factors for sand
size (50 percent or medium-sieve size) and for porosity, and the formula
of Fair and Hatch includes factors for porosity, percent of sand held
between adjacent sieves, and geometric mean of the rated sizes of
adjacent sieves.

Probably the greatest difficulty encountered in developing an ac-
curate and generally applicable indirect formula is the selection of
proper factors to represent the variations in flow that result from
variations in compactness of similar water-bearing material. A given
sample of material may be packed tightly and have a comparatively
low porosity or it may be packed loosely and have a relatively high




METHODS FOR DETERMINING PERMEABILITY 69

porosity. Slichter’s ® study showed that spheres of the same size
can be packed with a minimum porosity of 25.95 percent and a maxi-
mum porosity of 47.64 percent. The more recent and exlaustive
study of the geometry of aggregates of spheres by Graton and Fraser
similarly illustrates the wide range in compactness that may be ex-
pected to occur in nature. The permeability of a material changes,
of course, with the degree of packing. According to Slichter the flow
of water through aggregates of spheres with a porosity of 47 percent
will be more than 7 times the flow through aggregates of the same
sized spheres packed with a porosity of 26 percent. As the per-
meability is directly proportional to the percolation under a given
head, the range of permeability is as wide as the range of How. It
seems likely that the range will be even greater for mater‘al with
grains of different sizes and shapes, because a heterogeneous material
is not likely to be uniformly packed—an sssumption on which all the
indirect permeability formulas are based.

It appears probable that neither Hazen nor Slichter contemplated
the general use of his formula for a wide range of mater‘als but
that each felt that his formula applied merely to water-bearing
materials similar to those on which the formula was based. Stearns®
gives a comprehensive outline of work by Hazen, King, and Slichter
on effective size in relation to permeability and concludes—

It is obvious from the foregoing discussion that an indiseriminate use of the 10-
percent size for the effective size in Slichter’s formula is not warranted. Such
extensive use was doubtless not contemplated by Hazen, who merely found the
10-percent size useful in estimating the permeability of the filter materials with
which he worked. Nor did Slichter authorize the use of the 10-percent size for
the effective size in his formulas.

Hulbert and Feben * in discussing the application of their formula
state:

An inspection of the porosity correction of this [their] formula discloses the fact
that a definite loss-of-head value would be calculated for a theoretical condition
where the sand mass was impervious, and hence of zero porosity, whteareas, in
fact, the loss of head would be infinitely great. At the other extreme, a porosity
value of 69.43 percent or more would result in a computed loss of head of zero,
or a negative quantity., when in fact it should be a definite amount. Hence the
formula is limited in its application to filtering materials which show void per-
centages within or not too far removed from the limits which hold for the sands
employed in its derivation.

Fraser % gives a table showing a comparison between experimental
coefficients of permeability and coefficients computed by the formulas

81 Rlichter, C. S., Theoretical investigation of the motion of ground waters: U. 8. Geol. Survey 19th Ann.
Rept., pt. 2, p. 323, 189°,

62 Graton, L. C., and Fraser, H. J., Systematic packing of spheres, with particular relation to porosity
and permeahility: Jour. Geology, vol. 43, No. 8, pp. 785-909, 1935.

83 Stearns, N. D., Laboratory tests on physical properties of water-bearing materials: U. 8. Ceol. Survey
Water-Supply Paper 596, pp. 170-176, 1927.

6 Hulbhert, Roberts, and Fehen, Douglas, op. cit., p. 40.

& Fraser, H. J., Experimental study of the porosity and permeability of clastic sediments: Jorr. Geology,
vol. 43, No. 8, p. 957. 1924



70 PERMEABILITY OF WATER-BEARING MATERIALS

of Slichter, Terzaghi, and Fair and Hatch. The computed coeffi-
cients agree reasonably well with the experimentally determined
coefficients, although those computed by the Fair and Hatch formula
are consistently high.

The methods of observing the flow of water through samples of
material determine the permeability more directly tlan the methods
based on a mechanical analysis of the materials. The indirect per-
meability formulas apparently do not give correct values for many of
the materials found in the field, hence the direet determination of
permeability by observing the flow of water through selected samples
is generally preferable.

Direct laboratory methods, however, have many difficulties to
overcome. Among these are the prevention of evaporation, the
elimination of air and mineral constituents from the water, and the
prevention of the growth of organisms in the material. Unless the
samples were taken undisturbed, another difficulty is to maintain
in the permeability apparatus the original arrangement of the grains
in the samples.

A practical difficulty in using either the direct or th< indirect labor-
atory methods is the application to field conditions of the permeabil-
ities so determined. In nature almost all of the water-bearing forma-
tions arc heterogeneous in character, and as a result their permeabili-
ties may vary greatly in short distances. Thus determinations of
permeability made in the laboratory on a few samples of a formation
may differ greatly from the average permeability of the formation in
the field. For example, a well may penetrate a sand and gravel forma-
tion that is 100 feet thick and may draw some water from all parts of
the formation; yet the arrangement of the material may be such that
most of the water percolates through a thickness of a few feet of the
formation. In this formation the permeabilities of only samples of
the material with either high or low permeability will be highly mis-
leading. The coefficients of permeability of 18 samples of sand and
gravel collected at different depths during the drilling of a well near
Grand Island, Nebr., and determined in the laboratory by the short-
cylinder discharging-type apparatus, ranged from 150 to 4,350
(seep. 118). This indicates that 29 times as much vrater percolated
through each foot thickness of this material at a deptl of 30 to 39 feet
as percolated through each foot thickness of materiel at a depth of
42 to 46 feet. Between the depths at which these samples were ob-
tained was a 1-foot layer of clay with a coefficient of permeability of
only 2. The movement of water through this compact material is
almost negligible. The average permeability throughout the entire
thickness of 99 feet as computed by the laboratory method is about
1,200. .

The collection of clean samples presents another problem inherent in
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both direct and indirect laboratory methods. Where the samples are
obtained in connection with drilling operations, care must be taken
that material is not contaminated by other parts of the formation,
that the finer material is not washed out of the sample or added to it,
and that the coarser material is included in the sample. Where
samples are taken from outcrops it is essential to ascertain whether
the material so collected is altered from the material whose permea-
bility is being determined. Weathering may greatly alter the permea-
bility of the material. Considcration should be given to the direction
of movement of the water in stratified material because the permeabil-
ity of some stratified material is different in different direction-.

If laboratory methods are used, as they necessarily must be in
many tests because other methods are not practicable, determinations
of permeability should be made on enough samples of the material to
represent the cntire formation, so that parts differing greatly in
permeability will not be overlooked.

FIELD METHODS
GROUND-WATER VELOCITY METHODS

The velocity of ground water can be measured by introducing some
substance in a well situated upgradient from the well in which the
arrival of the substance is to be detected. Inasmuch as the velocity
of ground water is directly proportional to the permeability and
porosity of the material through which it moves and to the hydraulic
gradient, the coefficient of permeability may be computed if the
ground-water velocity, porosity of the material, and the hydraulic
gradient are known. The quantity of water flowing through e given
cross-sectional area of water-bearing material is computed by the

formula
Q=pAv o ___ 47)

in which @ is the quantity of water, p is the porosity of the material,
A is the cross-sectional area, and v is the average velocity of the ground

water,
The coefficient of permeability of the water-bearing material is

computed by equating equations (47) and (1):

pAv=PIA __________________ (48)
_pdv_pv
o 1A ] ot (49)

This is a general formula. If Pis defined in Meinzer’s units (i. e.—Pp),
p is expressed as a ratio of the volume of voids to the total volume of
material, v is given in feet a day, C, is the temperature correction, and
I is in feet per foot, the equation is

.
pm=7-48;”(’_l __________________ (50)
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For-example, if the measured velocity of ground weter in a certain
formation is 3 feet a day, the porosity of the material 25 percent, the
water temperature 50° F., and the natural hydraulic gradient 10 feet
a mile, the coefficient of permeability is

_ 7.48X0.25%X3X1.16
= 0.00139

P, =3,440 __________ (51)

The hydraulic gradient of an aquifer should not be confused with
the slope of dip of the aquifer. The slope of an aquifer between two
points may be defined as the ratio of the difference in elevation ot the
two points to the horizontal distance between the two points. The
hydraulic gradient is the ratio of the difference in the level between
the points to the length of the saturated material instead of to the
horizontal distance between the points. Thus the slop = is the tangent
of an angle, and the hydraulic gradient is the sine of the angle. For
some purposes the slope of the aquifer may be substituted for the
hydraulic gradient as the tangent and sine of small argles are almost

equal.
DYE METHODS

Probably the first coloration experiments were made in 1882 by
Dr. Dionis des Carridres.®® The tests were made during a severe
typhoid epidemic at Auxerre, a city about 85 miles southeast of
Paris, to establish the water origin of the disease. Sirce these experi-
ments were made, dyes have been frequently used for tracing under-
ground movements of water, especially in limestone terranes.

A. Trillat ¥ in 1899 made elaborate investigations into the use of
certain dyes as flow indicators and the effect on the dyes of passage
through common soils. The fluroscope, which is capable of detecting
fluorescein as dilute as 1 part in 10,000,000,000, was invented by him.
The naked eye can detect fluorescein as dilute as 1 part in 40,000,000.
Dole % gave an account of the use of fluorescein, descr'bed its applica-
tion and detection, and gave a brief discussion regarding its fitness
for use under various conditions. The results of some practical
experiments were cited, and a partial bibliography was included.

Fluorescein may be used to measure the velocity cf ground water
or to trace the source of water. The velocity of the water between
two wells parallel with the direction of flow of the ground water can
be determined by introdueing the dye in the upsiream well and noting
the time that elapses before the dye appears in tbe other well. The

o Dionis des Carridres, Etiologie de I’épidémie typhoide qui a éclaté & Auxerre en septembre 1882: Soc.
Mid. des Hépitaux de Paris, Bul. et Mém., 2d ser., vol. 19, pp. 277-286, 1882

6 Trillat, A., Sur I'emploi des matieres colorantes pour la recherche de I'origine des sources et des eaux
d’infiltration [Use of dyes to locate origin of unaerground water]: Acad. sci. Parfs Comptes rendus, vol.
128, pp. 698-700, 1899.

® Dole, R. B., Use of fluorescein in the study of the motion of underground waters: U, S. Geol. Survey
‘Water Supply Paper 160, pp. 73-85, 1908.
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arrival of the dye at the down-stream well is detected by periodie
sampling of the water for color. One difficulty involved in tl'e use
of the dye method is the steepening of the gradient and the res-dtant
increase in the velocity of the ground water when a sample is taken
from a well. If the upstream and downstream wells are not far
apart, the error so introduced may be large. The dye method for
determining ground-water velocity in the above manner has been
somewhat replaced by the more refined electrolytic method. Dye is
employed most for determining the source of ground water and for
tracing the underground route that it follows.

A dye was used by Stiles, Crohurst, and Thomson ® in investigating
pollution of ground water at Fort Caswell, N. C. The investigation
was made to determine the distance, rate, and conditions of movement
of Bacillus coli through ground water. A trench 25 feet long, 1.5
feet wide, and 0.6 foot deep was dug below the water table, which
was temporarily very high. This trench was dosed with uranin and
fecal material. Parallel to the trench, lines of sterilized pipe wells
were placed. From October 13, 1922, to May 31, 1923, 1,313 water
samples were examined from a total of 122 wells arranged in 21 parallel
lines spaced 2 to 115 feet downgradient from the trench. Uranin
and B. coli moved out gradually at the water table, or very close to
it, and both were recovered in water samples taken from wells 2 to
65 feet downgradient from the trench; uranin was recovered from
wells as far as 115 feet downgradient from the trench. In another
experiment uranin was detected in wells 450 feet downgradient from
the trench; B. coli was eventually recovered 228 feet downgradient,

SALT METHODS

Chemical method.—According to Meinzer ™ the pioneer in developing
field methods for measuring the flow of ground water was Adoiph
Thiem, whose first paper on the subject was published in 1879. His
method was to construct two wells parallel to the direction of ground-
water movement and to treat the upgradient well with salt. The
time of arrival of the salt solution in the lower well was determined
by periodically testing samples of the water for salt content. The
velocity of the water was determined by dividing the distance between
the two wells by the elapsed time between the introduction of the
salt in the upgradient well and its detection in the downgradient well.

As in the dye method, a difficulty inherent in the use of the chemical
method is the steepening of the gradient and the resultant incre~se in
the velocity of the ground water when a sample is taken from ¢ well.

8 Stiles, C. W., Crohurst, H. R., and Thomson, G. E., Experimental bacterial and chemical pollution
of wells via ground water, and the factors involved: U. S. Public Health Service Hygienic Lab. Bull, 147,
166 pp., 1927.

7 Meinzer, O. E., The history and development of ground-water hydrology: Washington Acad. Seci.
Jour., vol. 24, No. 1, p. 25, 1934.
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Electrolytic method.—Slichter developed a method for measuring
ground-water velocities in which the arrival of a salt in a down-
gradient well is detected electrically.” Several small wells are driven
into the water-bearing material in such a manner that the water
moves from an upgradient well toward one or more of the down-
gradient wells, The movement of the salt from the upgradient well
to the downgradient wells is observed by means of an electric circuit
that utilizes the conductivity of the ground water between the cas-
ings of the upgradient and downgradient wells. As the salt moves
toward the lower well the conductivity of the water increases. An-
other electric circuit within each downgradient well is utilized for
detecting the time of arrival of the salt. The amount of current
that will flow in this circuit depends on the conductivity of the water
in the well and is observed by measuring the current that will flow
between two electrodes, one in the well and the other in the well
casing. The rate of movement of the salt and hence the rate of
movement of the ground water 1s computed from the time elapsing
between the introduction of the salt in the central, or upgradient,
well and its detection in a well located downgradient. Slichter found
by experiment that ammonium chloride was a satisfactory salt for
this method. He and others have made satisfactory field tests of
ground-water velocities by this method.™

There are difficulties in the use of the electrolytic method, many
of which also apply to the dye and chemical methods. The method
is not satisfactorily adaptable to localities where the ground water
has low velocity, because the salt solution, whose specific gravity is
somewhat higher than that of the natural water, sinks rather rapidly
and may not reach the downgradient wells. In using this method
in such a locality, the wells are located comparatively close to one
another—usually about 4 feet apart. Under these conditions errors
in determining the velocity of the ground water are often introduced
by failure to sink the wells exactly plumb, by the diffusion of the
salt solution, and by increase in the hydraulic gradient caused by the
rise of water in the upgradient well at the time the salt is introduced.
Jacob 7 has used two receiving wells as a means of overcoming the
increase in hydraulic gradient caused by the introduction of the salt.

7 Slitchter, C. 8., The motions of underground waters: U. S. Geol. Survey Water-Supply Paper 67, p.
48,1213(13];}1':“' C. S., Field measurements of the rate of movement of underground waters: U. S. Geol. Sur-
vey Water-Supply Paper 140, 122 pp. 1905; Hamlin, Homer, Underflow tests in the drainage basin of Los
Angeles River: U. 8. Geol. Survey Water-Supply Paper 112, 54 pp. 1905; Veact, A. C., Slchter, C. S.,
Bowman, Isaiah, Crosby. W. O., and Horton, R. E., Underground water resources of Long Island, N. Y.:
U. 8. Geol. Survey Prof. Paper 44, pp. 88-99, 1906; Slichter, C. 8., The underflow in Arkansas Valley in
wostern Kansas: U. 8. Geol. Survey Water-Supply Paper 153, 90 pp. 1906; Slichter, C. S., and Wolff, H. C.,
The underfiow of the South Platte Valley: U. S. Geol. Survey Water-Supply Papar 184, 42 pp. 1906; Wolff,
H. C., The utilization of the underflow near St. Francis, Kans.: U. S. Geol. Survey Water-Supply Paper
258, pp. 98-119, 1911; Jacob, C. E., Ground water underflow in Croton Valley, New York: Am. Geophys.

Union Trans. 1938, pp. 419-430.
% Jacob, C. E., op. cit., pp. 422~424.
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The wells are located on a line with the salt well, and the arrival of
the salt solution in both receiving wells is detected electricall>. The
solution is forced out of the salt well by pouring in water in order to
assure its introduction to the ground-water stream. The natural rate
of movement is computed from the time elapsing between the arrival
of the salt solution in the first receiving well and the second.

It appears reasonable that Slichter’s electrolytic method could be
applied to the determination of ground-water velocities in the vicinity
of discharging wells. Where observation wells are located directly
upgradient from the discharging well, salt could be introduced in one
of the upgradient observation wells during the time that the main
well was discharging and could be detected in one or more of the
downgradient observation wells. The velocity so determined can be
substituted in equation 49 together with the average hydraulic
gradient under which it moved. This gradient can be determined
from a profile of the cone of depression.

The velocity determined by any of the methods just outlined will
probably be the maximum velocity of the ground water in the par-
ticular section tested and therefore may give results for permeability
that are too high for the average of the entire section tested. For
this reason and also because the ground-water velocities vary con-
siderably in short distances, tests should be made at as many placos
as possible and the entire thickness of the material should be tested.

DISCHARGING-WELL METHODS

Several formulas that are based on the flow of water into discharg-
ing wells can be used either directly or indirectly for the determination
of permecability. A basic assumption of the formulas is that the cone
of depression around the discharging well has reached equilibrium
(steady-state flow of water), and hence these formulas may = called
equilibrium formulas. The formulas for some time were used chiefly
to determine the amount of water that could be expected to be with-
drawn from a well penetrating a formation with a known or assumed
permeability and were not used for the direct determination of perme-
ability. However, the formulas are essentially the same as those
used later for determining permeability and probably should so be
recognized. Thiem ™ apparently was the first hydrologist to deter-
mine permeability with this type of formula. Since then several other
investigators have developed formulas, all of them practically the
same but designed primarily for the determination of permeability.

Theis’s formula ™ for determining the draw-down of the cone of
depression at any distance from a discharging well is based on an

74 Thiem, Guater, Hydrologische Methoden, 56 pp., Leipzig, J. M. Gebhardt, 1906.

75 Theis, C. V., The relation between the lowering of the piezometric surface and the rate end duration
of a well ucing ground-water storage: Am. Geophys. Union Trans. 1935, pp. 519-524.

303464—42 6
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analogy between hydrologic conditions in an aquifer and thermal con-
ditions in a similar thermal system. His formula introduced the im-
portant factor of time, which was not contained in tl'e formulas of
previous investigators, except for the amount of time taken for the
cone of depression to reach approximate equilibrium. The permea-
bility of the water-bearing material can be determined by this for-
mula. The formula may be termed a non-equilibrium formula in
contrast with the equilibrium formulas because it does not depend on
the cone of depression reaching approximate equilibrium. Jacob
recently developed the non-equilibrium formula directly from hydro-
logic concepts. Theis” also published a formula for determining
permeability from the recovery of the water level in the vicinity of
a discharging well after the discharge of the well has stopped.

DRAW-DOWN METHOLDS
EQUILIBRIUM METHODS

FUNDAMENTAL PRINCIPLE OF EQUILIBRIUM FORMULA

The equilibrium formula is based on the form of the water table
or piezometric surface around a discharging well that is supplied by
water from a formation whose permeability is to be determined.
Ground water obeys the law of fluids in that it always flows away
from a point of high head toward one of low head. Ir other words,
the direction of flow is shown by the hydraulic gradient. When a
well is pumped some water inevitably is taken out of storage from
the well and from the material surrounding it. This reduces the head,
creates a hydraulic gradient toward the well, and causes ground water
to flow into the well. If the water-bearing formatior has a water
table, considerable ground water may have to be removed from stor-
age before the gradient will be steep enough to allow the water to
flow toward the well at the rate at which it is pumped, thus estab-
lishing approximate equilibrium. If the formation is filled with water
under pressure only a comparatively small amount of water has to
be removed from storage in order to give the required gradient, and
hence the draw-down will be more rapid and approximate equilibrium
will be more quickly established.

When, with a constant rate of pumping, approximate equilibrium
is established, very little water is removed from storage close to the
well. If the water table or piezometric surface:in a homogeneous
formation is horizontal before pumping begins, water percolates to-
ward the pumped well equally from all directions, and tl'e same quan-
tity of water percolates toward the pumped well through each of the

% Jacob, C. E., On the flow of water in an elastic artesian aquifer: Am. Geophys. Union Trans. 1940, pp.

574-586.
7 Theis, C. V., op. cit., p. 522.
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indefinite series of concentric cylindrical sections around the pumped
well.

According to Darcy’s fundamental law the discharge through any
of the concentric cylindrical sections of water-bearing material, @, is

cqual to PiA, and the permeability of the material, P, equals 7&%

The symbol 7 is used to represent the hydraulic gradient at a point
on the cone of depression around a well that is discharging water,
and the symbol 7 is used to represent the natural hydraulic gradient
of the water table or piezometric surface when the well is idle. The
two symbols are interchangeable, their use depending upon whether
the water table or piezometric surface is cone-shaped or is approxi-
mately a plane. As previously explained, after approximate equilib-
rium has been reached the discharge through all concentric cylindrical
scctions of water-bearing material is about the same, and the total
discharge is approximately equal to the quantity of water being
pumped from the well. The hydraulic gradient at a given distance
from the pumped well can be determined from the slope of tke water
table or piezometric surface. For artesian conditions the are of the
cylindrical section through which the ground water percolates at that
distance from the pumped well is equal to 2xrm if r is the distance
from the pumped well and m is the thickness of the saturated water-
bearing material. For water-table conditions the area is equal to
27xr(m—s), where s is the draw-down at the distance » from the
pumped well. Thus the permeability of the water-bearing material

can be computed by.substituting these figures in the equation P={%-

SIMFLE DEVELOPMENT OF GENERAL EQUILIBRIUM FORMULA

The general equilibrium formula is based on the fundamental
principle just outlined, but as a result of the mathematical treatment
the determination of the hydraulic gradient, ¢, is made unnecessary
by the substitution for it of a factor involving the draw-down of the
water table at two places on the cone of depression.

A water-bearing bed of uniform permeability is assumed to rest
on a relatively impervious formation of indefinite areal extent. A
well equipped with a pump extends to the bottom of the water-bearing
material, and two observation wells are placed on a line with the
pumped well (fig. 6). The pump is operated at a uniform rate
during a period in which the water table declines and takes a form
similar to an inverted cone around the pumped well. The nonpumping
water table and the underlying impervious bed are assumed to be
horizontal.
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The following symbols and nomenclature are used:

@=discharge of pumped well;
P=coeflicient of permeability;
1=hydraulic gradient at any point, ./, on the cone of depres-
sion;
A=area of any designated cyclindrical section through which
the water percolates on its way to the pumped well;

z and y=coordinates of any point, J, on the cone of depression with
reference to the point of intersection of the impermeable
bottom of the tormation with the axis of the well as the
origin;

m=thickness of the saturated part of the water-bearing forma-
tion;
hy and hy=depth of water in two observation wells during pumping;
r. and r,=distances from pumped well to two observation wells.

Pumped well Observation
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FIGURE A.—Section showing assumed ground-water conditions for development of the equilibrium formula
from water-table conditions.

At any distance from the pumped well the flow @ toward the well
through a cylindrical section of the water-bearing material equals P1 A,
The hydrauiic gradient at any distance, z, from the pumped weil

is equal to % - The total area through which the flow, @, takes

place is 27xy.

Therefore
_pdy
Q—— Pd—z21rzy ___________________ (52)
dr__2xPydy
; - Q ——————————————————— (53)

By integrating between the limits, t=r,, t=r;, and y==h,, y=Hh,.
2 d.L‘ 21rP y dy
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212
1oger2—logcr1=2%1)(}ﬁ—2—}ﬂ> ............. (55)
__Qog.r;—log,r))
' P= W(Mz_hlz) --------------- (56)
k;."’—hf: (h2+h1) (h2"h1) ---------------- (57)
(he—h1) 1s equal to the difference of draw-downs (s;—s;). Thus

ho?—hP=(hot-he) (S1—82) oo o. (58)

)

Qlog.>

i A e

This is the general equilibrium formula for determining permeabilities
of water-bearing materials where the water is not confined under

Pumped Observation,
Static piezometric surface __ rhwell ! wells \J-
WS 22
'O/ezoﬁ’)et 5
/S s,
Cénfining bet/ s 73S
=
| |
h
he oy z

N NN N T2 NN

X

FiGURE 7.—Section showing assumed ground-water conditions for the development of tte equilibrium
formula from artesian conditions,

artesian pressure. By a similar development ™ the general equilibrium
formula for artesian conditions (fig. 7) is found to be
2

e

log, -

_ Qlogl
2am(s;—$y)
EQUILIBRIUM FORMULAS

Slich er formula.—The Slichter formula ? for artesian conditions,
which is based on_the assumptions outlined on page 77, is

_ 2asP

8 Wenzel, L. K., The Thiem method for determining permeability of water-bearing materials: U. 8.
Geol. Survey Water-Supply Paper 679, pp. 17-18, 1937,

 Slichter, C. S., Theoretical investigation of the motion of ground waters: U. S. Geol. Survey 19th Ann,
Rept., pt. 2, p. 360, 1899.
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where @ is the quantity of water discharged by the well. s is the amount
the water is lowered in the well by pumping; P is a coefficient of
permeability—Slichter’s ‘‘transmission constant’’; m is the thickness
of water-bearing material; B is the distance from the wall of the
well at which the draw-down may be assumed to be zero; and r is
the radius of the pumped well. '

Slichter solved his formula for €, having determinec the ‘“transmis-
sion constant”’ by means of the formula based on the effective size
of the sand grains and the porosity of the material (p. 53).

Solving Slichter’s formula for P,

P=Q log, (H—]—f.)

2wsm

which is equivalent to the general equilibrium formula for artesian
conditions (p. 79). The draw-down in the near observation well is
taken as the draw-down in the pumped well, and the draw-down in
the far observation well is considered to be zero.

Turneaure and Russell formula.—The Turneaure and Russell
formula,® based on the assumptions outlined on page 77, is

_ =4 (xCp)
Q- =ty
loge _7'.

where @ is the discharge of the pumped well, H is the criginal depth of
water in the pumped well, A is the thickness of saturated water-bearing
material at the wall of the pumped well, C is a constant that depends
on the character of the material, p is the porosity of the material,
R is the distance from the axis of the well at whick the change in
water level is inappreciable, and r is the radius of the pumped well.

This formula, like Slichter’s, was solved for the quantity of water
that could be pumped from the well, and the constants C and p were
determined by a mechanical analysis of the water-bearing material.
Solving the above equation for Cp (a coefficient of permeability)

R
C Q loge ;'

Py e (64)
which is equivalent to the general equilibrium formula for water-table
conditions except that the thickness of the saturated water-bearing
material at the near observation well is replaced by the thickness of
the saturated material at the casing of the well, and the thickness of
- the saturated material at the far observation well is replaced by the

% Tuarneaure, F. E., and Russell, H. L., Public water supplies, st ed., p. 269, New York, John Wiley &
Sons, Inc., 1901,
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thickness of the saturated material at the distance R, where tte draw-
down of the water table is inappreciable.
Thiem formula.—The Thiem formula ® for water-table conditions is

P= Q aog, rg—,l()ge rl)
30 2T i LR

in which P is a coefficient of permeability, @ is the dischargs of the
pumped well, h; is the saturated thickness of the water-bearing
material at the near observation well at distance », from the pumped
well, h, is the thickness of the saturated water-bearing matericl at the
far observation well at a distance r, from the pumped well, and s, and
s; are the draw-downs in the observation wells. (See fig. 6.)

The formula differs from that for artesian conditions only in that
(he + hy) is replaced by 2m. If m is defined as the average of the
thickness of the saturated part of the water-bearing material at the
two observation wells, the equation for both water-table and artesian
conditions may be expressed

_Q (log. r.—log, ;)
pP= 2am(s,—sy)  TTTTTTTTTTTTOS (66)

(65)

Converting the logarithm with base ¢ to one with base 10, and express-
ing the rate of pumping in gallons a minute

527.7¢ log
P=—0 N
T m(si—ss)
which is Thiem’s formula in modified form for both water table and
artesian conditions, for convenient use in the United States.

The conditions assumed by Thiem for the development of his
formula differed somewhat from the assumptions stated on page 77.
Thiem assumed an initial sloping water table or piezometric surface
and developed the formula from that assumption.®> Unfortunately,
however, Thiem changed from a system of oblique coordinates to a
system of rectangular coordinates and by so doing vitiated the essump-
tion of an initial slope, and hence, as in the case of the Slichter and
the Turneaure and Russell formulas, the final equation applies only
to horizontal conditions. Thiem apparently was the first to use the
equilibrium formula for determining permeability and the first to
utilize two observation wells instead of two less definite points on the
cone of depression. Hence it seems proper that this method should
be known as the Thiem method and the formulas as the Thiem formula
although other investigators prior to Thiem’s work had utilized the
same general formula.

81 Thiern, Gunter, Hydrologische Methoden, 56 pp., Leipzig. J. M. Gebhardt, 1906.
8 Wenzel, L. K., op. cit., pp. 10-15.
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Israelsen formula.—The Israelsen formula # for artesian conditions,
which is based on the assumptions outlined on page 77, is

&

2.303Q 10gm;
. 1
T 2wgm(s,—sy)

in which P is a coefficient of permeability—Israelsen’s ““specific water-
conductivity;”’ g is the acceleration due to gravity; m is the average
thickness of the formation in feet; @ is the discharge of the pumped
well in cubic feet a second; s, is the draw-down of the piezometric
surface at the distance r, from the axis of the pumped well in feet;
and s, is the draw-down of the piezometric surface at the distance 7,
from the axis of the pumped well in feet.

This formula is essentially the same as the general equilibrium
formula except for the change in units and the introduction of the
gravity factor, which otherwise is included in the coefficient of
permeability.

Wyckoff, Botset, and Muskat formula.—The Wyckoff, Botset, and
Muskat formula # was developed from laboratory experiments on the
flow of water through sand in which ground-water conditions around
a pumped well were reproduced. The draw-down of the water table
and piezometric surface were observed at several distances from the
well under various rates of flow, and the following formula with the
nomenclature altered somewhat was found to express the flow into
the well.

Q is the flow in the well, P is a coefficient of permeability, p is the
density of the fluid, g is the acceleration due to gravity, and &, and h,
are the fluid pressures at the respective distances r, and r, from the
pumped well. The equation may be written

Qlog,ﬁ2
Pog=———— T
PI = lhP—hD) oo

‘This is essentially the same as the formula given on page 79 except
for the inclusion of the gravity and density factors. In this formula
the fluid pressures represented by A; and %, which are measured at
the bottom of the formation, are probably equivalent for most condi-
-tions found in nature to the fluid heights in the observation wells.

8 Israelsen, O. W., Irrigation principles and practices, New York, John Wiley & Sons, Inc., pp. 189-211,
1032,

84 Wyckoff, R. D., Botset, H. G., and Muskat, M., Flow of liquids thrcuzh porous media under the action
«of gravity: Physics, vol. 3, No, 2, pp. 90-113, 1932,



METHODS FOR DETERMINING PERMEABILITY 83

Limiting formula.—The writer made a rather intensive pumping
test near Grand Island, Nebr.,in 1931 % (see pp. 117-122) from which a
method was derived for empirically applying the equilibrium formula
to field conditions. The differences between the assumed conditions
on which the formula is based and those found in nature are usually
of sufficient magnitude to vitiate entirely the results obtained when
the equilibrium formula is indiseriminately applied. The effects of
differences between assumed conditions and field conditions on the
permeability formulas are described later in this paper (pp. 102-112).

Contours on the undisturbed water table

-
Direction 0'\ undisturbed grolund-water flow
Observation|wells Pumped well Observation|wells
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FIGURE 8.—Plan and section showing location of observation wells in relation to discharging well and
contours on the undisturbed water table for obtaining data for the computation of permeability by the
limiting farmula.

A study of the data collected during the Grand Island test showed that
consistent results could be obtained with the equilibrium formula by
following an empirical procedure: (1) using for the draw-down of the
water level s, the average of the draw-downs on opposite sides of the
pumped well—preferably upgradient and downgradient—sat the
distance 7, from the pumped well. Similarly the draw-down s, is
taken as the average of the draw-downs at the distance r, on opposite
sides of the pumped well; (2) using only those draw-downs that are
obtained from observation wells situated on a straight line through
the pumped well (fig. 8); (3) using only the draw-downs in observation
wells situated within the part of the cone of depression that by the

88 Wenrzel, L. K., The Thiem method for determining permeability of water-bearing materials: U. S. Geol.
Survey Water-Supply Paper 679, pp. 1-57, 1937.




METHODS FOR DETERMINING PERMEABILITY 83

Limiting formula.—The writer made a rather intensive pumping
test near Grand Island, Nebr.,in 1931 % (see pp. 117-122) from which a
method was derived for empirically applying the equilibrium formula
to field conditions. The differences between the assumed conditions
on which the formula is based and those found in nature are usually
of sufficient magnitude to vitiate entirely the results obtained when
the equilibrium formula is indiscriminately applied. The effects of
differences between assumed conditions and field conditions on the
permeability formulas are described later in this paper (pp. 102-112).

Contours on the undisturbed water table
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F1GURE 8.—Plan and section showing location of observation wells in relation to discharging well and
contours on the undisturbed water table for obtaining data for the computation of permeability by the
limiting formula.

A study of the data collected during the Grand Island test showed that
consistent results could be obtained with the equilibrium formula by
following an empirical procedure: (1) using for the draw-down of the
water level s; the average of the draw-downs on opposite sides of the
pumped well—preferably upgradient and downgradient—at the
distance 7, from the pumped well. Similarly the draw-down s; is
taken as the average of the draw-downs at the distance r, on opposite
sides of the pumped well; (2) using only those draw-downs that are
obtained from observation wells situated on a straight line through
the pumped well (fig. 8); (3) using only the draw-downs in observation
wells situated within the part of the cone of depression that by the

8 Wenrzel, L. K., The Thiem method for determining permeability of water-bearing materials: U. S. Geol.
Survey Water-Supply Paper 679, pp. 1-57, 1937.
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end of the period of pumping has reached approximste equilibirum
in form; (4) using only draw-downs in observation wells situated
sufficiently far from the pumped well that the effects of vertical ground-
water movement, changes in permeability of the water-bearing ma-
terial due to well development, and the failure of the well to penetrate
the entire thickness of material are inappreciable; and (5) using draw-
-downs obtained at more than two distances from the pumped well.

By taking this procedure into account the following limiting equi-
librium formula is developed:

P,=52770¢C _ . _____ (71)
In this formula P, is the field coefficient expressed in Meinzer’s units,
¢ is the discharge of the pumped well in gallons a minute, and Cis a

constant, equal to %r that is determined graphically. A is equal to

lOgmz'—2
™
025M ---mmmmmemmeeee- (72)
and B is equal to
1
5(31u+ 81— 824~822)  ~-wcmcmmmeeene- (73)

in which 7, and r; are distances, in feet, to two points on the cone of
depression that lie on a straight line through the puriped well; s, i3
the draw-down, in feet, on the line at the distance r, npgradient from
the well; 8,4 1s the draw-down, in feet, on the.line at distance r, down-
gradient from the pumped well; s,, is the draw-down, in feet, at the
distance 7, upgradient; s, is the draw-down, in feet, at the distance
r, downgradient; and M is the sum of the saturated thicknesses of |
water-bearing material, in feet, at the locations of the four draw-
downs. For artesian conditions M=4m; and for vater-table con-
ditions

M=4am— (s1,~+ 10+ 824 +80a) —cccocmmoo (74)
where m is equal to the saturated thickness of water-learing material
before pumping starts.

To cbtain C all possible values of A should be plotted against the
corresponding values of B and a straight line dravn through the
plotted points (see figs. 11, 13, 14, 15, and 17). More than one point
is necessary, of course, to determine the plotted line and hence at
least six observation wells—three upgradient and thkree downgradi-
ent—are needed. Cis equal to the slope of the straight ine. If most
of the points do not fall approximately on a straight line through the
origin the equilibrium formula cannot be used. Examples of the
application of this method to the four pumping tests in Nebraska and
the one in Kansas are given later in this paper.
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Gradient formula.—The gradient formula simply applies the funda-
mental principle of the equilibrium formula outlined on page 76 to
field conditions. As previously stated, when with a constant rate of
pumping approximate equilibrium is established, very little water is
taken from storage close to the well. If the water table or piezo-
metric surface in a homogeneous formation is horizontal before
pumping begins, water percolates toward the pumped well equally
from all directions, and the same quantity of water percolates toward
the pumped well through each of the indefinite series of concentric
cylindrical sections around the well.

The area of each concentric cylindrical section is A=2 = rh, where
7 is the radius of the cylinder and % is the thickness of the saturated
water-bearing material. Thus, according to Darcy’s law

Q=PiA=2xPirh . ... (75)
and
Q=21rP'i1r1h1=21rPi27'2h2=27rPi37‘3h3 P, (76)

where @ is the discharge of the pumped well; P is the coefficient of
permeability; 4;, %, and 7; are the hydraulic gradients at distances
7y, 7, and 73 respectively from the pumped well; and &, ks, ard h; are
the respective saturated thicknesses of material at the three distances.

In nature the initial water table or piezometric surface generally has
a slope, and as a result the flow of water to a discharging well is not
everywhere normal to cylindrical sections around the well. The flow
is normal only along a line through the well that extends directly
upgradient and downgradient to the ground-water divide. The flow
through a given cross-sectional area at a specified distance upgradient
from the well will be greater than the flow through an equal cross-
sectional area at the same distance downgradient. As a result, the
hydraulic gradient causing the flow is approximately equal to the
average of the gradients upgradient and downgradient from the well.

Thus
Q=z7rP,<h,,-2+h,,><zu-2f—zd>=wTPr(hu Rt e
and .
2
P ) Gaiy " (78)

where 1, is the gradient and &, is the thickness of the saturated water-
bearing material at the distance r upgradient from the well; and 7, is
the gradient and %, is the thickness of the saturated water-bearing
material at the distance r downgradient from the well.

The hydraulic gradient cannot, of course, be determined from the
draw-down in an observation well, but it can be ascertained closely
by graphical methods. A profile of the cone of depression is first
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constructed by plotting the elevations of the water levels in the
observation wells located on a straight line through the discharging
well against the distances of the wells from the discharging well and
by connecting the plotted points with a smooth curve, thus showing
the cone of depression from the farthest upgradient well to the
farthest downgradient well at some time, ¢, after the discharge is
started. A profile of the initial water table or piezometric surface
should be constructed also. From these profiles the drawn-down of
the water level and the altitude of the water level at the time ¢ may
be determined for any distance upgradient and downgradient.

The hydraulic gradient at any distance, r, from the discharging
well is approximately equal to the difference in altitude between two
points at distance b on each side of point r divided by the distance
between the points—that is 2b. Thus

N A
zﬁ—ﬂwf‘ﬁ __________________ (79)

in which f(,_s is the altitude of the water level at the distance r-b
from the pumped well and f,., is the altitude of the water level at
the distance »-+b& from the pumped well.

Substituting in equation (78)

_ 2Q

P—W(hu+hd)(f(r+ b)u—f'r_b)u—i—‘f"*‘b)d—f(r_b)d) R, (80)
2b b

P “Q D

T 1 (hatha) FororatT arora—F o—vya—F o)

in which f, 14, and fis. are the respective altitudes of the water
level at the distance »+b upgradient and downgradient and f,_;), and
fir-sya are the respective altitudes of the water level at the distance
r-b upgradient and downgradient from.the discharging well.

For many field tests b may be taken as 10 feet; thus in Meinzer’s

units
18,335¢

P!=r(hu+hd) (_f(r+10)u +f(r+10)d’—f(r—IO)u—f(r—IO)d)

This is the gradient formula pertaining to water-table conditions, in

which P, is expressed in Meinzer's units, ¢ is measured in gallons a

minute, and the rest of the factors are measured in feet. :
The corresponding formula for artesian conditions is

- .- (82)

rm (f 4100 +f(’+1°)d_f"-lo)u_f(r—lo)d) -------

P,
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in which m is the average thickness of the formation in feet, and the
other symbols are those given for the formula pertaining to water-
table conditions.

The application of the gradient formula to the four Nebraska tests
and the Kansas test is given later in this report.

NON-EQUILIBRIUM METHOD

A non-equilibrium formula was recently developed under the direc-
tion of Theis.® It is based on the assumption that Darc7’s law is
analogous to the law of the flow of heat by conduction and thus the
mathematical theory of heat-conduction is largely applicable to
hydraulic theory. The following formula is the final equation for the
draw-down of the water level in the vicinity of a discharging well, as
developed from an equation expressing the changes in temperature
due to a type of source, or sink, that i1s analogous to a recharging or
discharging well under certain conditions.

L 1146g = e
§=——p f dw_ . (84)

18728 U

Tt

in which s is the draw-down in feet at any point in the vicinity of a well
discharging at a uniform rate, ¢ is the discharge of a well in gallons a
minute; 7 is the coefficient of transmissibility of the aquifer (see p. 10)
in gallons a day, through each strip extending the height of the aquifer,
under a unit gradient—this is the average field coefficient of permea-
bility as used by the Geological Survey multiplied by the thickness of
the aquifer; r is the distance of the discharge well to the point of
observation in feet; S is the coeflicient of storage,® as a decimal
fraction; and ¢ is the time the well has been pumped in days.

° g% .
J:ms Fgu=—Ei(—w) (85)
Tt
. w o owt
—Ez(—u)=—0577216—log3u+u—2.—2i+m—m ceves_ (86)

Values of —Er (—u) for values of u between 10715 and 9.9 are given

in the table facing page 89.
The non-equilibrium formula is based on the following assumptions:
(1) the water-bearing formation is homogeneous and isotropic, (2)
. the formation has an indefinite areal extent, (3) the discharge well

8 Theis, C. V., The relation between the lowering of the piezometric surface and the rate ard duration of
discharge of a well using ground-water storage: Am. Geophys. Union Trans. 1935, pp. 519-524.

8 The coefficient of storage is the cubic feet of water discharged from each vertical column of tt eaquifer with
a base 1 foot square as the water level falls 1 foot. For water-table conditions S is equal to the specific yield
of the material unwatered during the pumping; for artesian conditions S is equal to the water obtained
from storage by the compression of a column of water-bearing material whose height equals the thickness of
the water-bearing material and whose base is 1 foot square.
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penetrates the entire thickness of the formation, (4) the coefficient of
transmissibility is constant at all places and all times, (5) the dis-
charge well has an infinitesimal diameter, and (6) water taken from
storage by the decline in water level is discharged in<tantaneously
with the decline in head.

The formula may be used in two ways. If the coefficient of trans-
missibility and the coefficient of storage are known, th« draw-down
can be computed for any time and any point on the cone ot depression.
If the draw-downs are known, the coefficients of transmissibility and
storage can be computed. If the draw-down is known 7 and S can
be computed either from the draw-down curve of one well or from the
draw-downs that are observed at any one time in a line of wells—that
is, from the form of the cone of depression.

As the coefficient of transmissibility appears on both sides of the
equation, the formula cannot be solved directly for 7 end S. How-
ever, T and S may be conveniently determined by the following
graphical method suggested by Theis.¥ The non-equilil rium formula
may be written

in which W () may be read as “well function of.u”’ and the other
terms as previously defined.

u? u? ut
W(u)=——O.577216—10g.u+u——2—.2—!+m—m sesee L (88)
__1.877%8
and U—T ______________________ (89)

When 7 and S are to be determined from observations on the draw-
down in one well, the log of the draw-down is plotted against the log

of the reciprocal of the time since pumping began (s against %). When

T and S are to be determined from the draw-downs in ¢ line of wells,
2

the log of the draw-down is plotted against the log of % If the for-

mation was entirely homogeneous and the water was discharged
instantaneously with the fall in pressure all points so plotted, for all
“times and all wells, would fall on a smooth curve. The curve so
determined is a segment of the type curve produced by plotting the
log of the value of the integral, W(u), against the log of the quantity
w (pl. 1). If, therefore, (1) the type curve is plotted on logarithmic

8 Theis, C. V., personal communication, 1937.




Values of W(u) and u for non-eguiltbrium formula 1

(W()=—Ed(—w)]

L ]
N NX10-8 | NX10-4 | NX10-8 | NX10-9 | NX10-1 | NX10-10 | NX10- | NX10-0 | NX107 | NX10- | NX10~ | NXI10~ | NX10-? | NX10-3 | 27X10- N
D) B 33.09616 | 316500 | 20.3564 | 27.0538 | 24.7512 | 22.4486] 20.1460 17.8436] 15.5400 | 13.2383 | 10,9357 8.6332 6.3316 4.0379 1 0.2104
1.1 33. 8662 31. 5637 29. 2611 26. 9585 24, 560 22,3533 20, 0507 17.7482 15.4456 13. 1430 10. 8404 8. 5379 6.2363 3. 9436 1.7371 . 1860
12 33.7792 | 314767 | 20,1741 26.8715| 24.5680| 22.2683) 19.9637 17.e811] 15.3586 | 13.0560 | 10.7534 8. 4509 6.1494 3.8576 1. 85! .1584
13. 33,6992 | 31.3086| 20.0040 | 26.7014 | 24.4880 | 22.1868| 10,8837 175811 16.2785 | 12,9769 | 10.6734 83700 6.0695 3.7785 1.56880 | .1356
14 3. 6251 1.3225 | 29.0100 | 26.7173 | 24.4147 | 221122 | 108096 | 17.5070| 15.2044 | 12.0018 | 10.5903 8 2068 5. 9065 3.7054 1.5241 | .1162
1. 33.5561 | 31.2536 | 28.0500 | 26.6483 | 24.3458 | 22,0432 | 10.7408 | 17.4380| 151354 | 12.8328 | 10.5303 8.2278 5.9266 3.6374 1.4645 | .1000
1. 33,4918 31. 1890 28. 8884 26. 65338 24,2812 . 9781 19. 6760 17.3736 15. 0709 12, 7683 10. 46587 8. 1634 b5.8621 3. 5739 1.4092 | .08631
1. 33,4300 | 31.1283 | 28.825 26.6232 | 24.2206| 21.9180 | 19.6154 17.3128{ 150103 | 12,7077 | 10.4051 8.1027 5.8016 |  3.5143 1.3578 | .07485
1. 33.3738 | 3L0712 | 28.7g36 | 26.4660 | 24.163¢ | 218608 | 19.5583 17.2567| 14.9531 | 12.6505 | 10.3470 8. 0455 5. 7446 3.4581 1.3008 | .06471
1.9. 33,3107 | 3L0171 | 28.7145 | 26.4110 | 24.1084 .8068 | 10.5042 17.2016| 14.8900 | 12.6064 | 10.2030 7.9915 5. 6006 3.4050 1.2649 | .05620
2.0. .2 . 9 23.6632 | 26.3607 | 24.0581 | 21.7665 | 19.4520 17.1503| 14.8477 | 12,5451 . 2426 7.9402 5. 6394 3.3547 1.2227 | .04890
2.1, 33.2106 | 30.9170 | 28.6145 | 26.3119| 24.0093 { 217067 | 19.4041 17.1015] 14.7080 | 12.4964 | 10.1938 7.8014 5. 5907 3.3069 1.1829 | .04261
2.2 33.1731{ 30.8705 | 28.5679 | 26.2653 | 23.0628 { 21.6602 | 10.3576 |  17.0550{ 14.7524 | 12.4d08 | 10.1473 7. 8449 5. 5443 3.2614 11454 | .03719
2.3 33.1286 | 30.8261 | 28.5235 | 26.2200| 23.0183 | 216157 | 10.3131 17.010¢] 14.7080 | 12.4054 | 10.1028 7. 8004 5. 4999 3.2179 1.1090 | .03250
2.4 33. 0881 30. 7835 28, 4809 26.1783 23. 8758 21. 5732 19. 2706 16. 9680 14. 6654 12,3628 10. 0603 7.7579 5. 4676 3.1763 1.0762 | .02844
2.5 33.0453 | 30.7427 | 28.4401 | 26.1375 | 923.8349 | 21.5323 | 19.2208 16.9272| 14.6246 { 12.3220 | 10.0194 7.7172 5.4167 3.1365 1.0443 | .02491
2.8 0060 | 30.7035 | 28.4009 | 26.0083 | 23.7057 | 21.4931| 10.1905 16.8880| 14.5854 | 122828 |  9.9802 7.6779 5.3776 3.0083 1.0139 | .02185
2.7 32,9083 | 30.6657 | 28.3631| 260606 . 7580 | 21.4554 | 101528 16.8502) 14.5476 | 12.2450 9. 9425 7.6401 5. 3400 3.0616 .0840 | .01018
2.8 32.0310 ,6204 | 28.3268 | 26.0242 | 23.7216| 21.4190 | 19.1164 16.8138| 14.5113 | 12,2087 9. 8061 7.6038 53037 |  3.0261 .0573 | .01686
2.9 32.8068 | 30.5943 | 28,2017 | 26,9891 . 6865 | 21.3830 | 10.0813 167788 14.4762 | 12.1736 9.8710 7.5687 5.2687 2.9020 .9300 | .01482
3.0. 32.8620 5604 | 282578 | 25.0552 | 23.8526 | 21.8500 | 10.0474 167449 14, 12.1397 9. 8371 7.5348 5.2349 2.9501 L9067 | 01305
3.1 32, 8302 30. 5276 28. 2250 25. 9224 23. 6198 21,3172 19. 0146 16.7121 14. 4095 12. 1069 9. 8043 7. 5020 5.2022 2.9273 . 8815 01149
3.2 32. 30. 4958 28, 1932 25. 8907 23. 5881 1. 2855 18, 16. 6803 14.3777 12.0761 9.7726 7.4708 5.1706 2. 8065 . 8583 01013
33. 32.7676 | 30.4651 | 28.1625 | 25.8509 | 23.55673 | 21.2547 | 18.9521 166405 14.3470 | 12.0444 | 9.7418 7.4396 51390 |  2.8668 .8361 | 008939
34, 73 30.4352 |  28.1326 8300 | 236274 | 21.2249 | 18.9223 16.6197( 14.3171 | 12.0145 9.7120 7.4097 5.1102| 2.837 .8147 | .007891
3.5. 32.7083 | 30,4062 | 28.103¢ | 25.8010 | 23 21.1959 | 18.8933 16.5907| 14.2881 | 11.9855 9. 6830 7.3807 5.0813 2.8009 .7942 | 006970
3.6. 32.6806 | 30.3780 | 28.0755 | 25.7720 | 23.4703 | 211677 | 18.8651 16.5625| 14.2500 | 11.9574 9. 6548 7.3526 5.0632 |  2.7827 7745 | 006160
37 32.6532 | 30.3508 | 28.0481 | 257455 | 23.4420 | 21.1408 | 18.8377 16.5351] 14,2325 | 11.0300 |  ©.6274 7.3252 5.0260 |  2.7563 .7564 | .005448
33, 32.6266 | 30.3240 | 28.0214 | 257188 | 23.4162{ 21.1136| 18.8110 16.5085) 14.2069 | 11.9033 9. 6007 7.2985 40003 |  2.7306 7371 | 004820
39 32,6006 | . 30.2080 | 27.0964¢ | 25.6028 | 23.3902 0877 | 18.7861 16.4825) 14.1709 | 11.8773 9.5748 7. 2725 4. 9735 2.7056 7194 | 004267
4 32. 567563 30. 2727 27. 9701 25, 6675 23. 3649 21.0623 18, 7598 16.4672| 14.1546 11. 8520 9. 5495 7.2472 4. 9482 2. 6813 . 7024 . 003779
ry 32.5506 | 30.2480 | 27.9454 | 254428 | 23.3402 | 21.0376| 18.7351 16.4325| 14.1209 | 11.8273 9. 5248 7.2226 49236 |  2.6576 .8859 | .003349
4. 32.5265 | 30.2230| 27.9213| 25.6187 | 23.3161 | 21.0136] 18.7110 16,4084] 141088 | 118032 95007 7.1985 4.8097 2.6344 -6700 | 002060
4 32.5020 | 30.2004 { 27.8078 | 25.5052 2026 | 20.9000 { 18.6874 a8 14.0823 | 11.7707 9.4771 7.1749 4.8762 2.6119 .6546 | .002633
4. 32,4800 | 30.1774 | 27.8748 | 25.5722| 23.2006 | 20.9670 | 18.6644 16.3619] 14.0503 | 11.7567 9. 4541 7.1520 4.8533 2. 5309 .6307 | .002336
45 ___ 32.4576 30. 1549 27.85623 25. 5497 23. 2471 20. 9446 18. 6420 16. 3304 14,0368 11. 9. 4317 7.1295 4.8310 2.5684 .6253 | .002073
46, 32,4355 |  30.1329 .8303 | 25,5277 | 23.2262 | 20.0296 | 18.6200 16.3174| 14.0148 1 117122  0.4007 7.1075 4.8091 2. 5474 6114 | .001841
47 32,4140 | 30.1114 { 27.8088 | 25.5062 | 23.2037 | 20.6011 | 18.5086 16.20500 13.9033 { 11.6807 |  0.3882 7.0860 4.7877 2.5268 .5979 | .001635
48 32.3920 1 30.0004 | 27.7878 | 254852 | 23.1826 | 20.8800 | 185774 16.2748] 13.9723 | 11.6607 9. 3671 7.0650 47667 | 25068 5848 | 001453
4.9, 32.3723 | 30.0697 | 27.7672 | 25.4646 | 23.1620 | 20.8604 | 18.5568 16.2542] 13.9516 |  11.6401 9.3465 7.0444 47462  2.4871 L5721 .001201
5.0, 32,3521 0405 | 27.7470 | 25.4444 | 23.1418 | 20.8392 | 18.5306 16,2340 13.9314 | 11.6280 |  9.3263 7.0242 4.7261 2.4870 -5598 | .001148
5.1. .3323 | 30.0207 | 27.7271 | 25.4246 | 23.1220| 20,8194 | 18.5168 16.2142) 13.9116 | 11.6001 0.3065 7.0044 47064 2.4491 5478 | 1001021
5.2. 32,3120 | 30.0108| 27.7077 | 25.4051 | 23.1026 | 20.8000 | 184074 16.1048| 138022 | 11.5896 | 9.2871 6. 9850 4.6871 2.4306 .5362 | .
5.3 32.2030 | 20.9013 | 27.6887 | 25.3861 0835 |  20.7809 | 18.4783 16.1758] 13.8732 |  11.5706 9, 2681 6.9650 4. 6681 2.4126 6250 | .
5.4. 32,2752 | 20.0726 | 27.6700 | 25.3674 | 23.0648 | 20.7622 | 18,4506 16.1571| 13.8545 | 11.5610 |  9.2494 6.9473 4. 6495 2.3948 5140 | .0007108
5.5 32.2568 | 290.9542 | 27.6516 | 25.3491 | 23.0465 | 20.7430 | 18.4413 16.1387] 13.8361 | 11.5336 9.2310 6.0280 4.63131 2,377 L5034 | .
5.6. 32.2388 | 20.9362 | 27.6336 | 25.3310 | 23.0285{ 20.7259 4233 16.1207] 13.8181 | 11.5155 9. 2130 6.9109 4.6134 2. 3604 -4030 | . 0006708
5.7. 32,2211 | 20.0185 | 27.6150 | 25.3133 | 23.0108 | 20.7082 | 18.4056 16.1030] 13.8004 | 11.4078 9.1053 6.8932 4.5058 2.3437 .4830 | 0005085
5.8. 32.2037 | 29.9011 | 27.5085 | 252050 | 22.9034 | 20.6008 | 18,3882 16.0856] 13.7830 | 11.4804 9.1779 6.8758 | 4.5785| 2.3%3 .4732 | .0004532
5.9. 32,1866 | 20.8840 | 27.5814 | 25.2789 | 22.9763 | 20.6737 | 18.3711 16.0685| 13.7650 | 11.4633 9.1608 |  6.8588 4.5616 2.3111 .4637 | 0004030
6.0. 32.1608 | 20.8672 | 27.5646 | 25.2620 | 22.9505 ( 20.6560 | 18.3543 16.0517] 13.7401 | 11 4465 9. 1440 6.8420 45448 2.2053 .4544 | 0003601
6.1 32.1633 | 20.8507 | 27.5481 | 25.2455| 22.0420 | 20.6403 | 18,3378 16.0352| 13.7326 | 11.4300 9. 1275 6.825¢ 45283 2.2797 L4454 | 0003211
6.2. 32.1370 | 29.8344 | 27.5318 | 25,2203 | 229267 | 20.6241 | 18.3215 16.0189| 13.7163 | 11.4138 9.1112| 6.8002| 4.5122] 2 .4368 | 0002884
6.3. 32,1210 | 20.8184 | 27.5158 | 252133 | 22.0107| 20.6081 | 18.3056 16.0020| 13.7003 | 11.3978 |  9.0052 6.7932 |  4.4963 |  2.2404 .4280 | 0002565
6.4. 32,1063 | 29.8027 | 27.5001 | 25.1076 | 22.8949 | 20.5923 | 18.2808 15.9872| 13.6846 | 11.3820 9.0795 6.7776 4.4806 2.2348 .4107 | .0002279
8.5. 32.0808 | 20.7872 | 27.4846 | 25.1820 | 22.8794 | 20.5768 | 18.2742 15.9717| 13.6601 | 11.3665 9.0640 6.7620 4.4652 | 2.2201 L4115 | 0002034
6.6 32.0745 | 20.7719 | 27.4603 | 25.1667 | 22.8641 | 20.5616 | 18.2500 15.9564| 13.6538 | 11.3512 9.0487 6.7467 |  4.4501 2.2058 . . 0001816
6. 32.0695 | 20.7569 | 27.4543 | 25.1517 | 22.8401 | 20.5465 | 18,2439 15.0414| 13.6388 | 11.3362 |  0.0337 6.7317 4.4351 2.1917 L3959 | . 0001621
6. 32.0446 29. 7421 27.4395 25. 1368 22,8343 20. 5317 18.2291 15. 13. 6240 11,3214 9. 0180 6.7169 4.4204 2,1779 . 3883 . 0001448
6. 32.0300 | 20.7275 | 27,4249 | 25.1223 | 22,8107 20.5171 | 18.2145 15.9110| 13,6094 | 113068 9.0043 6.7023 4.4059 2.1643 .3810 | 0001293
7. 32.0156 | 29.7131 | 27.4105 | 25.1070 | 22.8053 | 20.5027 | 18.2001 15.8976] 13.5050 | 11.2924 8. 9809 6.6870 4.3916 2.1508 .3738 | .0001165
7.1 0015 | 20.6080 | 27,3963 | 25.0937 | 22.7011 | 20.4885 | 18.1860 5.8834 . 5R08 | 11.2782 |  8.9757 6.6737 4.3775 2.1378 .3668 | .0001032
7.2 31.0875 | 29.6840 | 27.3823 | 25.0707 | 22.7771| 20.4746 | 18.1720 15.8604| 13.5668 | 11.2642 [  8.9617 6.6508 | 4.3636 | 2.1 .3609 | .00009210
7.3. 31.9737 | 20.6711| 27.3685 | 26.0659 | 22.7633 | 20.4608 | 18.1582 15.8556 13.5530 | 11.2504 8. 9479 6. 6460 4.3500 2.1118 .3532 | .00008239
7.4, 319601 | 20,6575 | 27.3549 | 25,0523 | 22.7497 | 20.4472 | 18.1448 15.8420| 13.5304 | 11.2368 8.9343 6.6324 4. 3364 2.0901 .3467 | . 00007364
7.5. 31.0467 | 20.6441 | 27.3415 | 25.0380 | 22.7363 | 20.4337 | 18.1311 15.8286| 13.5260 | 11.2234 8. 9209 6.6190 | @4.3231 2.0867 .3403 | .00D06583
7.6, 31,9334 | 29,6308 | 27.3282 | 25.0267 | 22.7231 | 20.4206 | 18.1170 15.8153| 13.5127 | 11.2102 2.9076 6.6067 43100 | 2.0744 .3341 | 00005886
7.7, 31.9203 29. 6178 27.3162 25. 0126 22. 7100 20.4074 18, 1048 15. 8022 13, 4997 11,1071 8.8946 6. 5927 4.2070 2.0623 .3280 | .00005263
7.8. 319074 | 20, 27,3023 | 24.0097 | 22.6071 | 20.3945 | 18.0919 16.7803| 13.4868 | 11.1842 8. 8817 6. 5798 4.2842 | 2.0503 .3221 | . 00004
7.9. 318047 | 20.5921 | 27.2805 | 24.9860 20.3818 | 180702 16.7766| 13.4740 | 111714 8. 8689 6. 5671 4.2716 20386 .3163 | .00004210
8.0 31.8821 | 20.5705 | 27.2760 | 24.9744 | 22.6718 .3602 | 18,0666 15.7640| 13,4614 | 11.1589 |  8.8563 6.5545 |  4.2601 92,0269 13106 | .00003767
8.1 318607 | 20.6671 | 27.2645 | 24.0619 20,3568 |  18.0542 16.75168| 134490 | 11.1464 | 8.8439 6. 5421 4. 2468 2, 0165 .3050 | .00003370
8.2. 31.8574 | 29.5548 | 27.2523 | 24.9497 | 22.6471 | 20.3445 | 18.0419 15.7303| 13.4367 | 11.1342 8.8317 6.5298 4.2346 2.0042 .2996 | 00003015
8.3. 31,8453 .5427 | 27.2401 | 24937 20,3324 | 18.0208 15.7272| 13.4246 | 11.1220 8.8195 6.5177 4.9226 1.9930 2943 | 00002609
8.4. 31,8333 29. 5307 27. 2282 24, 9256 22. 6230 20. 3204 18.0178 15.71562] 13.4126 11.1101 8. 8076 8. 5067 4. 2107 1. 9820 . 2801 . 00002415
8.5 3L.8215 | 29.5180 | 27.2163 | 24.0137 | 22.6112 | 20,3086 | 18.0060 15.7034| 13.4008 | 110082 | 8.7957 6. 4930 4.1900 19711 2840 | 00002162
8.6. 31.8098 | 29.5072 | 27.2046 | 2. 22.5905 | 20.2069 | 17.9043 15.6917) 13.3801 | 11.0865 8.7840 6.4822 4.1874 1. 9604 2790 | .00001936
8.7. 3L.7082 | 20.4057 | 27.1031 | 24.8905 | 922.5879 | 20.2853 | 17.98%7 15.6801] 13.3776 | 11.0750 [ 87725 6. 4707 4.1750 1.9408 2742 | 00001733
8.8. 317868 | 29.4842 | 27.1816 | 24.8790 | 922.5765( 20.2739 | 17.9713 15.6687| 13.3661 | 11.0635 8. 7610 6. 4502 4.1646 1.9393 2694 | 00001552
8.9. 317785 | 29.4720 | 27.1703 | 24.8678 5652 | 20.2626 | 17.9600 15.6574| 13.3548 | 11.0523 8.7497 6. 4480 4.153¢ 1.9290 2647 | 00001300
9.0. 31.7643 | 20,4618 | 27.1502 | 24.8566 | 22.5540 | 20.2514 | 17.9488 15.6462| 13.3437 | 110411 8. 7386 6.4368 41423 1.9187 12602 | .00001245
9.1 1.7633 | 20.4507 | 27.1481 | 24.8455 | 22.5420 | 20.2404 | 17.9378 15.6352] 13.3326 |  11.0300 8.7275 6. 41313 1.9087 L2557 | .00001115
X 317424 | 20.4308 | 27.1372 | 24.8348 | 22.53 20.2204 | 17.9268 15.6243| 13.3217 | 11.0101 8.7166 6.4148 4,1205 1.8087 .2513 | 000000988
31.7316 . 27.1264 | 24.8238 | 22,5212 | 20.2186 | 17.9160 15.6135| 13.3109 | 11.0083 8.7058 |  6.4040 |  4.1008 1.8888 2470 | .000008948
g 1.7208 | 29.4183 | 27.1157 | 24,8131 | 22.5105 | 20.2079 | 17.9053 16.6028| 13.3002 | 10.9976 8. 6051 6.3934 4.0902 1.8791 2 . 000008018
9. 31.7103 | 20.4077 | 27.1051 | 24.8025 | 224999 | 20.1973 | 17.8948 15.5022| 13.2896 | 10.9870 8. 6845 6.3828 4. 0887 1.8605 7287 | 000007186
9. 31.6008 | 20.3072 | 27.0946 | 247020 | 22.4805 | 20.1869 | 17.8843 15.5817) 13.2791 | 10.9765 8. 6740 6.3723 4.0784 1.8509 .2347 | . 0000064
9. 31,6894 . 38 27.0843 | 247817 | 224701 | 20.1765 | 17.8730 15.5713| 13.2688 | 10.9662 |  8.6637 6.3620 4.0681 1. 8505 L2308 | . 000006771
9.8. J| sue7102| 20.3786 | 27.0740 | 24.7714 | 922.4688 | 20.1663 | 17.8637 15,5611 13.2685 |  10.0569 £.6534 6.3517 4.0579 1.8412 19269 | .000005173
9.9-TTTTT01 316600 | 29.3664 | 27.0630 | 24.7613 | 224587 | 20.1561 | 17.85%5 156509 13.2483 | 10.9458 8.6433 6.3416 4.0479 1.8320 2

1 Values of argument, between 10-15 and 10-2 were computed by R. G. Kazmann with the assistance of Miss M. M. Evans. Values bet
and Trigonometric Integrals published by the Project for the Computation of Mathematical Tables of the Federal Works Agency in 1940,

20 (Tusp. 30

ween 10~3 and 9.9 were adapted from Table of Exponential
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paper and (2) the observed draw-down values are plotted on trans-

. 1 . 2 .
parent paper against ; for one observation well orz't— for a line of

observation wells to a logarithmic scale the same as that used for
plotting the type curve (see pls. 2-6), (3) the observed curve can be
fitted to the type curve in only one place. Then (4) from this fit the
value of W(u) and the corresponding valuc of « may be determined
from the type curve for any selected point on the observed curve,
which (5) may be used in conjunction with the observed values for that
point to determine 7' and S.

The coefficient of transmissibility is then computed by the formula

W)

T=114.6¢—= .. (90)
and the field coefficient of permeability
p_l4beW) 91)

m B

in which m is the average thickness of the water-bearing material. The
coefficient of storage is computed by the formula

uTt

Values of W(u)—that is, —Ei(—u)— and u, which are usad for
plotting the type curve, are given in the table facing this page.

The writer has applied this method for determining permeability
to the four Nebraska tests and to the Kansas test (pp. 146-147). The
coefficients of permeability determined from the draw-downs ir wells
located on a line through the pumped well and averaged in the same
manner as those in the limiting formula check very closely the permea-
bilitics computed by both the limiting and the gradient formulas.
However, the permeabilities computed by the non-equilibrium method
using the draw-downs in any one well differed considerably from
the permeabilities computed by the other methods and varied con-
siderably, depending on which well was selected for the computation.
This variation apparently was the result of the slow draining of the
unwatered material (see p. 110), which altered the form of the draw-
down curve from its theoretical form by making it relatively too steep
for a time after pumping began and relatively too flat toward the end
of the period of pumping. It is tentatively concluded, therefor:, that
at least for water-table conditions the coefficient of permecability
should be determined by the non-equilibrium method only frem the
draw- downs in observation wells located on a line through the pumped
well, i. e., from the shape of the cone of depression rather than from
the shape of the draw-down curve.
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PERMEABILITY OF WATER-BEARING MATEPIALS
RELATION BETWEEN EQUILIBRIUM AND NON-EQUILIBRIUM FORMULAS

The relation between the equilibrium and non-equilibrium formulas
may be shown by the following analysis. The draw-downs s; and s,
at two distances r, and r,, respectively, on the cone of depression at
time ¢ are given by the non-equilibrium formula -

114.6
s=—7p IW) oo (93)
114.6
=t W) (94)
Hence
114.6
= (W — W) ) (95)
uy=> '8:;,;"3 _____________________ (96)
and .
1.87r:.28
WL,/ o)
Let 1—3,78—-(1 then, uy=—ar? and us=—ar,?.
. . - CLT‘] 4 3,r 6
W(u,) =—0.577216 —log,.ar®+ar, 22,—!—35, IR (98)
3,6
W (u5) = —0.577216—log,ary’+ar,— ;”j,+"3’d’, Z’:, ... (99)
. ar®, atnt a3r16 d
Let Alzarl—— '+dd‘ aar ., an
ars? | airt  alrd
Av=ard—g o1+ 55 g1 -
Then
Wu,) — W(u,) =—log.ar®+ A, +logar?— Ay _ . (100)
2
=loge:—‘f2+Al—A2 ________________ (101)
2
=2.30259 logioz+Ai— Ao .. (102)
1
—4.60518 logw’;;“’+A1-—A _________ (103)
1
Substituting equation (103) in equation (95)
527 7
1= =" logu (Ay—Ap) oo oo (104)
Since Pim=1T
527.7 2
81— 8= P, qloslor (A1 A2) ----------- (105)
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The equilibrium formula may be written

Hence the non-equilibrium formula differs from the equilibrium formula
only by A,— A4;. When the time of discharge ¢ is large 4, — A4; becomes
practically negligible and the two formulas become essentially equal.

METHODS BASED ON CHANGE IN RATE OF DISCHARGE FROM WELLS

It is sometimes possible to determine the permeability of vrater-
bearing materials in areas where the withdrawal of water from wells
must be almost continuous and therefore where the undisturbed water
level cannot be ascertained, for example, in cities where wells crnnot
be shut down except for short periods. Neither the equilibrium nor
non-equilibrium formulas can be directly applied under such conditions
because the draw-down of the water level resulting from the with-
drawal cannot be determined. However, application of the formulas
with modification can be made providing the withdrawal from the well
or group of wells can be maintained at a constant rate for an appreci-
able time and then changed to another rate that can be maintained
uniformly for a similar period. The permeability is computed by
utilizing the change in the draw-down of the water level in observation
wells caused by the change in rate of withdrawal from the discharging
vells. Where water is withdrawn from only one well the center of
pumping may, of course, be considered at that well, but where the
vithdrawal is from a group of wells the center of pumping must be
computed from the location of the wells and from the relative dis-
charge of each well.

Application of equilibrium method.—For the use of the equilibrium
method it is necessary that the withdrawal from the discharging well
be kept at a constant rate ¢, until the cone of depression reaches essen-
tial equilibrium in form from the discharging well to the farthest
observation well—that is, to the distance r,. The withdrawal then is
changed to a constant rate @, and is maintained at this rate until the
cone of depression again reaches essential equilibrium in form to the
farthest observation well. The change in rate of withdrawal can, of
course, be from a selected rate to either a higher or lower rate. For the
withdrawal rate @, let z; and z, be the depths in feet below established
measuring points of the water levels in two observation wells Iccated
at distances r; feet and r, feet from the discharging well, and for the
withdrawal rate @, let Z, and Z, be the corresponding depths to the
water level, in feet, below the same measuring points. The depths
to the water level for both rates of withdrawal must be measured after
the cone of depression has reached essential equilibrium in forrr.

The difference between the two withdrawal rates (@;—@,) in g~llons

803464—42——7
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a minute causes the water level in the near observation well to change
(21—2Z,) feet and the water level in the distant well to change (2,—Z,)
feet. Thus by the equilibrium formula

L 10554 @) logi: 107)
r (my+me) (8, — 21— 2+ Z,)

where P, is the field coefficient of permeability in Meinzer’s units;
m, is the average thickness in feet of the water-bearing material at the
two observation wells for the withdrawal rate @,; m, is the average
thickness, in feet, of the water-bearing material at the two observation
wells for the withdrawal rate @,, and the other symbols are those de-
scribed above.

Application of non-equilibrium method ®—Permeability may be com-
puted by the non-equilibrium method from the change in draw-down
in one well caused by the change in rate of withdrawal from the
discharging well, or from the change in draw-downs that occur in a
line of wells due to the change in rate of withdrawal.

For the computation with one observation well periodic measure-
ments of the depth to the water level below an established point are
made in the well during the period with the rate of withdrawal @,
and also during the period with the rate of withdrawal @,. A curve
similar to that shown by the solid line in figure 9 is obtained. The
draw-down curve corresponding to the rate @; is extrapolated through
the period of withdrawal corresponding to €, as is shown by the
dashed line. The draw-down Z;, due to the difference in rates of
withdrawal (@, —@,) is equal to the vertical distence between the
extrapolated and observed curves. Hence, by the non-equilibrium
formula

7
T_—“P/m:114.6 (Q1—Q2) (W‘éu)>, _________ (108)
1
in which T is the coefficient of transmissibility; P, is the field
coefficient, of permeability in Meinzer’s units; m is the average thick-
ness of water-bearing material, in feet; W(u) is the “well function”;
and the other symbols are those defined above. Tte well function is

. . . 1
obtained by plotting values of Z, against corresponding values of y

on log log paper (where ¢ is the time after the rate of withdrawal Q,
began, in days) and matching this curve with the type curve also
plotted to the same scale on log log paper. The value of W(u) corre-
sponding to some value of Z, is obtained from the type curve. (See
pp. 88-89.) This value of W(u) is substitutedin the above equation to
obtain P;.

8 Jacob, C. E., personal communication, 1938.
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For the computation with a line of observation wells the depths to
water level during the two periods of withdrawal Q, and Q, are meas-
ured periodically as for the computation with one observatior well.
Also, the draw-down curve for each well for the withdrawal rate Qy
is extrapolated throughout the period of withdrawal @, in the manner
previously described. Then the draw-down in each observation well
caused by the difference in rates @,—@, at any time ¢ days after the
beginning of the rate of withdrawal @, is equal to the vertical distance
between the observed and extrapolated curves for that well (fig. 9)

Pumping rate Qi Pumping rate Qz L

DEPTH TO WATER LEVEL BELOW MEASURING POINT

PERIOD OF PUMPING

F1GURE 9.—Diagram showing method of obtaining the draw-down Z; caused by a change in rate of
withdrawal.

Let these draw-downs be Z,, Z,, Z;, and the corresponding distances
to the observation wells from the discharging well be 7, 75, 7. Then
re Tyl

2
7 andr—; are plotted on log log paper against correspcnding

values of Z,, Z,, Z;, and the curve drawn through the plotted points
is fitted to the type curve to obtain a value for W(u) correspcnding
to one of the values of Z (see pp. 88-89). The field coefficient of per-

meability P,, expressed in Meinzer’s units, is then determined from
the formula

T—Pm=114.6 (Qi— Q) (Wg‘)) ........... (109)

in which the symbols are those given above.
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RECOVERY METHODS

Many investigators bave observed the recovery of the water level
or pressure head in a well after the discharge frorm it has stopped.
The recovery curve obtained from observations of this kind by plot-
ting the residual draw-down against time since the discharge stopped
is generally a very smooth curve that approaches zero residual draw-
down when the time is long. Obviously, the rate of recovery of the
water level in & well is related to the permeability of the water-bearing
material through which the water percolates to the well and to the
specific yield or elasticity of the formation. The rate of recovery
also depends on the rate of discharge and on the period of time the
well was operated prior to the shut-down. The quantitative inter-
relation of these factors, together with the complexity of the problem
of radial flow as it occurs under field conditions, has as yet not been
completely evaluated.

Slichter ® published a formula for determining the specific capacity
of a well from observations on the recovery of the v-ater level. This
formula might be utilized to determine the permeability of the water-
bearing materials, but such use was not suggested by Slichter. Theis *
has proposed a very promising method but one whose application to
field conditions requires further study. Muskat *? recently published
a formula similar to that of Slichter, but for determining permeability.
An outline of these methods is given below.

Slichier formula for determining specific capacities of wells.—Slichter
gives the following formula for computing the specific capacity of a
well from observations on the recovery of the water level in it after
pumping has stopped.

0=17.25 ‘%logm e (110)

in wbich O is the specific capacity of the well, in gallons a minute per
foot of draw-down; A is the cross-sectional area of the well casing, in
square feet; t is the time after pumping stopped, in minutes; s; is the
draw-down of the water level just before pumping stopped, in feet;
and s, is the residual draw-down, in feet at time . ‘

Slichter found that, with the same draw-down at the end of the
period of pumping, the recovery was much slower after a long period
of pumping at & slow rate than after a short perio¢ of pumping at a
more rapid rate. He explains this as follows: *#“* * * during the
short period of pumping * * * the cone of influence had not

® Slichter, C. S., The underflow in Arkansas Valley in western Xansas: U. S, Geol. Survey Water-
Supply Paper 153, p. 61, 1906,

81 Theis, C. V., The relation between the lowering of the piezometric surface amd the rate and duration of
discharge of a well using ground-water storage: Am. Geophys. Union Trans. 1335, p. 522.

92 Muskat, Morris, Use of data on the build-up of bottom-hole pressures: Am. Inst. Min, Met. Eng.
“Trans., vol. 123, pp. 44-48, 1937.

9 Slichter, C. S., op. cit., p. 61.
™ Slichter, C. 8., op. cit., p. 72.
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extended as far as in the first case, and there was therefore less un-
saturated soil to fill with water and a steeper slope of the ground-water
surface.”” As a result, the specific capacity of the well as computed
from the recovery curve of the first test differed from the value com-
puted from the second test.

Theis formula.—The Theis formula for determining permeebility
from the recovery of the water level in a well is based on the assump-
tion that if a well is pumped, or allowed to flow, for a known period
and then left to recover the residual draw-down at any instart will
be the same as if the discharge of the well had been continued but a
recharge well with the same (flow) had been introduced at the same
point at the instant the discharge actually stopped.

The residual draw-down at any instant after discharge has stopped
is expressed by Theis ® as follows:

1146q @ e~ 4 @ et
TT fm?‘m“ J;.sms—u—du ....... (111)
Tt Ty )

in which s is the residual draw-down in feet; ¢ is the discharge of the
pumped well in gallons a minute; 7 is the coefficient of transmissibil-
1ty (see p. 10); r is the distance in feet from the axis of the pumped or
flowing well to the point on the cone of depression where the recovery
is being computed; S is the coefficient of storage (see p. 87); ¢ is the
time since pumping began in hours; and ¢’ is the time since pumping
stopped in hours.
Theis states that in and very close to the discharging well the quan-

tity

1.87728

TP mmmmmmmmmeme e

vill be very small as soon as i’ ceases to be small, because r is very
small, and therefore that the value of the integral will be given very
losely by the first two terms of

—0.577216—log.u+u— ‘)'-I—3 Al - (86)

Hence if

1.87r*S
L= F -mmmmmmmmmmm e nns (113)
= 0.577216—log,~— (0 577216—log, t’)]" (114)
114 6

X [—— (15)
&nd =26s—4_q loglot_t, _________________ (116)

9 Theis, C. V., op. cit., p. 522,
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t
logio 7

S

The value of should be determined graphically by plotting

logmti, against s. If most of the points do not fall on a straight line

the formula cannot be used.®® If they do, the presumption is that it
probably can be, although it is also possible that the line will remain
straight although the transmissibility computed thereby may be in
error. According to Theis, if the points plot as a straight line, the
t

]-OglO P

value for should be taken as the slope of the line.

s

The straight line obtained by plotting logmt—t, against s should pass

through the origin. In some instances, however, such as for the Grand
Island and Scottsbluff tests, it does not do so (see pp. 125, 141). In
these tests the coeflicient of transmissibility computed by using the
slope of the line does not agree with that computed by the limiting
formula, gradient formula, or non-equilibrium formula, all of which
give very nearly the same value. However, by empirically applying
a factor to the Theis formula to make the straight line pass through
the origin, values for transmissibility were computed that agreed
closely with those determined by the other methods. With the
empirical correction factor the Theis formula is as follows:

264q t+c

T= S ]OgloT ---------------- (117)

where ¢ is the value whose magnitude is such that the straight line
determined by plotting logyg tti,c against s will pass through the origin.

It may be fortuitous that such a correction gives transmissibility
values that check with those computed by the otlher formulas, and
more tests must be made before such a correction can be applied with
assurance.

Muskat formula.—Muskat ¥ gives the following formula for deter-
mining permeability from the recovery in a well.

Te
T

Guloe.5, (118)

2mm

in which P is the sand permeability; m is the sand thickness; u is the
viscosity of the fluid; r, is the well radius; and r, is the distance at

® Theis, C. V., personal communication, 1937,
¢7 Muskat, Morris, op. cit., p. 46.
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vhich the draw-down .is inappreciable at the time the well is dis-
charging. This formula is similar to the general equilibrium formula

for artesian conditions (p. 79) except that is replaced by C.

31_82
C is computed by the formula
_ a he—hi
O_Fﬂ log. ho—h - (119)
in which @ is the cross-sectional area of the well; p is the density of the
fluid; g is gravity; ¢ is the time since pumping stopped; k. is the initial
vrater level, k; is water level at the end of the pumping period—that is,
vhen t=0; and & is the water level at time ¢.
Muskat states that the plot of ¢ against the log of h.—% should be a

straight line whose slope equals p_gdg_ Unless the points plot approxi-

mately on a straight line the method cannot be used. This method,
I'ke Slichter’s, does not take into consideration the length of time
that the well discharged prior to the time of shut-down.

ADVANTAGES AND DISADVANTAGES OF DISCHARGING-WELL METHODS

The discharging-well methods, in attempting to determine per-
meability of the water-bearing material in place, possess a large
¢dvantage over laboratory methods, in which the material must
recessarily be removed and in many instances rearranged before tests
¢re made. Moreover, if the permeabilities are determined by the form
¢f the cone of depression over a relatively large area they represent
the average permeability of the formation, taking into consideration
the many vertical and horizontal variations in the arrangement of
te water-bearing material. The permeabilities so determined are
more applicable to rather wide areas than determinations made on a
less comprehensive scale.

On the other hand, the several discharging-well formulas are tased
cn the assumption of ideal conditions that generally are not found
in nature. All of the methods assume an initial water table or
Tiezometric surface that is horizontal and a water-bearing material
that is homogeneous, whereas the water level in most areas has an
criginal slope and probably all formations are at least somewhat
heterogeneous in character. The equilibrium formula assumes a
condition of equilibrium over the whole cone of depression, a condi-
tion that presumably will never occur. All methods assume that
the pumped well penetrates completely through the water-bearing
formation and that water can enter the well through the water-bearing
raterial at any point opposite the casing and below the water level
vhile the pump is discharging, whereas some wells do not extend
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through the formation and many are not perfor~ted or screened
through the entire aquifer. All methods assume a constant thickness
of water-bearing material resting on a horizontal confining layer, but
most formations vary in thickness and have a dip. The non-equilib-
rium formula assumes that water taken from storage in the formation,
either as a result of a decline of the water table or by the compaction
of an artesian aquifer and the associated beds of fine-grained mate-
rials, is removed instantaneously, whereas the material generally
yields water slowly. The non-equilibrium formula assumes a constant
thickness of saturated water-bearing material, but where there is a
water table this thickness is reduced by the decline of the water table
due to pumping. All the formulas assume that water percolates to
the well horizontally and that there is no vertical movement, whereas
vertical movement must occur under water-table conditions and
under artesian conditions if the discharging wel is not entirely
open opposite the water-bearing material or if the well does not
completely penetrate the material.

The effects of these differences between theoretically assumed
conditions and those actually found in nature may be of sufficient
magnitude to vitiate the results obtained by an indiscriminate use
of many of the formulas for determining permeability. Several
investigators have found the formulas unsatisfactor;7, chiefly because
of these differences. However, it is often possible to obtain consistent
results if allowances are made for the various differences, as is done
in the limiting formula. '

BEHAVIOR OF THE WATER LEVEL IN THF VICINITY OF
A DISCHARGING WELL

As soon as a pump begins discharging water from a well that pene-
trates a water-bearing formation with a water teble, a hydraulic
gradient from all directions is established toward the well and the
water table is lowered around the well. The vrater table soon
assumes a form comparable to an inverted cone, although it is not a
‘true cone. Where the water-bearing material is homogeneous, this
cone of depression will be circular if the initial or static water table
is horizontal but somewhat elliptical if the initial vrater table has a
slope. Some water-bearing material will be unwatered by the decline
of the water table, and the water drained from this material will
percolate to the pumped well. Thus for a short time after pumping
begins most of the water that is pumped from a well comes from the
unwatered sediments comparatively close to the pumped well, and
temporarily very little water may be drawn to the well from greater
distances. However, as pumping continues, a hydraulic gradient
that is essentially an equilibrium gradient will be established close to
the pumped well, and water will be transmitted to the well through
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the water bearing material in approximately the amount that is being
pumped.

The decline of the water table and the resultant unwatering of
material in this area will then be much slower. This neces-itates
the percolation of more water from greater distances, and the cone
of depression will expand, gradually draining material at greater
distances. Thus as the pumping of the well continues, more of the
formation will gradually be unwatered, an equilibrium gradient
which will transmit to the well approximately the amqunt of water
that is being pumped will be established at increasing distances from
the well, and an appreciable draw-down of the water table will be
noted farther from the well. Inasmuch as an equilibrium gradient
can be established at increasing distances from the pumped well
only by steepening the hydraulic gradient, which in turn can be
created only by an increase in draw-down, the water table near the
pumped well, in order to maintain an approximate equilibrium
form, will continue to-lower indefinitely, but at a decreasing rate.
If no water is added to the formation, the water table will continue
to decline, so long as the well is pumped, and the cone of depression
will eventually extend to the limits of the formation. Recherge to
the formation may, however, halt the development of the cone of
depression by furnishing additional water, which will become a supply
for the pumped well.

Under artesian conditions the piezometric surface behave: in a
manner very similar to its behavior under water-table concitions.
However, water is not generally removed from storage by the unwa-
tering of a part of the formation but presumably by the comgpaction
of the aquifer and associated beds of fine-grained material due to the
reduction in pressure head. Whether the compaction of the aquifer
and associated beds is strictly proportional to the decline in pressure
is not known, but probably the compaction increases with the decline
in pressure, and thus the compaction is greatest near the disckarging
well. Hence the quantity of water squeezed out of the formation 1s
greatest near the well. The squeezing out of water from the forma-
tion by compaction delays the developmernt of the cone of depression
in much the same way that the development of the cone of depression
for water-table conditions is delayed by the unwatering of part of
the formation. However, the quantity of water removed from an
artesian aquifer by compaction is in most instances much less than
the quantity of water removed by the unwatering of a part of a forma-
tion, and the draw-down of the piezometric surface and develcvment
of the cone of depression under artesian conditions usually is more
rapid than under water-table conditions.

One distinct difference exists between the removal of water from
storage from artestian aquifers by compaction and the removal of
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water from storage from a formation in which a water table exists
by the unwatering of a part of the formation. The specific yield *
of the formation is not related to the thickness of the formation, hence
lowering of the water table a given amount will release the same
quantity of water to the pumped well regardless of the thickness of
the formation. On the other hand, the amount of compaction of an
aquifer and associated beds depends on their thickness, and hence a
lowering of the water level of a given amount in a well discharging
from an artegian aquifer will release more water to the well if the
beds are thick than if they are thin.

It has been found by many investigators that a material after being
saturated and allowed to drain will yield water for a considerable
period. Although the material may yield a very large percentage of
the water in it in a few hours or days, it may continue to yield small
amounts for several years. The sand and gravel unwatered during a
pumping test near Grand Island, Nebr., drained in such a manner
that the computed specific yield of the material was 9.2 after 6 hours
of pumping, 11.7 after 12 hours, 16.1 after 24 hours, 18.5 after 36
hours, and 20.1 after 48 hours of pumping.®® A much longer period
of pumping would be required before the true specific yield of the
material would have been reached. The true sp-cific yield was
estimated to lie between 22 and 23.

Where the initial water table or piezometric surface is horizontal
and the ideal conditions outlined on page 77 exist, we.ter percolates to
a discharging well from all directions, moving on about straight lines.
Equal quantities of water percolate to the well through concentric
cylindrical cross sections. In most places, however, the initial water
level is not horizontal and as a result water percolates to the dis-
charging well in somewhat circuitous paths. Because the slope
of the cone of depression is steeper upgradient from the discharging
well than downgradient, more water percolates to the well from the
upgradient side. The slope of the cone downgradient becomes
progressively less than the slope at the corresponding distance up-
gradient, and at some distance downgradient from the well the water
table or piezometric surface is horizontal. This point lies on the
ground-water divide. The ground-water divide extends upgradient
in the general form of a parabola and separates the water that even-
tually percolates to the well from that which percolates downgradient

9 The specific vield of a formation is defined by Meinzer as the ratio of (1) the volume of water which,
after being saturated, it will yield by gravity to (2) its own volume. (U. 8. Ge»l. Survey Water-Supply
Paper 494, p. 28, 1923.)

8 Wenzel, L. K., The Thiem method for determining permeability of water-bearing materials: U. S.
Geol. Survey Water-Supply Paper 679, p. 55, 1937.
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past the well.! All the water below the divide percolates away from
the discharging well and all water above it percolates toward the well.
If withdrawal of water from the well continues at a uniform rate, the
cone of depression gradually becomes larger, and the ground-water
divide gradually moves downgradient but at a decreasing rate.

BEHAVIOR OF THE WATER LEVEL IN THE VICINITY OF
A WELL AFTER ITS DISCHARGE HAS STOPPED

After the discharge of a well is stopped, water momentaril” con-
tinues to percolate toward the well under the hydraulic gradient set
up during the period that the well was discharging, but instead of
being discharged by the well it refills the well and the interstices of
the material that were unwatered, or, under artesian conditions, it
expands the aquifer and associated beds to about their original
capacity. As the formation near the well is gradually refilled, the
hydraulic gradient toward the well is decreased and the recovery
becomes progressively slower. At distances comparatively far from °
the well the water level may continue to lower for a considerable time
after the discharge ceases because at those distances water still is
taken from the interstices of the material to supply the water that
refills the sediments around the well. In time there is a g3neral
equalization of water levels over the entire region, and the water
table or piezometric surface will assume a form similar to that it had
under the initial conditions, although it may remain temporarily or
permanently somewhat lower than before water was withdrawn.

In the Grand Island test,? as well as in the other Nebraska tests,
the water table very close to the pumped well approximately regained
its initial slope very soon after pumping stopped. Even though the
water table close to the pumped well at first had a greater amount to
recover, the rate of rise after a certain time reduced to about the rate
of rise of the water table at greater distances and the remaining
draw-down at both distances became approximately the same. Thus
12 hours after pumping stopped in the Grand Island test the remain-
ing draw-down was 0.77 foot at 24.9 feet, 59.9 feet, and 114.4 feet
from the pumped well, although at the time pumping stopped the
draw-downs were respectively 4.03, 2.81, and 2.03 feet. Presumably,
at some later time the rate of recovery out to a distance greater than
115 feet would become the same.

1 Contonrs op the water table and the position of the ground-water divide for five different times after
pumping began in the Grand Tsland test are shown in U. S. Geol. Survey Water-Supply Paper 679, plate 6.
The lines of flow of ground water toward a discharging well in a region with an initial sloping water level is
shown in U. 8. Geol. Survey 19th Ann. Rept , pt. 2, pl. 17, 1898.

3 Wenze), L. K., The Thiem method for determining permeability of water-bearing materials: U. 8. Geol.
Survey Water-Supply Paper 679, p. 35, 1937,
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EFFECT OF DIFFERENCES BETWEEN THEORETICAL
ASSUMPTIONS AND FIELD CONDITIONS ON PERMEA-
BILITY METHODS

INITIAL SLOPING WATER TABLE OR PIEZOMETRIC SURFACE

A fundamental assumption on which the discharging-well methods
are based is that the initial water table or piezometric surface is
horizontal and hence that no movement of ground water exists prior
to the time that the well is pumped or allowed to flow. Such a
condition is not generally found in nature. As previously stated, if
the initial water level was horizontal, water particlez would percolate
to the discharging well from all directions on mor> or less straight
lines, but if the initial water level was sloping, the water particles
would take a more circuitous path. In the first case the movement
of water will be normal to concentric cylindrical crovs-sectional areas
around the discharging well, whereas in the second cese the movement
of water will be normal to irregular-shaped cross-sectional areas.
With an initial sloping water table or piezometric surface the move-
ment of water presumably is normal to cylindrical cross-sectional
areas at only two places—directly upgradient and directly down-
gradient from the discharging well. The limiting formula attempts
to compensate for this by averaging the draw-dovns at equal dis-
tances upgradient and downgradient from the disclarging well, and
the gradient formula does likewise by averaging the gradients.

Some investigators believe that an initial sloping water table has
no effect on the permeability formulas. Slichter?® states that “the
flow into the well is unmodified by the general motion [initial move-
ment of the ground water, for the loss of velocity on one side of the
well is just balanced by the gain of velocity on the other side.”” This
presumably infers that the draw-down of the water level will be the
same regardless of whether the initial water level is sloping or is
horizontal.

Turneaure and Russell* utilize the quantity of water normally
flowing in the ground in computing for their formula (p. 80) the value
of R, the distance from the well at which the draw-down is inappreci-
able. They state that ‘ Assuming that all the water in the circle of
influence flows into the well, the width of the strip of the ground-water
stream tributary to the well will be 2R, and the original cross-section
of this portion of the ground-water stream is 2RH.” Then

3 Slichter, C. 8., Theoretical investigation of the motion of ground waters: U. 8. Geol. Survey 19th Ann.
Rept., pt. 2, p. 371, 1899.

4 Turneaure, F. E., and Russell, H. L., Public water Supplies, 3d ed., p. 2568, New York, John Wiley &
Sons, Inc., 1924,
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*1 which @ is the flow in cubic feet a day, Cis a coefficient of permea-
Wility, I is the slope of the initial water level in feet per foot, H i~ the
t~ickness of saturated water-bearing material in feet, and p is the
~orosity expressed as a ratio. :

T'y substituting the value of @ from their equilibrium formula (equa-
t'on 63)
72
=) (122)
2IH loge;-

in which & is the thickness of the saturated water-bearing material at
te wall of the pumped well in feet; 7 is the radius of the well in feet;
and the other factors are those given above.

This procedure is based on the assumption that a condition of equili-
krium will result when the cone of depression extends to a width of 2R,
a premise that appears to be open to question. Prior to develop-
raent, natural recharge to the water-bearing formation probably about
L ~lances the natural discharge—that is, over a period of years there is
r 0 net increase or decrease in ground-water storage. The withdrawal
of water from a well, however, represents an additional draft or the
snpply that disturbs the balance between recharge and discharge.
Lquilibrium now can be obtained only if the natural recharge is
increased by an amount equal to the withdrawal from the well or if
the discharge from the formation is decreased by that amount. Thus
i*, is obvious that the cone of depression resulting from the discharge
of the well must ultimately extend to either the part of the formetion
v-here natural recharge occurs or to the part where natural discharge
azcurs, or both, and that these parts of the formation may be many
times the distance R, as computed by the Turneaure and Russell
formula.

In cach of the five pumping tests described later in this report
(»p. 117-146) the draw-downs of the water table in observation wells
<ituated upgradient differed somewhat from the draw-downs at the
corresponding distances downgradient. Whether the differences are
due in part to the effect of an initial sloping water table is not known.
In the Kearney, Scottsbluff, and Wichita tests most of the draw-downs
1pgradient were greater than those at corresponding distances down-
r-adient, whereas in the Grand Island and Gothenburg tests the reverse
~ag true (see following table).
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Observed draw-down in feet, of the water level

Grand Island Kearney Gothenburg Scot*s Bluft Wichita
(48 hours) (24 hours) (24 hours) (15 hours) (18 days)
Distance {from "
pumped well Up- |Down-| Up- |Down-| Up- |Down-| Up- {Down-| Up- |Down-
gradi- | gradi- | gradi- | gradi- | gradi- | gradi- | gradi- | gradi- | gradi- | gradi-
ent ent ent ent ent ent ent ent ent ent
3.14 2.93 7 3.88 5.13 6. 69 5.91 5.48
2.11 9 A

6.93
4.87 4.73 4.58 4.31
g 9

1.57 4.03 X

1.22 3.55 S
.95 R IS,
.74 2.86 2.61
.46 2.36 2. 06
.29 1.98 1.62
.20 1.67 1.36

1190 feet from pumped well.

An inspection of the draw-downs given in the table indicates clearly
that a wide range in computed coefficients of permeability can be
obtained by indiscriminately substituting in the permeability formulas
the draw-downs on opposite sides of the pumped well. For example,
in the Kearney test, the difference in draw-down between 200 feet
upgradient and 250 feet downgradient is 0.42 foot, whereas the
difference between 200 feet downgradient and 250 feet upgradient is
only 0.19 foot. Computations based on the latter value will give a
coeflicient that is about 220 percent greater than the coeflicient com-
puted by the larger difference in draw-downs. The range in coeffi-
cients computed in this manner may be very much wider than that
in the example given above, and when the draw-down on one side of
the discharging well is less than the draw-down at a greater distance
on the other side of the well the computed coeflicient will, of course,
be negative. This further emphasizes the necessity of adhering
rather rigorously to the system of average draw-downs that is used
in the limiting formula or the system of average gradients that is
used in the gradient formula.

HETEROGENEITY OF WATER-BEARING MATERIAL

All the permeability methods depend for their precise application
on the assumption that the water-bearing material is entirely homo-
geneous in character or that the material has an average homogeneity
that is proportional to the average coefficient of permeability that is
computed from several individual determinations. Thus the average
coefficient of permeability of a material is taken as the average of the
determinations made in the laboratory on several samples of the ma-
terial or as the average of individual values weighted according to
the proportion of thickness or width of the material that each sample
represents. Similarly, the average coeflicient of permeability deter-
mined from tests of ground-water velocity is usuelly taken as the
average permeability computed from the several velocities and from
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the average of porosity determinations. The methods based on the
discharge of wells also assume a homogenous water-bearing material.

That most water-bearing formations are more or less heterc zeneous
in character is widely recognized. The percolation through a water-
bearing material is directly proportional to the character and arrange-
ment of the material—that is, to its permeability—and thus the range
in ground-water percolation may be equivalent to the range in perme-
ability. It has already been pointed out that coefficients of permeabil-
ity for different materials have a wide range—that for a gravel
determined in the hydrologic laboratory of the Geological Survey is
450,000,000 times that of a clay—and hence the rangein percolation
through the material is proportional. The range in the permeability
of similar materials is, of course, less than that given above, but it
may still be very large, especially in alluvium and other rather hetero-
geneous deposits. The failure to recogrize a comparatively small
cross section of material of extremely high permeability may result
in an average value for permeability that is much too low and accord-
ingly the computed percolation will be correspondingly low. Thus
it is essential that the heterogeneity of the water-bearing materials
be carefully taken into consideration.

The water-bearing material may be so heterogeneous in character
that the discharging-well methods cannot be applied. In such
material, the resulting draw-down and recovery of the water level
may be very erratic and the permeabilities computed therefrom may
have very little relation to the actual permeability of the formation.
Although some investigators have taken the average of permeabilities
computed by substituting combinations of erratic draw-down values
in the permeability formulas to represent the average permeability
of the water-bearing material, such a procedure does not appear
likely to yield reliable results.

If permeability is computed by laboratory methods, sarples of
material should be collected from all parts of the formation in order
that material of very high or very low permeability will not be over-
looked. Consideration should also be given to the collection of the
samples. Samples taken during the drilling of a well may not repre-
sent the arrangement and character of the material in place end thus
the permeabilities determined from them may not be strictly applicable
to the undisturbed material. Although discrepancies of this kind
are probably largely compensated by collecting a considerable num-
ber of samples, it is not likely that clean material of very high perme-
ability, especially that consisting of coarse gravel, will be brought to
the surface as such, and thus the likelihood of obtaining samples of
very high permeability is not great. Moreover, in most laboratory
methods, very coarse material is eliminated because of the undesirable
effect on the determinations.
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Permeabilities determined by tests of ground-weter velocity are
likely to be maximum rather than average values in areas where the
water-bearing material is heterogeneous. The movement of water
will, of course, be much more rapid through the parts of the material
that are comparatively permeable than through the parts that are less
permeable. The substance used for measuring the rete of percolation
will move accordingly and thus the ground-water velocity determined
from the lapse of time between the introduction of the substance in
the upgradient well and its detection in a receiving well is likely to be
the velocity through the more permeable part of the material. Slich-
ter observed two or more velocities in some tests made by the
electrolytic method. For example, on Long Island, 17. Y., two veloci-
ties, one 96 feet a day and the other 6.9 feet a day, were recorded in
the same test.®

In the immediate vicinity of wells the permeability of the water-
bearing material is likely to be different from that in other parts of the
formation. During the withdrawal of water some clay, silt, and sand
are usually removed from the part of the formation around the well
by the movement of water to the well. Definite efforts are often
made to remove this finer material after construction of wells by
pumping the wells at rates greater than those at which they are to be
operated. Gravel and sand are packed around the casings of some
wells. In all such well development or gravel-packing the intent is to
increase the permeability of the material around the well and thus to
decrease for a short distance from the well the hydraulic gradient
toward the well. This in turn reduces the draw-down in the well from
that which would have occurred for the same discharge had the
character of the material around the well remained unchanged.
Gravel packing and well development increase the efective radius of
the well, the direct determination of which is not possible.

The change 1n permability of the water-bearing material around the
well is, of course, reflected by a change in the draw-down of the water
level for a short distance from the well and constitutes one of the
reasons why draw-downs close to discharging wells should not be used
in the discharging-well formulas. Because of the change in perme-
ability of the material around a well, the draw-down of the water level
in the well is not likely to be closely related to the permeability of the
undisturbed material. This is reflected by the large range in yields of
wells of the same diameter that is often observed in developed areas.
As a result, there appears little justification for the determination of
permeability by substituting in the permeability formulas either the
draw-down in the discharging well or the draw-down at the wall of
the well for the draw-down at one point on the cone of depression.

b Slichter, C. S., Field measurements of the rate of movement of underground waters: U. 8. Geol. Survey
‘Water-Supply Paper 140, p. 78, 1905.




THEORETICAL ASSUMPTIONS AND FIELD CONDITIONS 107

Some formations consist of alternate layers of clay, silt, sand, and
gravel. Where such stratification exists the permeability parallel
to the bedding may differ greatly from the permeability in other direc-
tions, and the percolation of water in one direction under a given head
may greatly exceed the percolation under the same head in other
directions. Consideration should be given to whether the natural
ground-water movement is parallel, across, or perpendicular to the
stratification of the formation, and the permeability to be used in
computations is that corresponding to the direction of natural move-
ment.

EXTENT OF CONE OF DEPRESSION

Until very recentily little attention was given to the effect of the
length of the period of pumping or flow on hydrologic problems
dealing with wells. The length of time that wells are pumped or
allowed to flow necessarily enters almost all computations of ground-
water flow, but in many computations it has been included implicitly—
usually in an assumption. A factor for time does not appear in any
of the equilibrium formulas, yet it is included in the assumption that
the ground-water system has reached a condition of equilibrium,
In such formulas only the ultimate condition of the ground-water
system is considered; thus the period of discharge is infinite, and no
consideration is given to the differing hydrologic conditions that exist
prior to stability.

The disregard for the nonstable conditions of ground-water flow
probably has been due, at least in part, to the difficulties involved in
mathematical treatment. The recent introduction of the non-
equilibrium method by Theis ¢ has materially aided the formulation
of correct concepts, but precise mathematical treatment of all factors
involved in a nonstable system has not yet been accomplished.

Observations on the behavior of the water table around pumped
wells made in connection with pumping tests in Nebraska show that
the form of the cone of depression reaches essential stability in a
small area around a pumped well in a relatively short timre after
pumping begins. However, the area of essential stability expands
very slowly and a considerable period of pumping is necessary for the
cone to reach approximate equilibrium in form very far from the
pumped well. The basic assumption of the equilibrium forriulas—
that equilibrium is reached—is for practical purposes valid for only a
short distance from a pumped well. Beyond this short distance the
assumption is far from true.

There is, of course, an appreciable drawn-down of the water level far
beyond the distance from a discharging well to which the cone of

6 Theis, C. V.. The relation between the lowering of the piezometric surface and the rate and duration of
discharge of a well using ground-water storage: Am. Geophys, Union Traus. 1935, pp. 519-524.
303461 —42— 8
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depression attains an essential equilibrium form. For example, a
draw-down in the water table of 0.06 foot occurred 1,050 feet from the
pumped well after 48 hours of pumping in the Grand Island test, but
the cone of depression had reached essential equilibrium only to about
200 feet. Doubtless a measurable drawn-down existed at that time
at points beyond 1,050 feet. The Nebraska pumping tests indicate
that the cone of depression reaches essential stability in form to a
distance from the discharging well that is only a very small proportion
of the distance to which the effect of the discharge is transmitted.
This observed condition is significant because it definitely limits the
rigorous use of the equilibrium formulas to a very short distance from
a discharging well and virtually invalidates the use of the formulas to
greater distances unless the period of discharge is very long.

Several of the equilibrium formulas involve the determination of R,
the distance from the discharging we 1 at which the draw-down of the
water level is inappreciable. Such formulas also assume that a condi-
tion of equilibrium exists over the entire area of influence—that is,
from the discharging well to the distance R. This, as has just been
pointed out, is far from true.

Several investigators have given arbitrary values to be used for R.
Slichter 7 gives 600 feet; Muskat,® 500 feet; and Tolman,® 1,000 feet.
‘Slichter and Muskat give values for R in connection v7ith discussions
of artesian conditions, and Tolman gives his value for both water
table and artesian conditions. Turneaure and Russell determine R by
a formula involving the initial slope of the water table (see p. 102).

Although it is obvious that the use of R in the equilibrium formula
will generally result in determinations that are more or less in error,
criticism of its use is probably based more on the implication that R
actually represents the distance from a discharging well at which the
effect of the discharge is negligible. The extent of the cone of depres-
sion is of very practical significance in determining the spacing of
wells and in the solving of many quantitative problems. It also has
been the crux of important legal controversies. Because empirical
values for R, presumably intended chiefly for the solving of formulas
for the discharge of wells in arcas of known or assumed permeability,
appear so persistently in the literature, it has generally been assumed
that the cone of depression does not extend beyond the distance R.
That the cone of depression may extend far beyond 509, 600, or 1,000
feet is shown both by theoretical deduction and by field observations.
Leggette ® recently observed appreciable fluctuations of water level

7 Slichter, C. S., Theoretical investigation of the motion of ground waters: U. 8. Genl. Survey 19th Ann.

Rept., pt. 2, p. 360, 1899.

8 Muskat, Morris, Flow of homogeneous fluids through porous media, p. 95, New York, McGraw-Hill
Book Co., Inc., 1937.

¢ Tolman, C. F., Ground water, p. 387, New York, McGraw-Hill Beok Co., Inc., 1937.

1 Leggette, R. M., The mutual interference of artesian wells on Long Island, N. Y.: Am. Geophys.
Union Trans. 1937, p. 193,



THEORETICAL ASSUMPTIONS AND FIELD CONDITIONE 109

in wells as much as 7.1 miles distant from wells in which pumping
was discontinued.

PARTIAL WELL PENETRATION

That the discharging well penetrates the total thickness of water-
bearing material is assumed in the development of all discharging-well
formulas. Many wells, however, penetrate only a part of the forma-
tion and as a result some of the water that enters the well must perco-
late upward from the material situated below the bottom of the well.
Thus a vertical movement of ground-water is produced that is not in
accordance with the assumption of horizontal movement on which the
formulas are based (see p. 77). The water that percolates upward
to the well necessarily moves a greater distance to the well than if it
had percolated horizontal'y and thus more head is lost. The effect
of this upward percolation will be reflected in the draw-down of the
water level close to the discharging well—probably in most cases by
an increase in draw-down over that which would occur had the well
completely penetrated the formation.

The distance from the discharging well that the draw-down of the
water level will be appreciably affected by partial penetration of the
well will, in general, vary inversely with the amount of penetration.

Slichter ! gives the following formula for computing the flow into
an artesian well that does not pass through the water-bearing stratum.

__2ms 2rs P(m—r)
<1+600

@ is the discharge of the well, in cubic feet a minute; s is the drew-down
in the well, in feet; P is a coefficient of permeability (Slichter’s trans-
mission constant); m is the thickness of the water-bearing material, in
feet; and r is the radius of the well, in feet.

Muskat ? gives the following correction to be made to the equilib-
rium formula for partially penetrating wells.

ractional penetration
=1 Q/on ____________ (124)

O is the correction factor; Q is discharge of the partially per etrating
well; and @, is the discharge of the completely penetrating well.
According to Muskat, the coefficient of permeability computed by
the equilibrium formulas using m as the thickness of sand opposite
the well casing is multiplied by C to obtain the true value for per-

U Slichter, C. S., Theoretical investigation of the motion of ground waters: U. S. Geol. Survey 19th Ann
Rept., pt. 2, p. 365, 1899.

12 Muskat, Morris, The fiow of homogeneous fiuids through porous media, p. 97, New York, McGraw-
Hill Book Co., Inc., 1937.
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meability. Muskat also states * that the flow around partially pen-
etrating wells will become almost exactly radial in character at a dis-
tance from the well equal to twice the thickness of the sand. .At this
distance the observed draw-down should equal the theoretical draw-
down.

Of the four tests made in Nebraska, the pumped well completely
penetrated the water-bearing material in the Kearney and Gothen-
burg tests and only partially penetrated it in the Grand Island and
Scottsbluff tests. A study of the draw-down of the water table in
these tests indicates that the draw-down differed from its theoretical
value to a distance of about 5 b/c feet from the pumped well, where b is
the thickness of the water-bearing formation below the bottom of the
well in feet and ¢ is the distance from the bottom of the well to the
stage of the water table immediately outside the casing of the well
while the pump is being operated. If this relation holds for artesian
conditions, ¢ presumably will be the distance from the bottom of the
well to the top of the aquifer, that is m—b.

SLOW DRAINING OF WATER FROM WATER-BEARING MATERIAL

It is generally recognized that saturated water-bearing materials
when allowed to drain, may yield water rather slowly. Investiga-
tions have shown that a sample of material after being caturated may
continue to drain for several years, although most of the water in it
may drain out in a much shorter time. Thus the value for the specific
yield of a material, as ordinarily determined in the laboratory, is not
likely to be reached under conditions found in nature except when the
water-bearing material is permanently unwatered.” Hence, material
that is unwatered and then saturated again may hold in the period
when it is unwatered considerably more water than is represented by
the specific retention of the material.

The slow draming of water-bearing material in the vicinity of a
pumped well causes the water table to decline rapidly at first and then
more slowly as draining proceeds. As a result, the drav-down of the
water table occurs at a different rate than if all the water is drained
out instantaneously. This does not appear to have much effect on the
determination of permeability by the equilibrium forrulas because
the quantity of water drained from unwatered material between two
observation wells, when the observation wells are situated within the
part of the cone of depression that has reached essential equilibrium
in form, is small as compared with the quantity of lateral percolation,
Slow draining, on the other hand, greatly affects the determination of
permeability by the non-equilibrium formula because it also involves
a determination of specific yield, which varies with the time of drain-
ing. As previously stated, the non-equilibrium formula, when applied

13 Muskat, Morris, op. cit., p. 283.
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to the draw-down of the water table, appears to give inconsistent
values—probably because of the slow draining of the material. How-
ever, consistent values result when permeability is determined by the
non-equilibrium formula from the draw-downs in observation wells
located on a line—that is from the form of the cone of depression at
one time. The effect of slow draining is minimized by this method.

Recent investigations indicate that artesian aquifers end their
associated beds of fine-grained material do not compress and expand
immediately in response to changes in pressure. The effect of this lag
in response on the computation of permeability by the discharging-
well formulas is similar to that caused by the slow draining of water-
bearing material in areas where there is a water table.

VERTICAL PERCOLATION

Muskat,* in discussing the equilibrium method as it pertains to
water-table conditions—which he calls the Dupuit-Forchheimer
theory of gravity flow systems—points out that the method assumes
that all water particles move horizontally to the pumped well, whereas, -
because of the lowering of the water table due to pumping, some of
the water particles must also move vertically. He further states that
it is fortuitous, because of this vertical movement, that the equilibrium
equation predicts accurately the flow observed with radial flovr models.

It seems reasonable that the effect of vertical movement on the
draw-down of the water table will gradually become less as the distance
from the pumped well increases and that the effect will be greater in
thin water-bearing formations than in thick ones. The IVebraska
tests appear to indicate that the effect of vertical velocities due to the
lowering of the water table are dissipated within a short distence from
the pumped well.

MISCELLANEOUS DIFFERENCES

There are many differences between theoretical assumptions and
field conditions other than those mentioned above thatin someareas
may affect the application of the permeability methods adversely
whereas in other areas the differences are of but little importance.
Where the thickness of the water-bearing material varies considerably
over the part of the cone of depression that is being used to determine
permeability, the draw-down of the water table or piezometric surface
obviously will not be equal to the theoretical draw-down computed
on the assumption of uniform thickness. The effect of a dipping
formation probably will not be significant except where the dip is steep.

Where there is a water table there is doubtless some percolation to
pumped wells through the capillary fringe but unless the fringe is
thick in proportion to the zone of saturation, the flow through it can

14 Muskat, Morris, op. cit., pp. 359-365.
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be disregarded. In some areas, such as near Gothenburg and Scotts-
bluff, Nebr., the water table stands in relatively impermeable material
and most of the water discharged by wells percolates through material
of much higher permeability at greater depths. Wkere the water
table during pumping is not lowered below the impermeable material,
the artesian formulas for computing permeability should be used,
although water-table conditions exist. The formulas pertaining to
water-table conditions are based on the assumption that when the
water table is lowered by pumping, the cross-sectional area through
which percolation to the well takes place is reduced by the amount
of the draw-down. Where the water table fluctuates w'thin the limits
of a relatively impermeable zone, the draw-down of the water table
does not affect the area through which most of the water passes.

The value to be substituted in the discharging-well formulas for
the thickness of the water-bearing material may sometimes be ques-
tionable, especially where permeable material in the geologic section
is separated by more or less impermeable material. If the value for

the total thickness of water-bearing material is used the computed
permeability will be that for the average of the entire section, whereas
if the value for only the thickness of permeable material is used the
computed permeability will be that for only the more permeable
material.

In some areas it may be difficult to conduct pumping tests without
some interference from nearby discharging wells. The draw-down of
the water level around the well used for the test will then be different
from the draw-down of a similar well that has no interference. Cor-
rections to the observed draw-downs can sometimes be applied from
observations of the extent of interference when the test well is idle.
The gradient formula may often be used with assurance where the
draw-down is affected by other discharging wells because this formula
does not depend on the draw-down of the water level but rather on
its slope. It is obvious that the average slope of the cone of depression
will be practically unchanged by the interference because the average
gradient required to transmit a given quantity of water to the dis-
charging well will be virtually the same irrespective of th= interference.

PROCEDURE FOR DETERMINING PERMEARILITY BY
DISCHARGING-WELL METHODS

COLLECTION OF FIELD DATA

Choice of site.—Careful consideration should be given to the site
for making permeability tests by the discharging-well methods. The
discharge well should be selected where observation wells may be
constructed as shallow as possible. On the other hand if water-table
conditions exist and the water table stands very close to the land sur-
face, from 1 to 10 feet, it may fluctuate daily in response to the use
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of water by vegetation. The location of wells in alfalfa fields is es-
pecially undesirable because this phreatophyte uses considerable
ground water.

A discharge well should be selected in the open where little cifficulty
will be experienced in constructing observation wells at any desired
place in the vicinity of the well. Locations very near groves of trees,
rivers, lakes, roads, and hills should be avoided if possible. A well
that is soundly constructed and, if a nonflowing well, equipped with
a suitable powered pump should be selected to avoid possible inter-
ruptions in pumping. Preference should be given to wells equipped
with electric pumps. A site near the edge or limit of a formation
should not be chosen because the cone of depression may be altered
in form if it extends to the limit of the formation during the period
of the test. A site should be selected where the water from the dis-
charging well can be disposed of without some of it returning to the
zone of saturation. The water may be spread on a field at some
appreciable distance from the area in which the observation vells are
located or may be discharged into a ditch that will carry it to s stream
or other body of surface water. As the period of discharge in most
tests is at least 24 hours, the quantity of water that must be disposed
of may be rather large. If possible, a well that penetrates the entire
thickness of saturated water-bearing material should be selected.
Locations should be avoided where other discharging wells are situated
nearby, or arrangements should be made to have other wells shut down
during the test and for several days prior to the test.

Preliminary test.—Unless the information is already known a brief
preliminary test should be made to determine the draw-down and the
approximate discharge of the discharging well. With these cata the
depths to which the observation wells must be sunk can be epproxi-
mated, the size and kind of device for measuring the discharge can be
ascertained, and if the well is pumped the approximate discharge at
which the pump can be operated without an excessive decline of the
water level can be determined. g

Location of line of observation wells.—From three to six observation
wells located on a line through the discharge well should be constructed
upgradient from the well and an equal number should be constructed
on the same line downgradient. The distance from the discharge well
to each upgradient well should be equal to the distance from the dis-
charge well to a corresponding downgradient well.

The approximate slope of the natural water table or piezometric
surface should be determined before the observation wells gre con-
structed. If the water table is shallow a few holes may be bored with
a post-hole auger to the water table. The altitude of the water level
in each hole may be ascertained by instrumental leveling, and a
contour map of the water table may then be constructed. The ob-
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servation wells should be located on a line through the discharge well
perpendicular to the contour lines, that is, on a line parallel to the
maximum slope of the water table.

In artesian areas the determination of the slope of the water level by
boring holes may not be practicable. The direction of maximum slope
may be determined from a map showing the slope of the regional
piezometric surface, or it may be estimated for some localities from a
knowledge of the intake and discharge areas of the formation.

Method of locating observation wells on a line—A transit should be
set up over the discharge well and directed parallel to the determined
maximum slope of the water level. The distance from the axis of the
discharge well to the first observation well should then be measured
and a stake should be driven on the line, the line being determined by
the transit. The locations of the other observation wells on the same
side of the discharge well should be determined in this manner. The
line then should be extended to the other side of the discharge well by
means of the transit and the distances to the observation wells laid
off in the manner described.

Construction of observation wells.—There are, of course, many diff-
erent methods for constructing wells and most of thess methods may
be applied satisfactorily to the construction of the olb<ervation wells
for a permeability test by the discharing-well methcds. The chief
requisite of the method used is that each well be constructed in such a
manner that the water level in it will reflect closely the water level and
the changes in the water level that occur in the formation.

The Nebraska tests were made in areas where water-table conditions
exist and where the water table was at no place more then 20 feet below
the land surface. Holes were bored by hand with a post-hole auger
to the water table and 1-inch or 1}4-inch galvanized iron pipes, fitted
with screen strainers, were then driven to desired depths with a maul.
This method was found to be both economical and rapid. A few of
the observation wells used in the Grand Island test vrere jetted into
place by means of a hydraulic-rotary drilling rig. "hree-inch iron
pipe was used and clear water instead of a mud solution was used to
prevent the formation and the well from becoming clogged with mud.

Cleaning observation wells.—After the observation wells have been
constructed each well should be pumped or allowed to flow until it
yields clear water freely, thus indicating that water can readily move
into the well or out of it. Where the water table is about 20 feet or
less below the top of the well, the well usually can be pumped with an
ordinary pitcher pump either by connecting the pump directly to the
top of the pipe or by connecting it to a small pipe ard lowering the
end of the pipe into the water surface in the observation well. Where
the water level lies deeper a deep-well pump necessarily must be used.
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Where 1t is not feasible to pump a well, water can be forced into it
from the top and out at the bottom to ascertain whether it is open.

Measuring points.—A point from which measurements of water
level can be made should be established at each observation well and
at the discharge well. The points should be definite, permanent, and
clear cut in order that the measurements may be accurate, and the
points should be situated so that a steel tape or other measuring
device may be lowered vertically into the well. The top of the pipe
or well casing is usually a satisfactory measuring point. In flowing-
well areas the artesian pressure may be measured by pressure gages,
the measuring points being the points at which the gages measure the
pressures. .

The altitude of each measuring point with respect to a nearby
permanent point should be carefully determined to the nearsst hun-
dredth of a foot by means of instrumental leveling before the pumping
test is made. The altitude of the water level in any well at any time
can be determined from these data and the water-level measurements.
The altitude of each measuring point should be checked by instru-
mental leveling after the pumping test is run in order to ascertain
whether any of the wells settled during the test. Where pressure
gages are used the altitudes of the points at which the gages record the
artesian pressures should be determined.

Making water-level measurements.—There are many methods that
can be used for making measurements of water levels in wells, The
method found most satisfactory in Nebraska, and the one used gen-
erally by the Federal Geological Survey, consists of coating several
feet of the lower end of a steel tape with blue carpenter’s chalk and
lowering the tape into the water. A piece of lead at the end of the
tape will hold it taught. An even foot mark is usually held at the
measuring point and the depth of immersion of the tape into th < water
in the well is indicated by the wetted length of chalked tape. When
using ordinary tapes the depth to water level is, of course, equal to
reading of the tape at the measuring point minus the deptl of the
immersion of the tape in the water.

Making preliminary water-level measurements.—Periodic measure-
ments of the water levels in the observation wells and the discharge
well should be made several days before the test is begun. The
measurements should be recorded systematically in order that they
can be easily inspected at any time. If the water levels fluctuate
from time to time before the test is begun the amount and periodicity
of this fluctuation must be determined in order that a correction
can be applied to the water-level fluctuations that occur during the
test. If the regional water level should be declining slowly, the nor-
mal rate of decline should be determined and subtracted frcm the
measurements made during the test. Also corrections may have to be
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made for fluctuations due to transpiration or changes in atmospheric
pressure.

Determining the thickness of water-bearing material.—The thickness
of the water-bearing material in the vicinity of the discharge well must
be ascertained in order to determine the permeability of the formation.
The thickness can be taken as the average thickness of the formation
penetrated by nearby wells but preferably it should be determined by
one or more test holes drilled at the location selected for the test.

Observations during test.—Measurements of the water levels should

begin as soon as the dischacge of water begins. A measurement should
be made, of course, just before the discharge begins to determine the
mnitial water level. The water level in the wells should be measured as
often as practicable for the first few hours of the test, vhen the draw-
down of the water level is most rapid, and then less frequently, when
the draw-down is slower. Measurements should be made periodically
for the entire period of the test.
_ Frequent measurements should be made also of the discharge of the
well and of the water level in the discharging well. Tte discharge of
the well should be maintained at a constant rate. It is not usually
possible to apply the formulas for determining permeability if the
discharge is stopped during a test and then restarted.

The period of pumping or flow that is necessary to produce draw-
downs that will yield satisfactory results varies with the character of
the formation and the rate of discharge. For artesian aquifers, the
period is generally shorter than for formations in which the water is
not confined under pressure because less water is taken from storage
and hence the cone of depression reaches approximate equilibrium
more quickly. The time that is required for the cone of depression to
reach approximate equilibrium under water-table corditions varies
greatly in different materials because the amount of water that must
be taken from storage may differ considerably. Therefore, it is diffi-
cult to anticipate before the test is run how much time the test will
require. During the test, however, the water-level measurments will
indicate the part of the cone of depression around the discharge well
that has reached essential equilibrium in form. This part of the cone
will include all observation wells in which the rate of decline of the
water level is approximately the same. In the Nebraska tests,
which were made in areas where water-table conditions occur, the cone
of depression reached approximate equilibrium in form to a distance of
200 feet from the pumped well about 12 to 48 hours after pumping
began.

Observations after test—The continuation of measurerments of water
level after the discharge of water has stopped may provide valuable
information for studying the behavior of the water leve! in the forma-
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tion and also make possible the use of the recovery formula for deter-
mining permeability (p. 95).

INTERPRETATION OF DATA

Draw-down curves.—A continuous curve representing the decline of
the water level or pressure head in a well during the period of dis-
charge is called a draw-down curve. A draw-down curve should be
constructed for each observation well by plotting the draw-down
measurements—initial water level minus water level during tio test—
against the time the measurement was made and by constructing a
smooth curve as nearly as possible through the points so plotted.
The scale should be sufficiently large to readily show small differences
in draw-downs. The draw-down of water level at selected times,
such as for every 2 hours after pumping began, should then I'= deter-
mined from the draw-down curves and these values should be tabu-
lated. The plotting of draw-down curves subdues irregularities
caused by inaccurate measurements and small irregularities in the
rate of discharge.

Profiles of the cone of depression.—The draw-downs in each observa-
tion well at selected times obtained in the manner described above
can be subtracted {rom the altitude of the initial water level to obtain
the altitude of the water level at the selected times. Profiles of the
cone of depression for the selected times can be constructed by drawing
a smooth curve between the plotted draw-downs. The draw-down at
any point on the profile can then be determined from the profiles.
If the observation wells are located at equal distances on each side
of the discharge well, the plotting of profiles of the cone of depression
is not essential. However, if the wells are at different distances, the
draw-downs at equal distances can be obtained from the profiles so
prepared.

Computation of permeability.—The average coeflicient of permea-
bility of the water-bearing material may, of course, be computed by
several of the formulas given in this paper. If the data mentioned
above are collected, the limiting, gradient, non-equilibrium, and re-
covery formulas may all be applied. Examples of the use of these
formulas are given in this paper in connection with descriptions of the
four Nebraska tests and the Kansas test.

PUMPING TESTS IN NEBRASKA AND KANSAS
TEST NEAR GRAND ISLAND

In 1931 two intensive pumping tests were made in the Platte River
Valley near Grand Island from which many valuable data vrere col-
lected on the behavior of the ground water in the vicinity of a pumped
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well.’® The tests were made on the farm of Fred Meyer, about 4 miles
east of Grand Island, in the NWY sec. 17, T. 11 N., R. 8 W. The
first test provided adequate data for determining the permeability of
the water-bearing sand and gravel but the second test did not because
the pump was unavoidably stopped several times, and as a result the
form of the cone of depression was altered considerably from the form
that it would have possessed had the pump been operated continuously.

About 80 observation wells were constructed in the vicinity of an
existing irrigation well (fig. 10). The wells were located from about
3 to more than 1,200 feet from the central well, and thus the fluctua-
tions of the water table over a large area were observed during the
test. The thickness of the saturated water-bearing send and gravel,
which is 100 feet, was determined from a well drilled about 25 feet
from the irrigation well. Samples of the material cnllected during
the drilling of this well were sent to the hydrologic laboratory of the
Geological Survey in Washington, D. C., for mechanical analysis and
for determinations of porosity, moisture equivalent, ard permeability
(see table below).

The irrigation well used for the test was 24 inches in diameter,
39.5 feet deep, and was equipped with a 6-inch horizontal centrifugal
pump. The pump was operated continuously for 4§ hours for the
test, from 6:05 a. m., July 29, to 6:04 a. m., July 31, 1931. During
this time the pump discharged water at an average rate of 540 gallons
a minute.

Physical properties of samples of alluvium taken from a well near Grand Island, Nebr.
[Determined in the hydrologic laboratory of the Geological Survey by V. C. Fishel]

Mechanical analysis (percent by weight) Ap- eg/{ﬁivs;ﬂ'& Coeffl-
parent| Pq:"o- -~ c'g?t
Depth (feet) | Lar- Spe- | sity _ | Per- | per-
er | 20- | 100- | 0.50- | 0.25- |0.125-l0.062- ¢SS | cific | (per. | Per- | gont | mea.
than | 1.0 | 0.50 | 0.25 [0.125 | 0.062 [-0.005 | g o | BFETH" | °80%) | 68 by | bility,
20 |mm.|mm. |mm. |mm. |mm. |mm |2 y Weiyht vol- | Py
mm. . et yme
29.7 | 16.9 | 18.9 | 17.1 | 15.4 1.3 0.4 0.2 1.90 | 27.1 1.4 2.6 480
14,1 17.9 | 31.2 ] 30.4 5.5 .3 .2 .1 1.84 | 30.9 1.5 2.7 1. 685
16.8 [ 15.2 | 25.8 | 29.4 | 10.5 1.6 .5 .1 1.80 32.3 11 2.0 1,460
18.6 | 18.8 | 21.3 | 24.8 | 13.8 19 .6 .2 1.89 28.5 1.4 2.6 1,095
7.56117.2 1250300160 3.4 .8 .3 1.83 310 1.4 2.6 1,095
36.420.812.4115.0 4.7 .8 .5 .1 1.81 30.6 1.0 1.9 ] 4,350
3.4 3.6 1.8 4.7 (2601 14.0{31.5{ 13.6 1.56 | 40.3 17.4 27.1 2
159 11.0 | 20.1 | 33.4 | 15.4 2.6 .4 .2 1.83 31.2 1.5 2.7 925
15,4 | 15,2 1 20.2 | 19.5 | 16.4 7.0 4.5 15 1.92 26.3 1.6 3.0 150
17.3 [ 10.7 { 13.1 | 29.4 | 24.4 3.2 1.0 4 1.84 1 30.2 1.6 3.0 350
39.6 128 9.51(15.7 | 13.5 4.7 2.5 1.0 1.94 | 26.2 1.7 3.3 780
27.414.9(16.3 { 22.4 | 11.8 3.7 2.1 1.0 1.92 | 25.6 1.6 3.0 730
20.6 | 19.6 | 19.7 | 19.1 9.7 4.3 4.4 .9 1.92| 25.0 1.4 2.8 2,095
18.1{18.017.7 | 23.7 | 14.0| 3.3 3.0 1.9 1.94 26.3 1.6 3.0 1, 050
179.3 3.5 3.9 63| 4.0 1.5 1.0 .3 2.02 22.8 | e 2,185
143 (11,9182 | 25.1 ! 187 | 6.5 3.0 1.7 1.88 | 41.8 1.6 3.1 220
36.2|10.3 (14.6 | 17.1 | 11.6 4.3 3.4 23 1.97 | 215 1.9 3.9 495
15,1 ] 10.4 | 22,8 [ 31.1{ 13.9( 3,0 2.5 1.0 1.8 | 29.9 1.2 2.1 430
25.8113.3 | 13.7 | 21.9 | 14.3 52| 3.5 2.0 1.90 | 27.6 1.5 2.9 285

176.0 percent larger than 5 mm.

15 Wenzel, L. K., The Thiem method for determining permeability of water-baring material: U, 8.
Geol. Survey Water-Supply Paper 679, pp. 1-57, 1937.
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Location, diameter, depth, and altstude of wells used in the pumping test near Grand
Island, Nebr.

Depth Dfistance
ep of meas- ;
Diam. | of well uring Altitude of ngce
Well No. Line eter ns’ggx__ é’ggg ma;g]_unrtmg pumped
(inches) | 1o point land (feet) “Zf“u 33
(feet) surface ee
. (feet)
. A 3 21. 4 0.7 1,814. 59 24.9
A 3 10.3 .1 1, 815. 66 59.9
A 3 10.1 0 1,815.26 114.4
A 3 10.3 .1 1.814.63 164.2
A 1 11,5 1.4 1,815.83 229.0
A 1 6.5 ] 1,812.35 354.1
A 3 10.2 .2 1.815.39 429.3
A 1 11.4 1.2 1, 815. 52 478.9
A 3 10.3 .1 1,814.97 604.0
A 3 10.3 .1 1,814.73 754.6
A 3 10.5 .4 1,814.05 903. 8
B 3 21. 4 .2 1,814.84 29.9
B 3 10.9 .3 1,815.17 70.0
B 1 1.5 1.3 1,816. 10 120.0
B 3 -9.9 it 1.815. 67 184.9
B 3 9.9 .2 1, 815. 46 254.7
B 3 10.2 .3 1,815.08 375.3
B 3 10.3 .5 1,815.86 424.6
B 3 10.2 .4 1,816.30 499.7
B 3 9.9 .3 1,816.32 649.7
B 3 9.6 .3 1,816.39 776.3
B 1 11. 5 1.9 1, 816.95 974.3
B 3 10.6 .1 1,817.12 1,140.3
w 3 10.3 .3 1,815.39 49.7
w 3 10.3 .3 1,814.78 170.0
w 3 10.2 .3 1,815.33 270.0
w 3 10.6 .1 1,813.46 430.0
W 3 10.1 .3 1.815. 68 625.0
w 3 10.7 .3 1,815.39 804. 5
w 3 10.1 .1 1,815. 06 939.7
D 1 21.5 1.2 1,820.42 40.1
D 1 16.5 | . 1.0 1,819.17 95.1
D 1 16.5 1.2 1,818.99 144.7
D 1 16.5 1.2 1,818.93 214.3
D 1 16.5 .9 1,818.31 323.8
D 1 16.5 .9 1, 818.27 423.2
D 1 16. 5 1.1 1,818.33 448.2
D 1 16.5 1.0 1,818, 05 572.9
D 1 16.5 1.2 1,818.83 722.7
D 1 12.7 1.8 1,818.08 872.2
D ) B (S I, 1,817. 19 1,072.5
D 1 12.7 .5 1,816.73 1,197.0
C 1 23.0 1.0 1,820.12 39.3
C 1 17.2 5. 1,818.37 80.5
C 1 11.1 .5 1,818.02 130.3
C 1 12.7 .5 1,817.37 195.6
C 1 12. 6 .8 1, 817, 90 285.6
C 1 11.4 .4 1,818. 36 410.2
C 1 12.3 .5 1,818.30 425.2
C 1 12.4 .4 1, 818.80 535.4
C 1 12.7 7 1,819.45 685. 3
C 1 12.6 .4 1,818.01 834.6
C 1 12.7 .5 1,817.99 1,034.7
C 1 12.6 .6 1,817.37 1,174.9
Sw 1 11.0 .5 1,814.97 7
SW 1 10.5 .9 1,815.98 69.5
sSw 1 10.6 .8 1,815.29 93.6
SwW 1 11.0 .7 1,816. 18 118.0
SW 1 11.0 .8 1.815. 88 216.9
Sw 1 10.6 .9 1,816. 14 316.6
sSw 1 10.9 .9 1,816.19 416.5
Sw 1 10.7 .8 1, 816.47 516. 5
sw 1 10.8 2.1 1,816.93 616.5
Sw 1 10.9 2.4 1,817.55 716. 5
Sw 1 12.5 2.6 1,817.42 816.6
sw 1 10.9 2.4 1,818.39 916.6
Sw 1 1.1 2.2 1,816. 54 1,016. 6
sSw 1 6.1 1.3 1,815.37 1,116.9
sSW 1 114 2.0 1,817.83 1,217.1
A 1 1,812.§9 2.6
A 1 1,814.74 12.3
S 1 1,815 9¢ 130. 1
S 1 1, 815.90 225.2
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Location, diameter, depth, and altitude of wells used in the pumping test near Grand
Island, Nebr.—Continued

Denth Dfistance
ept of meas- :
Diam. | Qfwell | “uring | Altitude of Distance
. " clow poin measuring
Well No. Line (ix?tBZS) measur- above point p#glnpga.d
C ing point land (feet) (feet)
(feet) surlace e
(feet)
S 1 12.6 0.5 1,816. 05 279.9
S 1 13.0 2.3 1,817.74 382.7
N 1 6.1 .8 1,813.08 63.2
N 1 12.8 1.7 1,815.32 160. 0
N 1 13.0 7 1, 815. 48 261. 5
N 1 12.3 L2 1.816.13 342.0
N 1 11.8 1.3 1,816. 41 445.8
.. 24 39.5 —.5 1, 812.66 0
SW 12 102.0 ~3.0 1,814.90 24.8

Water levels, in feet below measuring points, in wells just before pumping started in
pumping test near Grand Island, Nebr.

y Water Water Water

Well No. level Well No. level Well No. level
4.30 4.45 . 64
5.39 4.00 .91
4.97 10. 23 . 78
4.33 9.02 . 35
5.53 8.91 . 50
2.07 8,93 . 43
5.12 8.46 . 60
5.25 8. 55 . 94
4.72 8.65 . 44
4.48 8.52 . 19
3.82 9.48 .03
4.53 8.91 . 07
4.81 827 . 76
5.68 7.98 . 100
5.18 9.87 . 61
4. 86 8.12 . 46
4.32 7.77 . 51
5.03 7.11 . 34
5.38 7.60 . 43,
5. 20 8.03 .01
5. 10 7.97 . 86.
5.40 8.44 . 18
5.33 9.03 . 44
5.09 7.58 . 17
4.36 7.47 . 55
4.82 6.80 . 38
2, 382 4.67 .61
4.

Measurements of water levels in the observation wells wers made
periodically during the pumping period and for about 24 hours after
the pump was shut down. The observed draw-downs in the obser-
vation wells appear at the end of this report.

Draw-down curves and profiles of the cone of depression were con-
structed according to the procedure outlined on page 117. The draw-
down of the water table and the thickness of the saturated water-
bearing material at 50, 100, 150, and 200 feet {rom the pumped well
on lines B and D after 36 and 48 hours of pumping are given in the
table below.
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Draw-down of the water table and thickness of saturated water-bearing material, in
feet, in the test near Grand Island, Nebr., after 36 and 48 hours of pumping

Thickness of Thickness of
Distance upgra- Draw-down satulégﬁ*gl ma- || pistance down- Draw-down satm;ﬁgdl ma-
dient from gradient from A
pumped well pumped well
(feet) 3% | 48 | 36 | 48 (feet) % | 48 | 38

hours | hours | hours | hours hours | hours | hours | hours

3.02 3.14 | 96.98 | 96.86 2.81 2.93 | 97.19 97.07

1.99 2.11| 98.01 | 97.89 2.07 2.20 [ 98.93 97.80

1.45 1.57 | 98.55 | 98.43 1. 56 1.68 | 98.44 98. 32

111 1.22 | 98.89| 98.78 1.22 1.33 | 98.78 67

COMPUTATIONS OF PERMEABILITY

LIMITING FORMULA

The pumping rate for the Grand Island test was 540 gallons a
minute, hence by the limiting formula

P=527.7X540X(C=284,958 C_ . .. _____ (125)
in which P, is the field coefficient of permeability exprzssed in Mein-

zer's units and 0=%}’ a constant to be determined graphically (see

p- 84). The following table gives values for A and B for 48 hours of
pumping computed when r; (distance from the pumped well to the
nearest observation well)==50, 100, 150, and 200 fect, and for r,
(distance from the pumped well to a more distant observation well)
=100, 150, 200, 300, 400, 500, 600, 700, 800, 900, and 1,000 feet.
"The large number of values are given to illustrate the effect of using
draw-downs beyond the distance from the pumped well that the
.cone of depression has attained essential equilibrium in form.

Values of A and B for test near Grand Island, Nebr.

T T
n r2 1ogr—f 0.25M | A B " " logr—: 025M| A4 B
100 | 0.301 | 97.41 | 0.0031 | 0.88 200 | 0.125 | 98.55 | 0.0013 | 0.35
150 | .477 | 9767 | .0089 | 1.41 300 | .301| 9879 | .0030 | .83
200 | .602| 97.85 | .0062 | 1.76 200 | 126 | 9893 | lo043 | 112
300 7718 98.08 . 0079 2.24 500 523 99. 02 0053 1.30
400 903 98.23 . 0092 2.53 150, ... 600 602 99.08 0061 1.41
S 500 | 1000 | 98.32| .0102| 271 700 | 669 | 99.11 | .0068 | 148
600 | 1079. 9837 | .0110 | 2.82 800 | 727 | 99.13 | .0073 | 1.53
700 1. 146 08. 41 .0116 2.89 900 778 99. 15 0078 1. 55
800 1. 204 98. 43 . 0122 2,94 1, 000 .824 99. 16 . 0083 1.57
000 | 1.255 | 98.44 | .0127 | 2.96 300 | .176 | 98.96 | .0018 | .48
1, 000 1.301 98.45 .0132 2,98 400 301 99.11 0030 77
150 176 98. 11 0018 .53 500 398 99.20 0040 95
200 | 1301 | 9820 | 10031 | 88 || o0 600 | .477 | 90.25 | .0048 | 1.06
300 477 98. 52 0048 1.36 || T ommmmmm 700 544 99. 29 0055 1.13
100 | 602 | 98.67 | .0061 | 165 602 | 90.31 | .0061 | 1.18
100 500 | .699 | 98.76 | .0071 | 1.83 900 | .653 | 99.32 .0066 | 120
------- 600 | .778 | 98.81 | .0079 | 194 1,000 | .609 | 99.34 | .0070 | 1.22
700 | .845| 98.85 | .0085 | 201
800 | .903 | 9887 | .0091 | 2.06
900 | .954 | 98.88 | .0096 | 2.08
1,000 | 1.000 | 98.89 | .0101 | 2.10
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Values for A are plotted against corresponding values for B in
Sgure 11. An inspection of the figure shows that points corresnond-
‘ng to values of 7,=<200 feet fall approximately on a straight line
*hrough the origin, whereas points corresponding to values of r,
=200 feet deviate to the right of a straight line. This is coused
“y the failure of the cone of depression to reach essential equilil'rium
‘n form much beyond 200 feet from the pumped well. Obviously,
moints to the right of the straight line should be disregarded in deter-
-nining C. Values for A and B to be used in computing C may be

30
/%H
2.5 /
3
20 % s
/ P 1
o 1.5
Vas
/é‘
1.0 g
o r, 50 feet
$ ry 100 feet
o r 150 feet
y xr, 200 feet
0.5
0
0002 0004 0.006 0.008 00! 0.012 0.014
A

FiURE 11.—Curves for the Grand Island test obtained by plotting A agsinst B.
determined from any point on the straight line. For example, when
B=2.0, A=0.007, and 0=%=0.0035. Thus the coefficient of per-
—neability computed by the limiting formula is

P,—=284,9580.0035=997_________.____ (126)

GRADIENT FORMULA

The field coefficient of permeability may be computed also by the
aradient formula
18,3359
P,= e 82
! T(hu‘l-ha) (f(r+10)u +f(r+10)d_f(r—lo)u_f(r—m)d) ( )
9

303464—42
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in which the symbols are those defined on page 86. The altitude
of the water table in the Grand Island test after 48 hours of pumping
at 110, 120, and 130 feet upgradient and downgr~dient from the
pumped well is given in the following table.

Altitude of water table in test near Grand Island after 48 hours of pumping

. ; Altitude of : ; Altitude of
Distance upgradient from water table Distance downgradient from water tabl
e
pumped well (feet) (feet) pumped well (feet) - (feet)
1,808. 44 1,808. 06
1, 808. 56 1,808.15
1,808. 67 1,808.25

The thickness of the saturated water-bearing material 120 feet
upgradient and 120 feet downgradient from the pumped well is 98.14
feet and 98.03 feet respectively. Substituting these data in the
gradient formula

18,335 540

P = 150(98.127-98.03) (1,808.67 1 1,808 25— 1,808 44 —1,808.00)
=1,001 - . (127)

NON-EQUILIBRIUM FORMULA

The method of applying the non-equilibrium formula to the deter-
mination of permeability is outlined on pages 87-89. The field cocffi-
cient of permeability is computed by the formula

S Ly ) [—— (1)

in which P, is the field coefficient of permeability expressed in Meinzer’s
units, ¢ is the discharge of the pumped well in gallons a minute, m is
the thickness of water-bearing material in feet, W(u) is the well
function, and s is the draw-down in feet.

Average draw-downs at several distances from the pumped well and corresponding
values of 72/t for test near Grand Island, Nebr.

8
T average of the -
(g:lsgaélecg ggﬂl Yt (dowr%]g attdisgagrc:v:
s ra 1 -
in feet) upgradizm,aitxl* lee(i‘)ml

50 1, 250 3.04

100 5, 000 2. 16

150 11, 250 1. 63

200 20, 000 1.28

300 . 45, 000 .80

400 80, 000 .51

500 125, 000 . 33

600 180, 000 .22

700 245, 000 .15

800 320, 000 .10

[ -
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First, the average of the draw-downs after 48 hours of pumping at
equal distances on opposite sides of the pumped well are plotted against
r?/t on log log paper (pl. 2). Values for the average of the drayr-downs
at several distances from the pumped well and values of 7%/t for a
pumping period of 48 hours are given in the preceding table. Second,
using the values of the integral W(u) and of u given in the table
facing page 89, a type curve (pl. 1) is plotted to the same scale as
that used In plate 2. Third, the curve on plate 2 is adjusted to the
type curve so that the two curves coincide and a point of coircidence
is selected. For the point 7?/t=40,000 (r=20G feet) and s=1.28
feet, the corresponding value on the type curve is W(u)=1.95 and
u=0.086. Thus

114.6X540X1.95 .

= =0565__ ___ . _____.

Pr=—gs7axi28 % (128)

For the non-equilibrium formula the thickness of the water-bearing

formation is assumed to be constant, thus the formula does not apply

strictly to water-table conditions. However, this discrepancy can be

partly eliminated by substituting m—s, the thickness of the saturated

material at the point considered, for m, the thickness of the formation.

The specific yield of the water-bearing material is computed by
equation (92). r
ul't

S == W _______________________ (92)

By the graphical method, v was found to be 0.086. 72/{=20,000

and 7=95598.72=94,278. Thus the specific yield is
g 0.086<94,278
= 1.87X20,000

which compares with an average value of 20.1 percent '* computed by
the formula

=0.217=21.7 percent..______. (129)

100(Y,—Y)
S=E T s

in which § is the specific yield, Y, is the quantity of ground vrater in
cubic feet that percolates to the pumped well through a small ¢ylin-
drical cross-sectional area around the pumped well, Y is the quantity
of ground water in cubic feet that percolates through a larger cylin-
drical cross-sectional area, and V is the volume of water-bearing
material in cubic feet that is unwatered between the cylinders.

RECOVERY FORMULA

In the Grand Island test the recovery of the water level after pump-
ing stopped was observed in all of the observation wells and the
pumped well. According to the Theis formula the coefficient of

18 Wenzel, L. K., The Thiem method for determining permeability of water-bearing materials and its
application to the determination of specific yield: U. 8. Geol. Survey Water-Supply Paper 679, p. 55, 1937.
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transmissibility and thus the field coefficient of permeability may be

computed from the recovery of the water level in the pumped well.

264q
s

T=

in which T is the coefficient of transmissibility, ¢ is the discharge of
the pumped well in gallons a minute, s is the residual draw-down in

T

| Y
£
Y

0.8
» / P/I:(og%l
d
0-6 d/
/
()
0.4
02 /
o /
0.2 0.4 0.6 " 0.8 1.0 1.2 1.4
Log 3!

FIGURE 12.—Curves for Grand Island test obtained by plotting s aga‘nst log Et,

feet, ¢ is the time since pumping began, in any unit, and t’ is the time
since pumping stopped, expressed in the same unit.

t
lOgm?

The ratio

corresponding values of s and using for the ratio the slope of the
straight line drawn through the plotted points (fig. 12). Values for

is determined graphically by plotting logmt—f against

lbgm:—, and for s for the Grand Island test are given in the following
table;
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The slope of the straight line constructed for values of log,, :—, and sis
1.2—0.11

143 =0.768. Thus
T=264X540}0.768=109,486____________ (131)
and
109,486
Pr="0—=1095_______________ (132)

The straight line does not pass through the origin, and it theoreti-
cally should. It can be made to do so approximately by app'ying an
empirical correction to the formula as follows:

264 t
T=‘—S——q lOgm '% ------------------ (117)

in which ¢ is a correction factor. For the Grand Island test ¢ is deter-

mined by trial and error to be —1,120. The slope of the straight line
t—1,120

constructed from values of logi,——— and corresponding values of
. 1.06

8 1is ﬁ—0.707.
Thus

T=264X540<X0.707=100,790_________._... (133)
and 00,790

_ 100,790
Pr=—=50"=1008 . (134)

Values of log Z7t and s for test near Grand Island, Nebr.

¢’ (time t (time 8 (residual
after pump- | after pump- 1 t draw-down
- |ing stopped, | ing began, 08 77 in feet)
in minutes) | in minutes)

26 2,906 2,048 2.38

78 2, 958 1,579 1.87

99 2,979 1,479 1.74

131 3,011 1,362 1.61

173 3,053 1,247 1.47

218 3,008 1,152 1.35

266 3,146 1,072 1.25

303 3,183 1,021 1.18

331 3,211 . 987 1.13

364 3,244 . 950 1.10

481 3,361 .844 96

573 3,453 . 780 .88

661 3, 541 .729 .81

732 3,612 693 .75

843 3,723 645 .69

926 3, 806 614 .66
1,034 3,914 579 .61
1,134 4,014 9 .58
1,272 4,152 514 .53
1,351 4,231 496 51
1,419 4,299 481 49
1,520 4,400 .461 45
1,611 4,491 .446 43

TEST NEAR KEARNEY

A pumping test to determine the permeability of the water-bearing
sand and gravel in the Platte River Valley in the vicinity of Kearney,
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Nebr., was made in 1933 on the farm of J. Teed in the NW sec. 27,
T. 9N, R. 14 W.' Five observation wells were constructed at dis-
tances of 50, 100, 150, 200, and 250 feet upgradient from the pumped
well and five observation wells were constructed at the same distances
downgradient from the pumped well. A test hole was drilled near
the existing irrigation well, and the thickness of the saturated sand
and gravel was found to be about 48 feet. The wate in the forma-
tion was not confined under pressure. The irrigation well used for
the test was 25 inches in diameter, and it penetrated the entire thick-
ness of water-bearing material. It was equipped with an 8-inch elec-
tric turbine pump. The pumped well was operated continuously at
a rate of 1,100 gallons a minute for about 24 hours, from 9:15 a. m.,
September 22, to 9:18 a. m., September 23, and measurements of the
water level were made in the observation wells about every 2 hours.
The draw-downs of the water level in the wells computed from these
measurements appear at the end of this report. Records of the wells
are given in a following table. The draw-down of the water table
16 and 24 hours after pumping began and the thickness of the satu-
rated water-bearing material are given in an accompanying table.
In this test no observations were made on the recovery of the water
level after pumping stopped.

PERMEABILITY OF WATER-BEARING MATERIALS

Draw-down of the water table and thickness of saturated water-bearing material, in
feet, in the test near Kearney, Nebr., after 16 hours and 24 hours of pumping

Thickness of ) Thickness of
Distance up- Draw-down saturated Distance down- | Draw-down saturated
gradient from material gradient from material
pumped well pumped well
(feet) (feet)
16 hours|24 hours|16 hours|24 hours 16 hours| 24 hours|16 hours|24 hours
3.82 3.97 | 44.18 | 44.03 || 50 .. ___________ 3.72 3.88 | 44.28 44,12
2.81 2.99 | 45.19 | 45.01 |[ 100__.____ 2.74 2.91 | 45.26 45.09
2.31 2.47 | 45.69 | 45.53 || 150_______ 2.22 2.38 | 45.78 45.62
1.96 2.12 | 46.04 | 45.88 || 200.._____ 1.80 1.97 | 46.20 46.03
1.64 1.78 | 46.36 | 46.22 (| 250___.__________ 1.53 1.70 | 46.47 46.30

Water levels, in feet below measuring points, in wells just before pumping started in

pumping test near Kearney, Nebr.
Water ‘Water
We]] Tevel Well level

Pumpedwell._____________________._.___ 14.24 13. 56
Upgradient from pumped well:

1 14. 51 14.30

2oe 14. 44 14.49

3 14. 22 14.12

4 .. 14.03 13.95

5 13.96 13.80

17 Lugn, A. L., and Wenzel, L. K., Geology and ground-water resources of south-c>ntral Nebraska: U. S.
Geol. Survey Water-Supply Paper 779, pp. 103-104, 1938.
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Location, diameter, depth, and altitudz of wells used in the test near Kecrney, Nebr.

Depth bel Distance of | Altitude of Distance
. ep’ elow measuring measuring n
Well %‘ggﬂi@‘;’ measuring Point above | point above fﬁp%]ivoe{l
point (feet) | land surface | an assumed |P ety
(feet) datum (feet)
25 59 0 27.87 0
A . .1 27.19 4.
1 24.2 1.2 28.20 49. 66
1 22.9 1.2 28.19 99.57
1 21.0 1.3 28.04 149.63
1 23.2 1.2 27.91 199. 58
1 18.3 1.4 27.91 249. 60
1 21.6 1.4 27.86 50.06
1 22.1 1.4 27.99 100.19
134 20.2 1.3 27.565 150.06
14 20.9 1.1 27.32 199.98
B e 14 20.7 1.2 27.10 250.09

COMPUTATIONS OF PERMEABILITY

'

LIMITING FORMULA

The pumping 'fate for the Kearney test was 1,100 gallons a minute;
hence by the limiting formula
A

Py=527.7X1,100 X 0=580,470C=580,470 7, .___ (135)

The following table gives values for A and B for 24 hours of pumping
computed for 7, (distance from the pumped well to nearest observation
well)=50, 100, 150, and 200 feet, and for r, (distance from pumped
well to a more distant observation well) =100, 150, 200, and 250 feet.
Values of A are plotted against corresponding values of B in figure 13.
Most of the points fall approximately on a straight line through the

.. . 0.0141 ...
origin whose slope is ~50  — 0.00705. Thus, by the limitiny formula
P,=580,470<0.00705=4,092 __________ (136)

Values of A and B for test near Kearney, Nebr.
L]
n T3 log 0.25M A4 B

100 0.301 44.56 0.0%8 0.98
5 [ 150 477 44,83 .0'% 1.50
------------------------------------------- 200 1602 45.02 034 1.88
250 -699 45.17 L0155 219
150 176 45,31 0139 53
00— oo { 200 301 45. 50 0166 91
250 398 45.66 087 1.21
o { 200 125 45.77 0127 8
-------------------------------- 250 .222 45.92 10M8 .69
200 - 250 1097 46.11 L0921 .31

GRADIENT FORMULA

The altitudes of the water table after 24 hours of pumping in the
Kearney test at 115, 125, and 135 feet upgradient and downgradient
from the pumped well are given in the following table. The thickness
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of saturated water-bearing sand and gravel 125 feet upgradient and
125 feet downgradient from the pumped well is 45.31 feet and 45.38

3.0

25

2.0 . /
vd

/

o r, 50 feet
¢ ry 100 feet

A -y 150 feet
0.5 / X r 200 feet
° 0002 0004 0006 0008 Q04 0012 0014 0016
A

FIGURE 13.—Curve for Kearney test obtained by plotting A against B.
feet, respectively. Substituting these data in the gradient formula,
equation (82), the field coefficient ot permeability is

P 18,3351,100
=125 (45.31+45.38)(11.2010.93—10.94—10.76)

=4,137.... (137)

Altitude of water tablz in test near Kearney after 24 houra of pumping

Alttitugeb?t A]tiitugeb?g
Distance upgradient from water table Distance downgradient from water tabl
pumpod Wall o) | ol || Pumped wel (ot | g S
(feet) (feet)
b U 10.94 | 116 . 10.76
125 e 11,09 (| 225 el 10.84
b . 11.20 || 185 .. gemm e 10. 93

NON-EQUILIBRIUM FORMULA

Values of r, r}/t, and s for a pumping period of 24 hours for the
Kearney test are given in the following table, and values of s are
plotted against corresponding values of 72/t on plate 3.
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Average draw-downs ot several distances from the pumped well and corrssponding
valuszs for r2ft for test near Kearney, Nebr.

r (average of the draw-
(distance from ) downs at_distance r
pumped well, in upgradient and
feet) . downgradient, in feet)

50 2, 500 3.93

100 10, 000 2. 95
150 22, 500 2. 43
200 40, 000 2. 05
250 62, 500 1. 74

The curve on plate 3, when placed over the type curve, ¢oincides
in such a manner that for the point =200, the corresponding values
of W(u) and u on the type curve are respectively 3.01 and 0.0282.
Substituting for the field coefficient of permeability in formula (91),

_ 114.6%X1,1003.01 _

P/— 45.96><2.05 ‘4)027 ------------ (138)

The specific yield of the water-bearing material is computed by
substituting in formula (92). The coeflicient of transmissibility is

4,027 X45.96=185,081 and %/£=40,000. Thus

g 0-0282185,081
1.87 X 40,000

TEST NEAR GOTHENBURG

=0.07=7 percent_____...._ (139)

Later in 1933 a pumping test to determine the permeability of the
water-bearing sand and gravel in the Platte River Valley was made
about 2 miles east of Gothenburg on the farm of Albert Anderson in
the SWENWY sec. 19, T. 11 N., R. 24 W. The irrigation well used
for the test was 24 inches in diameter and 33 feet deep. It penetrated
the entire thickness of sand and gravel. The well was equipped with
a 6-inch horizontal centrifugal pump. Five observation we'ls were
constructed upgradient from the pumped well at distances of 50, 100,
150, 190, and 250 feet, and five wells were constructed at the same
distances downgradient. A test hole was drilled near the pumped
well, and the thickness of the saturated sand and gravel was found to
be 17 feet. The zone of saturation, however, extended up into loess
for about 5 feet.

The pumped well was operated continuously at an average rate of
about 532 gallons a minute for about 24 hours, from 8:42 a. m., October
1, to 8:20 a. m., October 2, and measurements of water level in the
observation wells were made periodically. The draw-downs of the
water level in the wells, computed from these measurements, appear
at the end of this report. Records of the wells are given in the
accompanying table. The draw-down of the water table in the obser-
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vation wells after 16 hours and about 24 hours of pumping are given in
a following table. Observations on the recovery of the water level
were not made in this test.

Location, diameier, depth, and alittude of wells used in the pumping iest near
Gothenburg, Nebr.

Distance of | Altitude of Distance
Diameter | D€Pth below | measuring measuring | gt e
Well {inches) measuring | point above | point above of pumped
point (feet) | land surface | an assumed wgll (fe%t)
(feet) datum (feet)
Pumped well ________.__.__..______ 24 34.0 1.0 20. 00 0
Upgradient from pumped well: .
- 1% 20.3 1.3 20.07 49. 91
- 1 22.7 1.4 20.11 99.95
- 1 23.6 1.4 19.99 149,99
1% 20.7 1.0 19.78 190. 16
1 21.9 3.5 22.98 249. 88
1% 20.6 1.2 20. 10 49.94
1 20.5 1.1 19. 29 99.85
1 23.0 1.2 18.63 149. 98
1 4.5 1.3 18.31 189.90
1 21.9 1.5 18.23 250. 00

Water levels, in feet below measuring points, in wells just before pumping started in
pumping test near Gothenburg, Nebr.

Water Water
Well level Well level

Pumped well____.______________________ 12.83
Dovr{ngradient from pumyped well:

12.85 12.99
12.83 12.24
12.65 11.64
12.40 11.36
15. 53 11.35

Draw-down of the water table in the test near Gothenburg, Nebr., after 16 hours and
24 hours of pumping

. Draw-drown (feet) . Draw-down (feet))
Distance upgradient from Distance downgradient frcm
pumped well (feet) pumped well (feet)
16 hours | 24 hours 16 hours | 24 hours
4,97 5.16 5.13
3.66 3.88 3.85
2.79 3.01 3.25
2.32 2.53 2.82
82 2.04 2.28

The ground water in the Gothenburg area is not confined under
pressure, hence artesian conditions do not exist. However, the
permeability of the sand and gravel is so much greater than the
permeability of the loess—in about the ratio of 4,000 to 2—that
comparatively little water moves laterally through the loess. With
such a condition it is necessary in computing permeeability to use the
artesian formulas—in which the thickness of saturated water-bearing
material is unchanged during pumping by the draw-down of the water
level. Thus, for the Gothenburg test, the thickness of the water-
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bearing material is considered to be 17 feet irrespective of the draw-
down of the water table.

COMPUTATIONS OF PERMEABILITY
LIMITING FORMULA

The pumping rate for the Gothenburg test was 532 gallons a
minute; hence by the limiting formula

P,=527.7X532X (C=280,736(C=280,736_ ______ (140)

The following table gives values for A and B for 24 hours of pump-
ing computed when r; (distance from the pumped well to nearest

50

40 S ry 50 feet
$ ry 100 feet
© ry 150 feet /
X r, 190 feet

30 o

- //
Pz

1 /f

0 Q.0! 002 Q03 004 Q05

A
F1GURrE 14.—Curve for Gothenburg test obtained by plotting .4 against B.

observation well)=>50, 100, 150, and 190 feet and r, (distance from
pumped well to a more distant observation well)=100, 150, 190, and
250 feet. Values of A are plotted against corresponding values of B
in figure 14. Most of the points fall approximately on a straight line

0.05

through the origin whose slope is 3—6—3=0.0138. Thus by the limiting

formula
P,=280,736X0.0138=3,874 ___________ (141)
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Values of A and B for test near Gothenburg, Nebr.

n 73 logl’ 0.25M A B
n
100 0.301 17 0.0177 {* 1,28
B0 e e 150 477 17 .0281 2.02
190 . 580 17 .0341 2.47
250 . 699 17 L0411 2.99
150 176 17 .0104 .74
00 ¢ e 190 .279 17 . 0164 1.19
250 . 398 17 . 0234 1.71
190 103 17 . 0061 45
150.. 250 222 17 . 0131 97
119 17 . 0070 52

GRADIENT FORMULA

The altitude of the water table after 24 hours of pumping in the
Gothenburg test at 115, 125, and 135 feet upgradient from the pumped
well and the same distances downgradient is given in the following
table. The thickness of the saturated water-bearing material is 17
feet. Substituting these data in the gradient formula pertaining to
artesian conditions (equation 83) the field coefficient of permeability
is
9,168 < 532

P’:125><17(4.09—{—3.60——3.72——3.38)

=3,800 _._ (142)

Altitude of water table in test near Gothenburg, Nebr., after 24 hours of pumping

: Altitude of Altitude of
Distance upgradient from pumped water table Distance downgradient from water table
ell (feet) above assumed pumped well (feet) above assumed
datum (feet) datum (feet)
D 8 1 USRI .72 { MMB . e 3.38
128 a2 3.91 || 125 ... 3.50
135 e ——————— 4,09 (1 185 e eean 3.60

NON-EQUILIBRIUM FORMULA

Values of », 7/t, and s, for a pumping period of 24 hours for the
Gothenburg test are given in the following table, and values of s are
plotted against corresponding values of 7/t on plate 4. The curve on
plate 4, when placed on the type curve, coincides in such a manner
that for the point r=150 feet the corresponding values of W () and
% on the type curve are respectively 3.3 and 0.0212. Substituting
for the field coefficient of permeability in formula (91)

p,114.6X532X3.3_
TTT1TX3.13

The specific yield of the water-bearing material is computed by
equation (92). The coefficient of transmissibility is 3,781 X17=64,277
and 72/t=22,500. Thus

0.0212X64,277

S—m =0.0324=3.24 pero%nt _______ (144)
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Average draw-downs at several distances from the pumped well and corresponding
values for rift for test near Gothenberg, Nebr.

8 (gverage of 3h% draw-
. owns at distance r
utusped weil, o foct) m upgradient and
pump , Fov;ngradlent, in
eet,

50 2, 500 5.15
100 10, 000 3. 87
150 22, 500 3. 13
190 36, 100 2. 68
250 62, 500 2.16

The average specific yield of four samples of loess from the Platte
Valley, Nebraska, was determined in the hydrologic laboratory of the
Geological Survey to be about 20.2® If the value determined by the
non-equilibrium method is regarded as correct for a 24-hour period of
draining and if it is assumed that the loess in this area possesses the
same ultimate specific yield as that of the samples analyzed in the
hydrologic laboratory, the amount of water drained from the loess
around the pumped well in 24 hours represents only about 16 percent
of the water that it would eventually yield in a longer period of
draining.

TEST NEAR SCOTTSBLUFF

A pumping test to determine the permeability of the sand and gravel
in the North Platte Valley near Scottsbluff, Nebr., was made in 1937
in connection with an investigation of the geology and ground-water
resources of Scotts Bluff County. The test was made in the NV7%SEY
sec. 11, T. 22 N., R. 56 W., with an irrigation well 24 inches in diameter
and 46 feet deep, which is owned by Harry Pieper. Observation
wells were constructed on a line through the pumped well about parallel
to the slope of the water table at distances of about 50, 100, 159, 200,
300, 400, 500, and 600 feet both upgradient and downgradient from
the pumped well. One observation well was constructed on the line
about 11 feet downgradient from the pumped well. A test hcle was
drilled near the existing well and the thickness of the saturated water-
bearing material was found to be about 123 feet. About 9 feet of the
upper part of this material consisted of fine sand and silt, and hence
very little water that was discharged by the well percolated to the
well through this fine material. Consequently the artesian formulas
for determining permeability must be used for this test, as they were
for the test near Gothenburg.

The irrigation well was pumped continuously at a rate of about 1,270
gallons a minute from 11:53 a. m., November 2, to 3:32 a. m., Novem-
ber 3, during which time periodic measurements were made of the water

18 Lugn, A. L., and Wenzel, L. K., Geology and ground-water resources of south-central Nebraska; U. S.
Geol. Survey Water-Supply Paper 779, p. 90, 1938.
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level in the observation wells. Regular measurements of the water
levels in the observation wells were continued after pumping of the
irrigation well stopped until about noon of November 4 in order to
observe the recovery of the water table. The observed draw-downs
of the water table in the observation wells during the pumping and
after pumping stopped are given in a table at the end of this report.
Records of the wells appear in the following table, and draw-downs
in the wells 10 hours and 15 hours after pumping bogan are given in
another table. -

Location, diameler, depth, and altitude of wells used in the pumping test near
Scottsbluff, Nebr.

Denth bel Distance of | Altitude of Distance

: epth below | measuring measuring s

Well Ii'i”igﬁ%gr measuring | point above | point above froglmaxlesdof

point (feet) | land surface | an assumed v?ell (l{Jeet)
(feet) datum (feet)
Pumped Wen"“_"““h_“—il ....... 24 46.4 0 50.23 0
Upgradient from pumped well:
pef pamp 1% 28.4 8 19.98 49.84

14 23.4 1.2 50. 20 99. 69
134 23.0 1.2 50. 18 149. 50
14 23.5 1.4 50.28 109.88
1Y 23.6 1.1 50.07 299. 55
14 23.1 1.1 50. 21 399. 44
14 23. 4 1.4 50. 68 498, 41
14 23.6 1.4 51.28 598. 60
14 28.3 .4 49.92 11.23
1Y 28,9 1.4 50. 62 49. 67
14 23.3 1.4 50. 55 99. 90
14 23.5 1.2 50.33 149.75
14 23.5 1.5 73 169. 93
134 23.1 1.7 50. 93 299. 81
114 23. 1 1.7 50. 96 309.79
114 23.3 1.4 50.79 499, 91
1Y 23.2 1.4 51.00 599, 73

Water levels, in feet below measuring points, in wells just befor2 pumping started in
pumping test near Scottsbluff, Nebr.

‘Water Water
Well level Well level

Pumpgqi wte}l ............ S 13.38 13.08
Upgradient from pumped well:

pglr pume 13.05 13.85

2 13.19 13. 85

3. 13.09 13.71

13.11 14.19

12.75 14. 54

6. 12.73 14.73

7 13.04 14.71

8 13.49 15.08

Draw-down of the water table in the test near Scottsbluff, Nebr., after 10 hours and 15
hours of pumping

Draw-down (feet) Draw-down (feet)
Distance upgradient from Distance downgradient from
pumped well (feet) pumped well (feet)

10 hours | 15 hours 10 hours | 15 hours
6. 56 6. 69 6.81 6.93
4.73 4,87 4.57 4.73
3.90 4.03 3.7 3.95
3.42 3.55 3.22 3.40
2.71 2.86 2.44 2.61
2.21 2.36 1.88 2.06
1.85 1.99 1.44 1.62
1.54 1.67 1.20 1.36
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COMPUTATIONS OF PERMEABILITY
LIMITING FORMULA

The pumping rate for the Scottsbluff test was 1,270 gallons a
minute; hence by the limiting formula

P,=527.7><1,270XC=670,1790=670,179%_______ (145)

The following table gives values for A and B for 15 hours of pumping
computed when r, (distance from the pumped well to nearest observa-
tion well) =50, 100, 150, 200, 300, 400, and 500 feet and r, (distance

60
5.0 /L
40 /
a4

@3.0 // % /
/ o r 50 feet

¢ r, 100 feet

< ry 150 feet

7 H r, 200 feet

2.0

1.0
“ + r;300 feet
X r 400 feet
a r,500 fest,
1
0 0002 0004 0006 0008 00l
A

FIGURE 15.—Curves for Scottsbluff test obtained by plotting A4 against B.

from pumped well to a more distant observation well )=100, 150,
200, 300, 400, 500, and 600 feet. Values of A are plottel against
corresponding values of B in figure 15. An inspection of the figure
indicates that points corresponding to r;=>50 feet fall approximately
on a straight line but the line passes above the origin. In like
manner the points corresponding to 7,=100 feet fall on a straight line
that passes just above the origin. The other points fall about on a
straight line through the origin. The failure of points corresponding
to r,=50 and ;=100 to fall on a straight line through the origin is
probably caused chiefly by the increase in draw-down of the water
level within a radius of 100 feet or more from the pumped well; the
increase in draw-down is due to the failure of the well to completely
penetrate the water-bearing material. These points, therefore, should
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be disregarded in the permeability computations. "The slope of the

0.010

straight line through the origin is 7 =0.00213. Thusby thelimiting

formula
P=670,1790.00213=1,427___________.__ (146)
Values of A and B for test near Scotisbluff, Nebr.
T T2
1 3 log n 0.25M A B r 3 log " 0.25M A B
100 ! 0.301 114 | 0.00264 | 2.0t 200 | 0.125 114 [ 0.00110 | 0.52
150 | 477 114 | ooa8 | 282 o 300 | .301 114 | .00264 | 1.26
200 | .602 114 | .00528 | 3.34 -3 400 | .426 14 | .00374 | 1.78
50....{ 300 | .778 114 | .00682 | 4.08 500 | .523 14 | .00459 | 2.19
400 | .903 114 | .00792 | 4.60 600 | .602 114 | .00528 | 2.48
500 | 1.000 114 | .00877 | 5.01 300 | .176 114 | 00154 | .74
600 | 1.079- 114 | .00946 | 530 |} 200...1} 400 | .301 114 | .00264 | 1.27
150 | .176 114 | .o015¢ | .81 500 | .398 114 | .00349 | 1.67
200 | .30t 114 | .00264 | 1.33 600 | .477 114 | .00418 | 1.96
100__.[} 300 { .477 a | 00418 |2.07 [ 400 400 | .125 114 | .o00110 | .53
400 | .602 14 | .00528 | 2.59 -1 500 | .202 114 | .00195 | .93
500 | .699 114 | .00613 | 3.00 600 | .301 114 | .00264 | 1.22
600 | .778 -| 114 | .C0682 | 3.29 || 400... { 500 | .097 114 | .C0085 | .41
600 | .176 114 | .00154 | .70
500...| 600 | .079 114 | .00069 | .29

GRADIENT FORMULA

The altitude of the water table after 15 hours of pumping in the
Scottsbluff test at 165, 175, and 185 feet both upgracient and down-
gradiént from the pumped well is given in the following table. Sub-
stituting these data in the gradient formula (equation 83) the field
coefficient of permeability is

9,168<1,270

Pf=175><114(33.47+33.02—33.25—32.83)

=1,423 __ (147)

Altitude of water table in test near Scottsbluff, Nebr., after 15 hours of pumping

Altitude of Altitude of

Distance upgradient from pumped | water table Distance downgradient from water table
well (feet) above assumed pumped well (feet) above assumed

datum (feet) datum (feet)
165 e 33.25 || 165, el 32.83
175 e 83.36 || 175 e 32.92
185 o e 33. 47 || 185 e 33.02

NON-EQUILIBRITM FORMULA

Values of r, 2/t, and s, for the Scottsbluff test for three periods of
pumping are given in the following table. Values of s are plotted
against corresponding values of 72/t for 4, 8, and 15 hours of pumping
on plate 5. A separate computation for permeability and for
specific yield can be made from each curve. The curves when placed
over the type curve coincide to give the following values for W(u)
and % corresponding to points selected for computations.
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Values of W(u) and u for several periods of pumping corresponding to points selected
for computations

Period of
Point selected for computations rift pumping { s (feet) W(u) uw
(days)
r=200feet . . g‘ig % 0. ég; 2. gg ; gg 0. 8429v
70, . 2. . . 046-
=300 feeb. - oemmm e { 144, 000 1625 2,74 294| o3t

Average draw-downs for three periods of pumping and corresponding valuves of 12/t
for test near Scottsbluff, Nebr.

? éﬂv%rage .? (gvt—gage
. of the draw- : of the draw-
T ((flrx(s)g.nce t (length of downs at T ((%;Zt;lnce t (length of downs at
pumped | PURE | o | oparadions || Dumped | PURRNE o SR
szei:)m days) and down- frw days) and down-
gradient, gradient,
in feet) in feet)
0.167 15,000 6.29 0. 167 540, 000 2.17
50 .. .333 7, 500 6.53 || 300___ - 333 270, 000 2.49
.625 33’ 888 2 g‘i 625 lég, 000 2.74
. 167 3 . 167 960, 000 1. 65
100 ... . 333 30, 000 4,56 || 400_._.__.____ ~! 333 480, 000 1. 96
. 625 16, 000 4.80 t 625 256, 000 2.21
. 167 135, 000 3.43 167 1, 500, 000 1.27
150 . .333 67, 500 3.75 || 500 __._______ 333 750, 000 1. 56.
. 625 36, 000 3.99 625 400, 000 1.81
. 167 240, 000 2.90 . 167 2, 160, 600 1.02
200 ... . 333 120, 000 3.23 || 600 ___.____ . 333 1, 080, 000 1.29
. 625 64, 000 3.48 . 625 576, 000 1.52

The field coefficient of permeability computed from values of s
and W (u) for the 4-hour pumping period is

P ~ 114.6X1,270X2.99
~— 114<2.90 o

The field coefficient of permeability computed from values of s and
W(u) for the 8-hour pumping period is
p _114.6X1,270X2.64 _
4 114 X2.49
The field coefficient of permeability computed from values of s and
W () for the 15-hour pumping period is
p o 114.6X1,2702.94
! 114X2.74 )
The specific yield computed from values of s and « for the 4-hour
pumping period is
0.029% (114X1,316) _

S= 1.87<240,000 =0.0097=0.97 percent____ (151)

The specific yield computed from values of s and « for the 8-hour
pumping period is
§_0-046 X (114<1,354)
=TT 1.87X270,000
303464—42——10

=1,370c . (150)

=0.014=1.4 percent_______ (152)
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The specific yield computed from values of s and u for the 15-hour
pumping period is ’
0.031X (114X 1,370)

S= 187 144,000 =0.018=1.8 percent______ (153)

The computed values for both permeability and specific yield in-
creased with the period of pumping owing to the slow draining of the
unwatered material. However, the computed specific yield increased
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FIGURE 16.—Curves for Scottsbluff test obtained by plotting s against log :7

about 85 percent and the computed field coefficient of permeability
increased only about 4 percent in the 11-hour period. As the water
Jevel during the pumping period did not decline be'ow the fine sand
and silt, the computed specific yield is that, of course, of this material
and is not that of the sand and gravel through which most of the lateral
percolation occurred.

If a smooth curve is constructed through the points corresponding to
one value of 7 on plate 5 the field coefficient of permeability and the
specific yield may be computed by adjusting the cur~e so constructed
to the type curve. The permeability and specific yield are thus com-
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puted from the draw-down of the waterlevel at the distance  from the
pumped well. It is obvious, however, that these curves will be much
flatter than those on plate 5 and thus the computed values for per-
meability will be high and those for specific yield will be low. This
apparently is due to the slow draining of the material.

RECOVERY FORMULA

The recovery of the water level in the Scottsbluff area after pumping
stopped was observed in the pumped well and in all the okservation

wells. Values of logm;; and s (residual draw-down in the pumped
well) for the Theis formula are given in the following table, and values
of s are plotted against corresponding values of log 5, tt—, in figure 16.

The slope of the straight line passing through most of tke plotted

points is 1'0—1—?%'1}=0.623. Thus
T=264%1,270X0.623=208,879____________ (154)
and
208,879
P==i=1832. . (155)

The straight line does not pass through the origin as it theoretically
should. It can be made to do so approximately by applying the
empirical correction factor (see Grand Island test, p. 127). For the
Scottsbluff test, ¢ is determined by trial and error to be —#50. The

. . t—
slope of the straight line constructed from values of logm—%—q and

corresponding values of s is %%:0.467. Thus

T=264X1,270X0.467=156,576_ ___________ (156)
and
156,576
P=""—=1373____________ 157
7 114 ] ( )
t
Values of log b and s for test near Scoittsbluff, Nebr.
. t (time I t (time
¢ (tdﬁeianfter after ¢ s (residual |{| ¢ égg;ianféer after . |8 (residual
e & | pumping logy | drawdown, || (L PARNE | pumping logs |drawdown,
S °Ppet ; ; began, in t in feet) minutes) began, in t in feet)
mijnutes, minutes) minutes)
985 1. 331 2,15 1,740 0,337 0.31
1, 000 1.215 1.85 1, 802 . 320 29
1,027 1.067 1.51 1,865 .304 27
1, 058 . 949 1.30 1,921 . 291 26
1, 099 . 837 1.13 1,985 .27 22
1,155 .728 95 2,045 . 267 21
1,203 .659 85 2,101 L 257 18
1, 259 . 595 73 2, 167 . 247 18
1,327 . 534 64 2,224 L2381 16
1,382 . 494 .87 2,406 .215 15
1,435 L 461 .51 2, 590 .196 15
1,499 .428 41 2, 800 177 14
1,572 .3095 39 2,901 .170 12
1,627 . 374 37 4,139 .112 06
1, 688 .353 33
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TEST NEAR WICHITA, KANSAS

A pumping test to determine the permeability of tl e water-bearing
sand and gravel in the Arkansas River Valley near Wichita, Kans.,
was made in 1937 under the direction of S. W. Lohman, of the Federal
Geological Survey, in cooperation with the Kansas Geological Survey
on the property of the Kansas Gas & Electric Co., ir the NE¥YNWY
sec. 29, T. 26 S., R. 1 E., about 3 miles north of Wi-hita, Sedgwick
County. Three observation wells were constructed at distances of
about 50, 100, and 190 feet approximately upgradient from the
pumped well and three observation wells were constructed on the
same line at the same distances on the opposite side of the pumped
well. Several observation wells were also constructed on a line at
right angles to the other line of wells. The thickness of the saturated
water-bearing material, as obtained from the log of tte pumped well
was 26.8 feet. The water in the formation was not confined under
pressure. The well used for the test was 26 inches ir diameter, and
it penetrated the entire thickness of the water-be~ring material.
The well, which was equipped with an electric turbine pump, was
operated continuously at a rate of 1,00047 gallons a minute for
about 19 days, from 10:37 a. m., November &, to tke afternoon of
Neovember 27, at which time the pump was unavoidably stopped.
Pumping was resumed on November 28, but from & higher water
level; hence permeability computations necessarily mu<t be based on
the draw-down of the water level prior to the first stopping of the
pump. Measurements of water level were made periodically in all
observation wells and in the pumped well throughout the period of
pumping.

The log of the pumped well is given in the following table. The
physical properties of samples of the material from the well were
determined in the hydrologic laboratory of the Geological Survey
and are given in an accompanying table. The average coefficient of
permeability, P,, of the samples taken below the nonpumping water
table, weighted according to the thickness of the material represented
in the section, is about 2,470.
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Log of field well No. 308 of Kansas Gas & Electric Co. in NEY,NWY sec. 25, T. 26 S.,

R.1E.
{By S. W, Lohman, from examination of cuttings] Feet

Soil and elay._ .. e cemmemeo o 0-6
Fine sand, some medium sand______ . ______________.___ 6-15
No sample; fine sand from driller’s log_ .- _____________ 15-1¢
Static water level. . __ __ . 17. 3
Fine gravel and coarse sand, with clay balls_____________ 18-19
Fine gravel and coarse sand, with pebbles up to % inch___. 19-20
Coarse brown sand, fine gravel, some pebbles. . _._______ 20-22
Coarse sand, fine gravel, some pebbles__________________ 22-2F
Gravel, fine to coarse, with some coarse sand, pebbles up to

Yoineh . e 25-34
Fine sand_ . . e 34-3¢
Sand, coarse to medium, some fine gravel.______________ 36-3¢
Coarse sand, some fine gravel, and pebbles.__.__._____. 38-4€.5
Shale . _ . e 46. 5

Physical properties of waler-bearing materials collected by S. W. Lohman from
field well No. 303 of the Kansas Gas & Electric Co., 3 miles north of Wichita,
Kans., in the NEY4YNWY, sec. 29, T. 26 S., R. 1 E.

[V. C. Fishel, Analyst]

Mechanical analysis (size in millimeters)
Medi Ap- Mois- | Coeffi-
Labo- edi- . it | Pparent ture | cient
Depth |umand| . Medi- ; Very speci- | Poros- | equiva-|  of
r %%ry (feet) | coarse | I ;’v‘gl ngi‘lrge um ggg fing gﬁd fic | ity [lent by |perme-
; ﬁrave] g(rz oo e (sand (0.2~ (sa&%_ (lesS; grav- vol-l abirgity
arger 0 : 0.50- | 57 0. ity ume m
than 1.0) 0.50) 0.25) 0.125) 0.062) Otlag;l)
2.0) -
2285__. 6-15 1.2 1.0 2.1 13.1 1 63.6 14.1 3.5 1.45 | 43.1 3.6 200
2286____1218-19 19.6 | 24.2 17.4 | 25.9 8.8 1.3 1.5 | 1.54| 37.0 9.7 30
2287._..| 19-20 2591 33.3 27.1 11.0 1.0 .1 .4 1.77 ) 30.0 2.3 2,400
2288__._| 20~-22 19.1 22.2 26.9 | 18.6 7.1 2.9 1.4 1.81 28.2 1.1 1, 250
2280____{ 22-25 21.2 1 24.2 30.2 | 181 3.6 .6 .5 180 28.8 1.6 1, 400
2290____| 25-34 53.8 16.5 14.1 11.9 2.3 .1 .1 1.91 24.1 1.7 4, 500
2201 ___| 34-36 5.6 5.2 4,2 289 5L4 2.4 .2 167 34.4 2.4 490
2202____| 36-38 21.1 17.7 25.8 23.5 9.7 .7 .2 1.85 | 28.9 14 1,000
2203___.| 3841 20.7 28.3 28.9 16.3 3.5 .2 .1 1.83 30.0 2.8 1, 800
2294 ___| 41-46.5 16.5 | 20.0 2511 31.3 4.6 .3 .1 1.81 311 1.8 1,800

1 Weight of the moisture retained after centrifuging at 1,000 times the foree of gravity, divided by the
weight of the dry material, multiplied by the apparent specific gravity.
2 No sample between depths of 15 and 18 feet; drillers’s log indicates fine sand.

The location, depth, and altitude of wells in the pumping test
near Wichita are given in an accompanying table, and figures for the
draw-down of the water level in the observation wells are given in
another table.
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Data on wells used in test near Wichita, Kans.

Distance of :
Depth below | measuring Altitude of D}ig%me
Well m_eaglgintg) 1poigt apfove S]tlti;} (vtyatteit pumped
point (fee and surface | level (fee
(feet) well (feet)
Pumped well ' . 47.7 2.4 1, 309. 59 0
Up-gradient from pumped well:
1IN 41.5 1.8 1,309. 65 49,2
42.5 2.5 1,309.73 100.7
42.4 2.0 1,309.91 189. 4
43.8 .7 1,309. 55 49.0
42,2 L5 1, 309. 54 100. 4
42.6 .8 1,309.51 190.0

1 Diameter, 26 inches.

Draw-down of the water level, in feet, in observation wells during pumping test
near Wichita, Kans.

Well Well
Time North of pumped | South of pumped Time North of pumrped | South of pumped
(days) well well (days) well well
1 2 3 1 2 3 1 2 3 1 2 3
4.4513.20 1 1.73 ) 3.97 | 2.88 | 1.83 5.66 | 4.34 | 3.16 | 5.21 | 4.04 | 2.94
4.88 |3.68 | 2.28 [ 4.40 [ 3.20 | 2.19 5.70 | 4.38 [ 3.20 | 5.25 | 4.08 | 2.98
5.00 1 3.88 | 2.56 | 4.65 ) 3.52 | 2.41 5.74 ) 4.41 | 3.24 | 5.29 | 4.12 | 3.02
5.26 (3.99 [ 2.76 [ 4.81 [ 3.66 | 2.56 5.78 | 4.45 | 3.27 [ 5.33 | 4.16 | 3.05
5.36 | 4.09 | 2.87 | 4.91 | 3.76 | 2.66 5.81 |4.48 |13.31]5.37|4.19 | 3.08
5.44 (4.15 (2.94 { 4.99 | 3.84 | 2.74 58 (451 (334540422 311
5.50 | 4.21 | 3.01 | 5.06 | 3.91 2.80 5.86 | 4.53 | 3.37 | 5.43 | 4.25 | 3.14
5.56 | 4.26 ) 3.06 | 5.11 | 3.96 | 2.85 5,80 { 5.56 | 3.40 | 5.46 | 4.28 | 3.17
5.61 [ 4.30 [ 3.11 | 5.16 | 4.00 | 2.90 5.01 | 4.58 | 342 | 5.48 | 4.31 | 3.19

COMPUTATIONS OF PERMEABILITY
LIMITING FORMULA

The pumping rate for the Wichita test was 1,000 gellons a minute;
hence by the limiting formula

P,= 527.7><l,OOOXC=527,7OOC=527,700% ...... (158)

The following table gives values of A and B for 18 days of pumping
computed for r; (distance from pumped well to nearest observation
well) =50, 70, 90, and 110 feet and r, (distance from pumped well to
a more distant observation well) =70, 90, 110, 130, 150, 170, and 190
feet. The draw-downs at these distances were obtained from a profile
of the cone of depression. Values of A are plotted against values of
Bin figure 17. The points fall approximately on a straight line through

.02 o .
the orgin whose slope is 0502—75=0.011. Thus by the limiting formula

P,=527,700X0.011=5,805____________._ (159)
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Values of A and B for test near Wichita, Kans.

" rn | log :—: 0.25M | A B n n | log E 0250 | A B
70 | 0.146 | 204 | 0.0068 | 0.65 || ;o 170 | 0.358 | 922.5(0.0171 | 1.50
90| .255| 216 .ou8| 1.07 || 70---me-o- 190 | .434| 226 .0102| 173
10| 342 | 28| [0157 | 141 101 o087 | 223 | o030 | .31
s0...._...[{ 13| (415] 209 | .0189 | 169 130 | (160 | 22.5| 0071| .62
150 | 477 | 221 0216 | 194 || 90 (om0 | ez | 22.6 |io0o8 | .87
170 | 1531 | 222 .230 | 2.15 170 | .26 | 227 | .0122| 1.08
190 | 580 | 223 0260 | 238 190 | .325| 22.8| .0143| 131
90 | 100 220 -0050 | .42 130 | .073| 22.6 | .0032
0 10 | (196 | 221 0089 [ 76| 30 150 | 135 | 9228 .0050 | .53
-------- 130 | 269 | 223 .0121| Lo4 ===V r70 | J1se | 22.9 | 0083 | .74
150 | .331| 22.4| .0148 | L2 190 | 237 ( 230 .0103| .97

2.5
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FI1GURE 17.—Curve for Wichita test obtained by plotting A against B.

GRADIENT FORMULA

The altitudes of the water level after 18 days of pumping in the
Wichita test at 140, 150, and 160 feet upgradient and downgradient
from the pumped well are given in the following table. The tl'ickness
of the saturated water-bearing sand and gravel 150 feet upgradient
from the pumped well is 22.9 feet and 150 feet downgradient from the
well it is 23.2 feet. Substituting these data in the gradient formula
(equation 82) the field coefficient of permeability is

. 18,335 1,000
~150(22.9+23.2)(1,306.071 1,305.99— 1,305.80—1,305.79)
—=5,641__ (160)

P,
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Aliitude of water table in test near Wichita, Kans., after 18 days of pumping

Distance upgradient from
pumped well (feet)

Altitude of
water table
above assumed
datum (feet)

Distance downgradient from

pumped well (feet)

Altitude of
water table
above assumed
datum (feet)

0ol 1,305.80 || 140 __ . 1,305.79
180 il 1,305.94 1) 150 1,305.89
160 . . 1,306.07 ([ 160 ____ . . 1,305. 99

NON-EQUILIBRIUM FORMULA

Values of r, 7*/t, and s for a pumping period of 18 days for the
Wichita test are given in the following table and values of s are plotted
against corresponding values of 7/t on plate 6. The curve on plate 6,
when placed over the type curve, coincides in such a manner that for
the point 7=90 feet the corresponding values of W (u) and % on the
type curve are respectively 5.19 and 0.00306. Substituting for the
field coefficient of permeability in equation (91)

p114.61,000%5.19
TTTT222%4.63

—5,787

The specific yield of the water-bearing material is computed by
-substituting in equation (92). The coefficient of transmissibility is
5,787 X22.2=128,471 and r?/t=450. Thus

S:O.OO306X 128,471
1.87 X450

=(.467=47 percent

Average draw-downs at several distances from the pumped well and corresponding
values of r2/t for test near Wichita, Kans.

8
(average of the draw-
downs at distance r up-
gradient and down-
gradient, ir feet)

r
(distance from T
pumped well, in feet)

50 139 5.70
70 272 5. 05
90 450 4. 63
110 672 4, 29
130 939 4. 01
150 1, 250 3. 76
170 1, 606 3. 55
190 2, 006 3.32

‘COMPARISON OF FIELD COEFFICIENTS OF PERMEABILITY DETER-
MINED BY DIFFERENT METHODS FROM DATA COLLECTED IN
PUMPING TESTS IN NEBRASKA AND KANSAS

For the purpose of comparison, the field coefficients of permeability
for the water-bearing materials near Grand Island, Kearney, Gothen-
burg, and Scottsbluff, Nebr., and near Wichita, Kans., as determined
by several methods are given in the following table. The coefficients
determined for any one test agree in general very closely.
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Comparison of field coefficients of permeability determined by different methods

Locality
Method 4
grand | Kearney | G9then- | Sootts- | wyiohita

Limiting formula__ ... .. 997 4,092 3,874 1,427 5,805
QGradient formula____________________ JE I, 1, 001 4,137 3, 880 1,423 5, 641
Non-equilibrium formula _______._.. _._____. R 955 4,027 3,781 1,370 5,787
Recovery formula (without empirical correction).._ 5,006 | o |eeieeaos 1,832 |-
Recovery formula (with empirical correction) .___.___ LOO8 [oo | 1,378 |
Average coefficient, Pm, from laboratory determina-

15 10) < U 1,200 |- fecicen 2,470

METHOD FOR DETERMINING THE EFFECTIVENESS OF
WELLS

The draw-down discharge relation of discharging wells is sometimes
taken as an indication of the relative permeability of water-bearing
formations that the wells tap. The discharge is assumed to be directly
proportional to the draw-down. However, it has been found experi-
mentally that for many wells this relation holds for only the first few
feet of draw-down, after which the draw-down increases more rapidly
than the discharge. Hence, it is not often possible to determine an
accurate figure for the draw-down-discharge relation—usually ex-
pressed as the number of gallons per minute per foot of draw-down.

The straight-line draw-down-discharge relation should not be ex-
pected to hold precisely for water-table conditions where the casing’
of the pumped well is perforated throughout its length, because the
area of casing through which the water enters the well becomes smaller
with increased draw-down. The draw-down must occur more rapidly
than the relative increase in discharge. In like manner the relation
fails for artesian conditions when the water-bearing material around
the well is unwatered.

The use of the draw-down-discharge relation for an indication of
relative permeability often fails because of the difference in construc-
tion and development of wells. When wells are efficiently constructed
there is a comparatively small loss of head at the casing due to entrance
friction and the discharge per foot of draw-down is usually larger
than in wells that are constructed less efficiently and in whicl there
is a comparatively large loss of head due to the entrance of the water
into the well. The areal permeability of the water-bearing material
penetrated by two such wells may be the same, but the inference from
the draw-down-discharge relations of the wells will be that the mate-
rial around the efficient well is more permeable than the mraterial
around the less efficient well.

The loss of head due to entrance is mainly caused by inadequate
spaces in the well casing through which the water must percolate.
According to Darcy’s law the discharge through a water-l'earing
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material is equal to PIA. For a given casing, the area of the spaces
and the permeability of the screen are fixed. Therefore, the flow
into the casing depends upon the hydraulic gradient, which in turn
depends principally upon the slope of the water level beyond the
casing. The discharge of a well, then, is definitely limited by the
size, area, and arrangement of the openings in the casing, and the dis-
charge can be increased very little by lowering the water level in the
well below a certain point where the hydraulic gradient outside the
well has reached a maximum figure corresponding to the permeability
and area of the openings of the casing of the well. When the water
level in the well is lowered, the casing openings that are above the
water level in the well and below the water level on the outside of
the well function as orifices, and water spurts through them into the
well.

There probably is no definite point below which the draw-down
may be described as excessive. The deviation from the direct draw-
down-discharge relation probably begins when the draw-down is
small and then gradually increases as the draw-down increases but
because the deviation is small at first it is not readily apparent.
The discharge per unit of draw-down gives a relative estimate of the
effectiveness of a well providing the wells compared are of the same
diameter and penetrate materials of the same permeability. Another
method for determining the efficiency of wells has besn used to some
extent recently. The water level in a small well put down just out-
side the casing of the pumped well is compared with the water level
in the pumped well during its operation. The difference between
the water levels in the two wells is inversely proportional to the
effectiveness of the pumped well. This method, however, does not
take into account the rearrangement of the material and hence the
change in permeability near the well during the development of the
well nor does this method make allowances for the diameter of the
well.

The effectiveness of a well can be more satisfactorily ascertained by
an application of the equilibrium or non-equilibrium formulas for
determining permeability. The theoretical draw-dovn at the casing
of the well may be computed by these formulas, from which the
effectiveness of a well may be determined by the equation

100s,

E, PR T PR EEEES (163)

in which E, is the effectiveness of the discharging vvell, in. percent;
8. is the theoretical draw-down of the water level at the casing of the
well, computed by the equilibrium or non-equilibrium formulas, in
feet; and s, is the observed draw-down in the well, in feet.
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The theoretical draw-down of the water level in the pumped well
may be computed by the following equilibrium formula pertaining to
water-table conditions

1,055.4¢ logiy =
so=H—\ him——p—" . (164)

in which s, is the theoretical draw-down in the pumped well, in feet;
H is the thickness of the saturated water-bearing material before
pumping began, in feet; h; is the thickness of the saturated water-
bearing material while pumping at a point at distance r, from the
pumped well, where the cone of depression has reached essential
equilibrium form, in feet; ¢ is the discharge of the puraped well, in
gallons a minute; P,is the field coefficient of permeability; and r, is the
radius of the pumped well, in feet.
For artesian conditions the corresponding formula is

_527.7¢
HP 1 +S2 ————————————————

in which s, is the draw-down of the water level at distance 7, from the
pumped well and the other symbols are those previously defined. It
is obvious that in the above formulas, as in all equilibrium formulas,
only draw-downs obtained from the part of the cone of depression
that has reached essential equilibrium in form can be used.

This method may be used to determine the effectiveness of the wells
pumped for the five permeability tests described in this report. The
following table gives the necessary data for computing the theoretical
draw-down of the water level in the pumped wells by the above
formulas.

Data for computing the theoretical draw-down of the water level in wells pumped for
permeability tests

Loeality H q 1 Pf T2 82 h| T
Grand Island. . ......_..._...... 100 540 997 100 2.16 97.84 1.0
Kearney.. ... ...... .- 48 1,100 4,092 100 2.95 45.05 1.08
Gothenburg. 17 532 3,874 100 3.87 17 1.0
Scottsbluff. . 114 1,270 1, 427 150 3.99 114 1.0
Wichita.. ... ... ... 26.8 1, 000 5, 805 100 4.45 22.35 1.17

1 Computed by the limiting formula.

The measured draw-down s;, the computed theoretical draw-down
8¢, and the effectiveness of the well E, are given in the following table.
The computations are based on the observed draw-downsin the pumped
and observation wells at the end of the pumping periods.
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Observed draw-down, computed draw-down, and effectiveness of wells pumped for
permeability tests

se(computed | Fy (effec-

Locality & (observed | “theoretical | tiveness of
in feet) draw-down |pumped well,

in feet) in percent)
Grand Island 20.0 8.2 41
Kearney....... 11.0 9.6 87
Gothenburg 10.3 12.4 120
Scottsbluff.. R 23.0 13.0 57
WiChita o oo emas 15.0 14.6 97

The effectiveness of the wells pumped for the permeability tests
range from 41 percent for the Grand Island well to 120 percent for
the Gothenburg well. The Grand Island well was obviously ineffec-
tive because the water level just outside the well casing while pumping
was in progress was observed to stand about 10 feet higher than the
water level in the well and water spurted into the well through the
casing perforations. The Gothenburg well, which penectrated only
17 feet of saturated sand and gravel, apparently had been developed
to a high degree, inasmuch as it is more than 100 percent effective.
An effectiveness of 100 percent indicates that the well casing and
material around the well function as if there were no loss of head
caused by theentrance of the water into the well. Where the well has
been considerably developed the effective radius of the well is increased
and the apparent effectiveness of the well under sucl' conditions may
be much greater than for perfect conditions with a smaller effective
radius. By well development the permeability of the water-bearing
material around the well may be considerably increesed over that of
the rest of the formation, and while the well is being pumped the slope
of the water level through the material with the incressed permeability
may be considerably less than the slope that would heve prevailed had
the well been undeveloped. The draw-down in the pumped well will
be decreased proportionally by the well development. It is thus
possible to construct a well that for the diameter of its casing is more
than 100 percent effective. The well may, of course, be developed in
many ways, such as by surging, or by pumping it very strongly to
withdraw from the material around the well as much of the fine
sediments as possible. The same effect may be had by packing
gravel around the casing during the drilling of the well,

The two wells with the lowest effectiveness—the Grand Island and
Scottsbluff wells—did not penetrate the entire thickness of water-
bearing material, and doubtless a large part of their relative ineffect-
iveness is due to this fact. The other three wells complefely pene-
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trated the water-bearing materials. The Grand Island, Gothenburg,
and Scottsbluff wells were constructed with galvanized iron casing and
the Kearney and Wichita wells with concrete casing.

The specific capacities of the wells (discharge per foot of dravvdown)
range from about 27 gallons a minute for the Grand Island well to
100 gallons a minute for the Kearney well. The specific capecity of
the Gothenburg well is 51.7, the Scottsbluff well 55.2, and the Wichita
well 66.7. 1t is apparent that the specific capacities of the wells have
only a general relation to their effectiveness and to the permeability of
the formations they tap.

RECORDS OF DRAW-DOWN FOR PUMPING TEST{ IN
NEBRASKA

GRAND ISLAND
Pumping for the test in the Grand Island area began at 6:05 a. m.,
July 29, 1931, and stopped at 6:04 a. m., July 31, 1931. Records of

wells appear in the table on pages 120-121, and the location of the
wells is shown in figure 10.

Draw-down of the water table in observation wells and pumped well near Grand Island

Well 1, line A
Draw- Draw- Drawe-
Time down Time down Time dewn
(feet) (feet) (feet)
July 29, 1931 July 30, 1981—Con. July 81, 1931—Con.
5:15 a. 0.00 3.69 1.26
6:11 .96 3.72 1.19
6:15 1. 40 8.75 1.14
6:28 1.86 3.77 1,11
6:50 2.11 3.7 .97
17 2.27 3.80 .88
7:36 2.38 3.84 .81
8:09 2.54 3.85 .76
8:30 2.62 3.88 .69
8:40 2. 66 3.89 .65
9:08 2.75 3.90 .60
9:36 2.84 3.93
H 2.94 3.95
3.13
3.27 July 31, 1931 .58
3.41 .52
3.51 1:33 a. 3.97 .51
3.55 3:52 4.01 .49
3.62 5:38 4.01 44
3.65 6:09 2.88 42
3.7 6:36 2.34
6:56 2.10
7:27 1.86
7:50 1.73
3.68 8:21 1.61
3.68 9:04 147
3.67 9:49 1.36
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Draw-down of the water table in observation wells and pumped well near Grand
Island—Continued

Well 2, line A
Draw- Draw- Draw-
Time down Time down Time down
(feet) (feet) (feet)
July 29, 1931 July 30, 1931—Con. July 81, 1931—Con.
5:17 a. 0.00 2.48 1.85
6:17 .63 2. 50 1.75
6:29 .77 2.51 1.62
6:51 .90 2. 54 1.48
7:18 1.06 2.56 1.36
7:38 1. 16 2.57 1.26
8:10 1.30 2.59 .21
8:42 1.41 2.61 1.15
9:11 1.51 2.59 1,12
9:37 1.58 2.63 .98
10:20 1.69 2.65 .89
11:53 1.85 2.67 .81
1:26 p.m__ 1.99 2. 68 .76
3:17 2.13 2.70 .70
5:09 2.23 2.73 .65
6:17 2.29 .61
8:11 2.35 July 31, 1931
9:47 2. 40
11:32 2.45 1:36 a. 2.76 .58
3:54 2.78 .53
July 30, 1931 5:40 2.79 .50
6:10 2.52 .49
142a,m_____________ 2.45 6:38 2.20 .44
3126 o oao. 2.46 6:59 2.04 .43
Well 3, line A
July 29, 1931 July 30, 1931—Con.
5:19 a, 0.00 1.73 1.59
6:19 .24 1.76 1.52
6:30 .32 1.77 1.44
6:53 .43 1.80 1.34
7:19 .52 1.81 1.26
7:39 .59 1.82 1.19
8:12 .69 1.84 1.14
8:44 .76 1.86 1.09
9:12 .83 1.86 1.05
9:39 .88 1.87 .94
10:21 .98 1.89 .86
11:55 112 1.91 .80
1:29 1.24 1.92 .75
3:19 1.37 1.94 .69
5:11 1.46 1.96 .65
6:19 1.51 .60
813 1.58
049 1.64
134 1.67 1.98 k . 56
2.01 3:25 - .54
July 30, 1931 2.03 4:45 - .49
. 1.92 5:49 - .48
l45a.m______.____.. 1.70 1.78 7:32 - .45
3B 1.71 1.70 901 . .43

Well 4, line A

——

July 29, 1931

CI0CORNNSoaao
SRERSSENREBE

July 29, 1931—Con.

P e
QF i b e B P B B G0 G GO QO
HOODPWH=OIDW



GRAND ISLAND

153

Draw-down of the water table in observation wells and pumped well near Grand
Island—Continued
Well 4, line A=—=Continued
Draw- Draw- Draw-
Time down Time down Time down
(feet) (feet) (feet)
July 30, 1931—Con. July 81, 1931—Con. July 381, 1931—Con.
10:27p.m____._________ 1.53 1. 0.66
11:47 . 1.54 1. .63
1. .58
1.
1.
1.58 1.
1.60 1. .85
1.61 . .52
1.57 .49
1.48 .48
1.4 .44
1.37 .42
Well 5, line A
July 29, 1931 July 30, 1931—Con.
5:25a. m 0. 1.04
6:21 . 1.01
6:33 . .99
6:57 . .95
7:22 . .91
742 . .88
8:15 . .86
8:47 . .84
9:19 1. .82
9:42 1. .75
10:25 1. .71
11:57 1. .66
1:35 1. .63
3:24 1. .59
5:14 .57
6:22 .52
8:17
9:50 1.
11:38 1.
1. .45
1. .45
1. .41
1.07 .40
Well 6, line A
July 29, 1931 July 30, 1931—Con.
5:27 a. m, 0.45 0.63
6:23 . .63
6:35 .62
6:58 .60
7:24 .59
7:44 .58
8:16 .57
8:49 .56
9:20 .54
9:44 i)
10:26 .50
11:58 .47
1:37 .45
3:27 .44
5:15 .41
6:24
8:19
9:59
11:41 .39
.38
.37
.35
1:55 a. m .34
3:37 .32
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Draw-down of the water table in observation wells and pumped well near Grand
Island—Continued

Well 7, line A

Draw- Draw- Draw-
Time down Time down Time down
(feet) (feet) (feet)
July 29, 1931 July %0, 1931—Con. July 81, 1531—Con,
5:29 a. 0.35 0. 50
6:59 .36 .50
7:26 .37 .50
7:45 .38 .49
8:18 .38 .48
8:50 .39 .48
9:22 .40 .48
9:45 .42 .46
10:28 .42 .46
12:00 .43 .43
1-40 .45 .41
3:30 .46 .39
5:17 .38
6:25 July 31, 1931 .37
&:20
10:02 153 .49
11:43 4:07 .51
5:49 .52 .37
6:17 .51 .35
1:58 a. 6:47 .51 .34
3:40 7:07 .51 .34
5:30 7:39 .51 .30
7:15 8:02 .51 .29
Well 8, line A
July 29, 1931 July 80, 1931—Con. July 81, 1931—Con.
5:31a.m 0.4
8:20 . ﬁg
8:52 .43
9:24 .41
10:30 .41
12:01'p. m .40
1:43 .38
3:32 .37
5:18 .36
627 .35
8:22
10:07
11:46
3
.33
.32
.31
.29
.28
Well 9, line A
July £9, 1931 July 30, 1931—Con. . July 81, 1931—Con.
5:33 a. 0.15 9:20 a. M. 0.27
7:48 16 || 10:08 .28
8:22 .16 {] 10:46 .28
8:5¢4 17 || 11:23 .28
9:26 .18 || 12:27p.m .28
10:33 .18 2:23 .28
12:03 p. .19 3:54 .28
1:45 .20 5:27 .28
3:34 .20 6:34 .27
5:20 20 8:24 .27
6:29 22 || 9:56 .2
1(8):2? 23 ([ 11:39 .26
11
21448 Aua. 1, 1931
23 1:50 a. m .26
26 3:36 .26
.26 4:58 .25
26 5:58 .25
26 7:42 .23
.26 9:11 .22




GRAND ISLAND 155

Draw-down of the water table in observation wells and pumped well necr Grand
Island—Continued

Well 10, line A

Draw- Draw- Draw-
Time down Time down Time down
(feet) (feet) (feet)
July 29, 1931 July 30, 1981—Con. July 31, 1931—Con.
............. 0.08 0.16
- .09 .18
- .09 A7
- .09 17
- .10 17
- .11 17
- .11 .17
- 2 .13 A7
- . .18
- . gg July 31, 1931 .18
2:008. M e .13
4116 caeeas .13
5:55 el s .16 .18
.05 6:23 s .16 .18
.06 711 s 15 .18
LO7 (| 8834 il .15 .18
.07 9:22 . .15 A7
.07 | 10009 ... .18 17
Well 11, line A
July 80, 1931—Con. July 81, 1931—Con.
............. 0.00 231 p. Moo 0.06 || 12:34 p.m. 0.11
- .01 4:06 e .07 2:27 .12
- L02 | 535 . .08 || 3:59 .13
- .01 810 el 07 5:30 13
- .02 4| 10143 oo .09 || 6:37 .12
R .03 8:26 .12
.04 10:01 12
............. .04 11:45 .13
2:04 .10
4:20 11
557 .11
.04 ([ 6:25 .11 1:55 .15
.06 7:14 .10 3:40 .16
.05 8:35 .10 5:02 .18
.05 9:23 11 6:02 .15
.06 || 10:11 3 7:46 .14
.06 || 10:50 .11 9:15 .14
.06 || 11:26 11
Well 13,line B
July 80, 1930—Con. July 81, 1931—Con.

H . 0. 00 3.56 9:22a.m. ... 1,38
6: 1.87 3.58 || 10:20 ... 125
6:54 2.13 3.60 || 10:58 o ... 118
7:13 2,25 3.63 (| 1:32 .. 1.12
7:35 2.33 3.67 || 1210p.m_.________.__ .07
8:04 2.47 3.69 1:02 . 1.00
8:39 2,58 3.72 || LT . .94
9:06 2.68 372 ) 230 ... .90
9:27 2.74 3.76 3:36 .. .84
9:59 2.81 3.77 4:20 - .80

11:24 2.98 3.79 5:20 - .77

12:42 p. 3.11 3.78 6:22 - .74

1:53 3.20 3.83 8:09 - .69

3:23 3.31 10:06 oo .63
4:33 3.37
5:48 3.43

6:51 3.46 3.84

9:34 3.54 3.87 || 1238a.m._..._.__.___. .56

11:23 3.59 3.87 2:44 - .52

2.72 3:53 - .50

1.99 5:24 - .47

3.56 1.69 7:34 - .43

3.56 L52 | 9:04 ... .41

303464—42——11
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Draw-down of the water table in observation wells and pumped well near Grand
Island—Continued

Well 14, line B
Draw- Draw- Draw-
Time down Time down Time down
(feet) (feet) (feet)
July 29, 1931 July 80, 1981—Con, July 81, 1931—Con.
_____________ 0.00 2.31 9:25a.m.___.________ 1.38
14 - .49 2.33 || 10:23 - 1.24
: - .81 2.35 || 11:35 - - 1.13
: - .91 2,37 || 12214 p.m__ - 1.09
H - 1.00 2.39 1:02 - 1.00
K - 1.15 2.42 2:00 - .95
¥ - 1.25 2.43 2:41 - .91
. . 1.34 2.45 3:38 - .86
¥ - 1.39 2.47 4:22 - .83
X . 1.47 2.48 [ 5:23 - 77
<! - 1.64 2.50 6:24 - .75
H . - 1.7 2.51 8:11 - .69
3 - 1.86 2.52 || 10:32 .. .61
3:26 - 1.96
4:35 - 2.03
5:50 - 2.09
6:53 2,14 || L:22a.m. .. ... 2.54 || 12:40 .56
9:39 2.22 - 2. 59 2:46 .52
11:26 e 2.27 - g g? g% . ié
July 30, 1851 . 190 || 737 44
137a. M oo aaee 2.29 - 1.66 9:06 41
F: H T S, 2.31 || B36 .o 1.51
Well 15, line B
July 29, 1931 July 80, 1981—Con. July 81, 19°'—Con,
520a. M- oo 0.00 1.59 1.22
6:18 .19 1.61 1.12
6:59 .38 1.63 1.08
7:17 .43 1.65 1.04
7:41 .51 1.66 .98
8:13 .59 1.68 .93
8:44 .65 1.70 .88
9:10 72 1.72 .83
9:33 .75 1.74 .81
10:21 .84 1.75 .77
11:30 .96 1.76 .74
12:46 p.m._ 1.06 1.77 .71
1:57 114 1.79 .65
3:28 1.23 .58
4:38 1.30
5:52 1.35
6:56 1.39 1.81
9:43 1.47 1.84 .54
11:20 oo 1. 51 i % . ig
July 30, 1981 154 '43
1:M40a. m_____________ 1,55 1.41 .40
F: 2 1 1.57 1.31 .39
Well 16, line B
July £9, 1981 July 29, 1981—Con
0.69 1.09
.76 : 1.10
.81 2 1.12
.85 || 11: 1.13
.90 1.156
.96 1.16
.99 1.18
1.19
1.21
1.03 1.22
1.04 1.23
1.25
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Draw-down of the water table in observation wells and pumped well necr Grand
Island—Continued

Well 16, line B—Continued

Draw- Draw- Draw-
Time down Time down Time down
(feet) (feet) (feet)
July 81, 1931 July 81, 1931—Con. July 81, 1831—Con.
1:30 a. 1.27 0.59
3:54 1.29 . b4
5:36 1.31
6:22 1.27
7:14 1.19 .49
8:02 1.11 .46
8:46 1.06 .44
9:31 1.00 .40
10:27 .93 .38
11:04 .90 .37
Well 17, line B
July 29, 1931 July 80, 1931—Con. July 81, 1931—Con.
5:25 . 071 [ 10:227a.m_ ______.___. 0.74
6:23 73| 105 - .71
7:04 4|1 .69
7:21 .75 || 12:27p. m. .67
7:48 .76 1:17 - .66
8:18 .78 2:07 - .63
8:48 .79 3:00 - .60
9:15 .81 3:43 - .59
9:38 .82 4:41 - .57
.82 5:28 . .56
.83 6:31 - .54
.85 8:23 - .51
.87 |1 10:40  _____ ——————— .47
Awug. 1, 1981
.80 || 12:45a. .43
.90 2:51 .40
.92 4:00 .39
.90 5:29 .37
.86 7:44 .36
.83 9:15 .32
.80
.78
B
July 81, 1931—Con.
0.48
.47
.46
.46
.45
.44
.43
.42
.41
.40
.40
.39
.37
.35
.33
.30
.30
.29
.26
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Draw-down of the water table in observation wells and pumped well near Grand

Island—Continued
Well 19, line B
Draw- Draw- Draw-
Time down Time down Tire down
(feet) (feet) (feet)
July 29, 1931 July 80, 1981—Con. July 81, 1981—Con.
§32a. Mmoo 0.00 5:47 a.m 0.26 || 9:38a.m_ ....___. 0.40
6:27 L .00 7:28 .27 || 10:32 - .39
709 . .00 8:46 .28 || 11:09 - .38
72 . .00 9:55 .29 1] 11:44 - .38
783 s .01 |} 11:30 .29 || 12:33 p. m .37
827 - .02 1:09 p. .31 1:21 .37
852 . .02 2:28 .31 2:11 - .38
919 .03 ]| 40 .33 || 3:.03 - .36
943 .. .05 5:28 .33 347 - .3
30:30 . .07 || 6:34 .35 || 445 - .33
1140 . 09 7:38 .35 5:33 - .33
A2:54pm. ... .12 9:12 .35 6:40 - .34
2006 . .13 || 11:30 .37 8:30 - .32
336 .. .14 1045 .. .30
446 .15
6:01 17 Aug. 1, 1931
736 . .18 .38
O57 . .20 .30 || 12:49 .29
11:4) . .22 .40 2:54 .28
July 30, 1631 il %
1:60a. mo._ ... .22 .41 7:48 .23
330 e .25 .40 9:18 .22
Well 20, line B
July 29, 1981 July 30, 1931—Con. July 31, 15%1—Con.
5358, M. oo 0.00 : 0.17 || 10:358. M _aeee . 0.29
620 ... .00 5 .18 || 10:37 .29
758 el .00 B .19 || 11:46 .28
B29 .l .01 |} 11:32 .19 || 12:36 p. m. .28
8:55 .. .01 o .21 1:24 .28
9:21 . .02 .22 2:12 .27
9:50 ... .02 .23 || 3:04 .27
10:33 el .03 .23 3:49 .27
1143 L .06 .23 4:47 .26
12:56p.m____._______ .06 .23 5:35 .26
2:08 e .07 .24 || 643 .26
3:38  eeeooos 081 .25 || 8:33 .26
448 . .08 10:47 .24
6:03 . .10
788 ] .11
1002 .12 .27
1148 eeeeeaes .14 .28 .23
.29 .22
.29 .20
.29 .20
.15 .29 .18
.18 .29 .18
.17 .29
Well 21, line B
July 29, 1981 July 29, 1931—Con. July 30, 1831—Con.
0.04 0.08
.05 .10
.05 .10
.05 .10
07 .10
.08 .11
.12
.12
.13
.08 .13
.08 .14
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Draw-down of the water table in observation wells and pumped well near Grand

Island—Continued
Well 21, line B—~Continued
Draw- Draw- Draw-
Time down Time down Time down
(feet) (feet) (feet)
July 80, 1931—Con. July 81, 1981—~Con. July 81, 1981—Con.
3 0.14 0.17 || 645p.m_ oo 0.20
11:37 - .15 .17 8:36 .19
.17 || 10:50 .18
.18
.16 .18
.17 A7 .18
.16 .18 .17
.16 .18 .16
.16 .18 .16
.16 .18 .14
.17 .19 .14
Well 22, line B
July 29, 1931 July 30, 1981—Con. July 81, 1981—Cor.
640a.m . .____..__ 0.00 || 11:37 a. m. 0.06 || 11:16a. M oo o 0.10
6:20 - .00 1:15p.m .06 [[ 11:50 - .10
9:00 - .00 || 2:34 .06 || 12:42p. m_ .10
11:49 .01 4:15 .07 1:28 - .10
1:01l p.m .01 5:32 .07 2:16 - .10
2:15 - .01 6:41 .07 3:07 - 1
3:43 - .01 7:43 .08 3:53 - J11
4:52 - .02 || 9:22 .08 4:51 - 1
6:08 - .02 j| 11:40 .09 5:39 - 11
7:41 - - .02 8:48 - .12
10:09 - - .02 July 81, 1981 8:39 - A2
11:64 . .03 10:52 ol .12
l44a. m .09
July 80, 1981 413 10 Aug. 1, 1981
5:53 .10
2:02a.m____.________ .04 6:40 0 )1 125858 mo .. .13
3:37 .04 7:27 . 2:59 - .12
5:53 .04 || 8:20 .09 || 4:18 - B!
7:36 .04 9:00 .10 5:36 - .10
8:63 .05 9:49 .10 7:56 - .10
10:02 .05 || 10:39 .10 9:24 ool .10
Well 23, line B
July 29, 1681 July 30, 1931—Con.
643a.m__..o....._. 0,03 0.056
837 . .03 .05
11:54 . .03 .05
105pm. .. .04 .06
218 . .04 .06
454 e .05 .06
744 el .06
10:13 . .08
11:58 oo .05 .07
July 30, 1981 % -0
2:05a. M. ... .05
5:55 . .05
730 eee- .05 .08
858 oo .05 .08
10006 - .05 .08
.05 .06
.05 .06
.05 .06
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Draw-down of the water table in observation wells and pumped well near Grand
Island—Continued

Well 24, line B

Draw- Draw- Draw-
Time down Time down Time down
(feet) (feet) (feet)
July 29, 1981 July 30, 1981—Con. July 81, 1981—Con.
0.04
.04
.05
.05
.05
.05
.04
.04
.04
.04
.04
.04
.04
K .04
_____________ 12:44p.m .04
Well 25, line W
July 80, 1931—Con.
0.00 2.70
.00 2.72
.64 2.75
.69 2.77
.86 2.79
1.06 2.82
1.38 2.86
1.57 2.87
1.75 2.87
1,98 2.88
2.15
2.29
2,40 2.94
2.47 2.97
2.53 2.98
2. 60 2.98
2.92
2.13
2.66 1,73
2.69 1.80
2.69 1.43
Well 26, line W
July 29, 1981 July 30, 1981—Con. July 81, 1931—Con.
0.00 1.22 || 10:19a. m_ 1.02
.00 1.23 || 11:08 .97
.06 1.26 (| 11:44 - .92
.09 1.28 || 12:28 p.m._ .89
.20 1.29 1:15 .85
.31 1.29 2:15 .81
.41 1.32 3:02 ' .78
.49 1.35 3:45 .75
.63 1.35 4:47 .70
.74 1.36 5:18 .69
.84 1.37 7:10 .63
.92 9:16 .58
.97 11:18 - .54
1.03 1.41
1.08 1.43 Aug. 1, 1931
1.46
July 30, 1981 144 || 137a.m .50
1.31 3:19 .46
1.15 124 5:38 .44
1.18 1.16 7:24 .40
1.22 1.09 8:52 .38




GRAND ISLAND 161

Draw-down of the waler table in observation wells and pumped well near Grand
Island—Continued

Well 27, line W
Draw- Draw- . Draw-
Time down Time down Time down
(feet) (feet) (feet)
July 29, 1931 July 30, 1931—Con. July 81, 1931—Con.

: 0.68 0.70

H .68 .68

: .69 .66
6:52 .71 .65
7:44 .72 .63
8:30 .73 .60
9:24 .75 .58

11:12 .75 .57
12:46 p. .76 .56
2:35 .78 .55
4:16 .50
5:40 .47
7:27 7

9:54 .80

.81 Aug. 1, 1981

.85
.84 1:39a. m.. .42
.82 3:20 .39
.80 5:39 .37
W77 7:26 .34
.73 8:58 .33

‘Well 28, line W
July 30, 1931—Con.

5:20a.m 0.00 0.33 0.42
6:16 .00 .35 .41
6:54 .01 .35 .42
7:47 .02 .37 .41
8:32 .04 .37 . 40
9:26 .06 .38 .39
11:14 .09 .38 .38
12:49 .13 :: .40 .37
4:18 .19 .37
5:42 .20 July 81, 1931 .35
7:30 .21 .33
9:59 2210 123lamo . .43 .31

2:37 - .42

5:02 - .45

.27 6:13 - .45
.28 6:59 - .46 .30
.29 7:41 .45 .29
.29 8:28 .44 .27
.30 9:23 .43 .28
.32 10520 .. .42 .24

Well 29, line W
July 30, 1931—Con.

: 0.00 0.14 0.22
6:56 .01 .15 .22
7:49 .02 .15 .23
8:34 .02 .16 .23
9:28 .02 .18 .23

11:17 .02 17 .23
12:52 .04 .17 .23
2:40 .05 .18 .23
4:21 .06 .22
6:44 .07 .22
7:32 .07 .22
10:04 .08 .20 .20
.2
.21
.1 .21
.11 .22 .20
.12 .22 .19
A2 .22 .19
.13 .22 .18
.14 .22 .18
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Draw-down of the waler table in observation wells and pumped well near Grand
Island—Continued

Well 30, line W
Draw- Draw- Draw-
Time down Time down Tine down
{feet) (feet) (feet)
July 29, 1931 July 30, 1931—Con. July 81, 1981—Con.
0.00 |} 10:30 a. m. 0.06 || 1:M4am ... 0.12
.00 (| 11:50 .06 || 11:52 .12
.01 l:14p.m. .07 || 1235 p.m .14
.01 2:21 - .07 1:22 14
.01 3:52 - W07 2:21 .14
.01 5:36 - 07 3:.08 .14
.01 || 86:53 . .08 || 3:51 .14
.01 7:55 - .09 4:53 .14
.01 9:52 .09 5:21 .15
.02 7:19 .14
.02 July 81, 1981 9:26 .14
.03 1:33 .14
12:37 a. m .10
2:41 - .10 Aug. 1, 1981
6:16 - W11
.06 )| 7:04 . J12 .15
.06 7:45 - .11 .16
.06 | 832 .1 .15
.05 || 9:27 - .12 .13
051024 ZZTTTTTT .12 .13
Well 31, line W
July 30, 1981—Con.
0.04 [ 11:16 8. m. ... 0.09
.05 . .09
05 . .10
.05 - .10
.06 - .10
.06 - .10
.07 - .12
. .07 - J11
. - .12
.01 July 81, 1931 - L1
.02 - 12
.02 || 12:39a.m. .08 W12
2:46 .09
July 30, 1981 5:07 .08
6:18 .08
1:12 8. m. .03 || 7:08 .09 .12
3:25 - .04 747 .09 .12
5:27 - .04 8:33 .09 .12
727 - .04 9:29 .09 .11
8:56 oo .04 }| 10:25 .09 .12
Well 32, line D
July 30, 1931—Con.
0.00 2.871 906a.m___...___._. 1.49
.75 2.80 - 1.37
1.06 2.92 - 1.28
1.24 2.93 - 121
1.49 2.95 - 1.14
1.63 2.96 . 1.06
1.76 3.00 - 1.05
1.94 3.01 - .03
2.16 3.04 - .86
2.30 2.99 - .79
2.45 2.99 . .73
2.57 3.08 - .67
263y | ({1033 . .63
2.68
2.76 Aug. 1, 1981
2.81 3.12
3.14 ([ 12:13a. M. .59
3.15 2:05 - .55
2.72 || 3:53 - .51
12:16a. M. o oo 2.79 2,08 5:14 - .49
129 emmammmmmae 2.83 1.85 6:39 - .46
404 0 . 2.84 1.73 824 ... 42
6:10 ... 2.85 1.63
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water table in observation wells and pumped well rear Grand
Island—Continued

Well 33, line D

Draw- Draw- Draw-
Time down Time down Time down
(feet) (feet) (feet)
July 29, 1931 July 30, 1981—Con. July 81, 1981—Cor.
500a. m ..o 0.00 22 3. 1.96 1.53
6:09 - .22 E 1.97 143
6:21 - .37 :00 2.01 1.31
6:38 . .47 = 2.03 1.25
7:21 . .69 B 2.02 1.18
7:52 - .79 o 2.04 1.14
8:28 - .90 33 2.05 1.05
9:25 - 1.03 N 2.07 .86
11:10 - 1.27 ¥ 2.09 .80
12:24 p.m_ 1.36 : 2.12 .75
2:18 . 1.51 B 2.11 .70
2%% . } g.? 1:00 o 2.16 .64
630 . 173 July 81, 1951
8:48 . L7 || 12098 m_ ... 2.20
1042 . 1.86 231 .. 2.21 .60
442 ... 24 .56
6:15 - 2.08 .53
1.88 704 . 1.82 .50
1.92 738 e 1.69 .47
1.93 802 - 1.60 .45
Well 34, line D
July 29, 1981 July 80, 1981—Con.
1.46 1.34
1.48 1.28
1.49 L20
1.52 1.14
1.53 1.09
1.55 1.05
1.56 .88
1.58 .82
1.59 .76
1. 62 .71
1. 64 .67
1.66 .62
1.71 1 12:18a m oo .57
1.7 2:10 - .53
1.65 3:57 - .50
1.53 5:18 - .47
1.44 6:43 - .46
1. 40 8:27 el .43
Well 35, line D
July 29, 1981 July 80, 1981—Con.
5:12a.m 0.00 0.98 1.03
6:13 .03 1.01 .99
6:27 .06 1.02 .94
6:42 .09 1.04 .91
7:26 .18 1.05 .89
7:58 .23 1.07 .83
8:36 .28 1.08 LT
9:29 .34 1.09 .72
11:15 .45 1.12 .68
12:30 p.m__ .54 114 .63
2:27 .63 1.16 .60
3:19 .70 1.18 .85
5:37 .76
6:49 .79
8:53 .85 121
10:48 .88 1.24 .52
117 .49
1.15 .45
.91 1.12 .45
. 94 1.09 .41
.96 1.07 .40
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PERMEABILITY OF WATER-BEARING MATERIALS

Draw-down of the water table in observation wells and pumped well near Grand

Island—Continued
Well 36, line D
Draw- Draw- Draw-
Time down Time down Time down
(feet) (feet) (feet)
July 29, 1931 July 80, 1981—Con. July 81, 1931—Con.
5:16 a. 0.00 0. 55 0.72
6:16 .00 .58 .71
6:30 .01 .59 .68
6:45 .01 .61 .65
7:29 .04 .61 .64
8:00 .07 .63 .63
8:40 .10 .64 .59
9:31 .13 .65 .56
11:17 .21 .67 .53
12:33 .25 .69 .50
2:30 .31 .71 .47
4:23 .35 .72 45
5:40 .38
6:55 .40 Aug. 1, 1981
8:56 .41 .75
10:54 .47 .77 |1 12:23a. m .42
.78 2:15 .41
W77 4:02 .39
.50 .76 5:22 .38
.52 .74 6:48 .36
.53 .74 8:31 .34
Well 37, line D
July 30, 1981—Con. July 81, 1981—Con.
_____________ 0.001) 6:40a.m___._.____... 0. 32 0.50
- .00 7:55 s .34 .49
- .00 910 .35 .49
- L01 || 10:36 oo .36 .48
- 021 11:24 L . .37 .47
- .04 12225 p.m. oo .. .38 .47
- .07 142 . .39 .45
- .12 313 . .40 .43
- .13 4:45 .. .42 .41
- .16 707 . .43 .38
- .19 9:58 ool .45 .38
- 204 11210 o .46 .35
- .22
- . gg July 31, 1981
249a. m......._. .49 .34
July 80, 1931 4:52 . .51 .33
6:31 . .50 .32
12:42a. m. ... .28 713 . .50 .31
2:45 .30 74T e .50 .30
4:21 .31 811 - .50 .20
Well 38, line D
July 29, 1931 July 30, 1981—Con. July 81, 1931—Con.
5:21 8 Mo ooooeemae 0.00 7:568. M _________.__. 0.30 9:58a. M. oo ... 0.44
6:50 - .00 911 . .32 B .44
7:34 - .02 1 10:38 . .33 .43
8:10 - .03 | 11:26 L. .34 .43
8:46 - .04 1) 12:27p.m ... .35 .42
9:36 - .06 44 . .35 .42
11:21 - .10 315 .37 .40
2:36 p. m - .14 447 .. .38 .39
4:28 - Jde || 708 L. .39 .37
b5:44 - .18 9:50 .. .41 .36
7:14 - A9 112 e 42 .34
9:06 . .20
11:01 . .22 July 81, 1981
4:59a. Mmoo .46 .34
6133 oo .47 .33
.24 714 . .47 .31
I I T .47 .31
.28 835  eemeaa- .46 .29
.29 916 . .45 .28
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Draw-down of the water table in observation wells and pumped well near Grand
Island—Continued

Well 39, line D
X Draw- Draw- Draw-
Time down Time down Time down
(feet) . (feet) (feet)
July 29, 1931 July 30, 1931—Con. July 81, 1981—Con.
5:25a. 0.00 0.16 0.27
6:53 .00 .17 .27
737 .00 .18 .28
8:13 .00 .18 .27
8:50 .00 .19 .27
9:39 .02 .19 27
11:24 .03 .20 .27
12:44 p. .04 .21 .27
¥ .06 .22 .26
.07 .23 .25
.08 24 .25
.08
.10
.11 .25
.26 .25
.28 .25
L12 .27 24
.13 .27 .23
.14 .28 .22
.15 .28 .22
Well 40, line D
July 29, 1931 July 30, 1931—Con. July 81, 1981—Con.
5:28 0.07 || 10:44 8, m 0,15
6:56 08 || 10:27 .15
8:53 08 [l 12:04 p.m__ 15
9:44 09 1:23 .18
11:26 09 3:14 .15
12:47 10 4:45 .15
2:45 11 5:58 .15
4:34 .11 7:25 .16
5:48 12 9:10 .18
7:28 .13 || 10:57 .18
9:18
11:08 Aug. 1, 1931
.15 4| 12:35a. m A7
.14 2:26 .19
14 4:11 .18
151 5:30 17
15 6:58 .16
.15 8:40 .16
Well 41, line D
July 29, 1981 July 90, 1931—Con. July 80, 1931—Con.
5:32 0.05 {] 10:06a. m 0.09
7:00 .07 §f 10:45 .08
8:57 .07 )] 12:66 p.m-_ .09
9:47 . 1:25 .07
11:29 .07 3:17 .07
12:56 07 4:47 .07
2:50 07 5:59 .08
4:38 - 7:30 11
ggg .83 July 31, 1931 10:59 .12
E .03
1 04 || 12:50 2, .07 Aug. 1, 1951
3:09 .09 | 12:39a. m. .13
5:09 .10 2:28 .12
6:42 .09 4:13 .12
.04 7:21 .09 5:32 .13
.04 8:42 .09 7:01 .13
.05 || 9:23 .09 1| 842 12




166 PERMEABILITY OF WATER-BEARING MATEFIALS

Draw-down of the water table in observation wells and pumped well near Grand
Island—Continued

Well 42, line D
Draw- Draw- Draw-
Time down Time down Time down
(feet) (feet) R (feet)
July 29, 1931 July 80, 1931—Con. July 81, 1931—Con.
5:36 0.00 9:228. M. 0.03 0.05
7:04 12:40p.m._ oo .03 .06
9:00 .00 || 457 .. .04 .07
9:53 L00 [ 1124 . .04 .06
11:34 .01 .04 .08
1:00 .0l July 31, 1931 .07
2:54 .02 .07
4:41 02 ) 12868 m oo . .05
5:51 .02 3113 eeeae .05
11:16 .02 5:13 s .06
645 .. .05 .08
G .05 .09
846 - .05 .10
.03 9:26 .. .05 .09
03011048 . .05 .
L03 (1 1182 oo .05
Well 43, line D
July 30, 1981—Con.
0.00 0.01 0.05
.00 .02 .06
.00 .03 .06
.00 .02 .05
.00 .06
.01 .05
.00 .08
.00 .03
.00 .04
.05
.04 .07
.04 .07
.01 .04 .08
.01 .04 .07
.01 .05 .07
Well 44, line C
July 80, 1931—Con.
0.00 2.93 1.40
.93 2.94 1.30
1.28 2.96 1.21
143 2.9 1.14
1.57 3.00 1.08
1.78 3.03 .99
1.93 3.05 .92
2.05 3.07 .90
2.23 3.11 .84
2.38 3.1 .78
2 48 3.13 .76
2,57 3.14 .75
2.64 .70
2.71 .63
2.76 .59
2.78 || 12: 3,19
2.89 2: 3.22
4: 3.23
6: 2.77 .53
6: 2.09 .50
2,88 7: 1.72 42
2.92 || 8: 1.53 .40
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water table in observation wells and pumped well newr Grand
Island—Continued

Well 45, line C

Draw- Draw- Draw-
Time down Time down Time down
(feet) (feet) (feet)
July 29, 1931 July 80, 1981—Con. July 81, 1931—Con.,
5:08 8. m 0.00 4:13 8. M. eeemaes 2.09 9:248, m. 1.37
6:10 .32 6:21 2.10 10:02 1.28
6:30 54 7:53 2.12 || 10:40 1.21
6:50 .67 9:10 2.14 || 11:21 1.14
7:11 .78 || 10:27 2.16 |{ 12:12 p.m_ 1.06
7:52 .96 || 11:55 2.17 1:05 .99
8:31 1.09 || 1:32p.m 2.20 || 2:10 .ol
9:12 1.21 4:37 2,24 2:55 .88
10:49 1.37 || b5:44 2,25 {| 3:50 .84
12:11 p.m 1.51 6:. 2.26 4:43 .78
1:21 1.50 || 802 2.27 5:16 .77
2:36 1.68 || 9 2,27 || 546 .74
3:58 1.76 7:12 .70
5:11 1.83 9:17 .64
o5 198 (| 12 2.33 16 s
10:33 201 || 220 . 2.35 Aug. 1, 1851
4:44 - 2.37 1:11a.m .65
July 80, 1931 6:12 - 2.20 3:16 .51
7:02 - 1.88 4:55 .45
12:18a.m_________.._. 2.04 7:54 - 1.63 6:44 .41
2:27 [ 2.06 || 839  __... 1.43 || 8:28 .40
Well 46, line C
July 80, 1931—Con. July 81, 1931—Con.
0.00 1.47 || 10:04a.m_ 117
.10 1.49 || 10:43 112
.22 1.51 : 1.07
.29 1.52 1.00
.37 1.53 .94
.48 1. 56 .88
.87 1.57 .84
.65 1.60 .80
.80 1.60 .78
.92 1.62 .74
1.01 1.63 .72
1.07 1.64 .67
b
. .56
1.24 1.68
1.32 - 1.70 Aug. I, 1981
1.36 - 1.72
- 1.67 .62
- 1.51 .48
1.41 - 1.41 .44
1.43 - 1.31 .41
1.46 - 1.24 .39
Well 47, line C
July 80, 1951—Con.
0.00 1.00 0.94
.05 1.01 .90
.10 1.03 .87
.14 1.04 .83
.18 1.07 .80
.26 1.08 .76
.29 1.10 .7
.35 1.11 .68
.46 1.11 .66
.54 112 .64
.54 1.14 .62
.65 116 .59
.7 .54
.76 .
.79 1.17
.84 1.20
.89 1.21
1.19 47
1.12 .43
.93 1.06 .39
.96 101 .36
.98 .97 .34
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Draw-down of the water table tn observation wells and pumped well near Grand
I'sland—Continued

Well 48, line C

Draw- Draw- - Draw-
Time down Time down Time down
(feet) (feet) {feet)
July 29, 1981 July 30, 1981—Con. July 81, 1981—Con.
5:16a.m. ... 0.00 (| 636a.m_ ... ... 0.60 0.68
6:17 - .01 8:00 .. . .61 .66
6:36 - .02 919 o .63 .64
6:58 - 04 |1 10:3¢ ... .64 63
718 - 06 ([ 12:20p.m__________._. .66 .60
8:00 - .10 1:38 e .66 .58
8:41 - L4 0 238 L .68 .56
9:18 - .16 443 ... .70 54
10:57 .23 560 oo .70 .52
12:18p. m .29 7:03 .70 .51
:30 - .32} 8 .72 .51
2:44 - .36 || 10: .73 .47
4:10 - .40 .45
5:20 - .43 .42
6:24 I .45
8:35 - .48 || 12:30a. m .. __.__.. .75
0:46 e .50 2:48 - .77
4:53 - .78
July 80, 1981 6:22 - .79 .40
717 - .76 .37
12408. M e .55 )| 8:02 - .74 S
2:30 . .58 (I B8:47 - .71 .32
430 aees W60 (| 9:33 oo (] .30
Well 49, line C
July 29, 1931 July 30, 1931—Con. July 81, 1981—Con.
5:18 am. ..o ... 0.28 || 10012 a.m 0.39
6:20 - .30 || 10:50 . .38
6:40 - .30 i 11:31 .38
7:00 - .31 || 12:22p.m .38
7:20 - .33 1:16 .37
8:03 - .33 2:17 .36
8:43 - .34 3:05 .34
9:20 - .34 3:58 .34
11:01 - .35 4:51 .33
12:20 p.m. .36 5:24 .33
1:32 - .36 5:54 .32
2:50 - .37 7:21 .31
4:12 - 9:30 .29
5:22 - 11:28 .28
3‘%3 ‘ 38
10550 LT . 2? Aua. 1, 1931
.41 1:220a. 1m0 oo .. .27
.41 24 L .25
.41 503 . .22
.40 700 . .21
.40 836 L o._ .20
Well 50, line C
July 29, 1931 July 29, 1931—Con.
52la.m . ... 0.00 252pm.. ... 0.13 0.27
5:23 - .00 414 . .14 .28
6:22 - .00 4:24 .. .17 .28
6:42 - .00 6:30 . .18 .29
7:03 - .01 843 .. .20 .30
7:22 - .01 (] 10:52 .. .21 .31
8:06 - .02 .32
8:45 - .03 July 80, 1931 .33
9:22 - .04 .34
11:04 - .08 {] 12:57a. m .23 .34
12:22 - 11 2:45 .24 .34
3¢ .13 4:38 .26 .36
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Draw-down of the water table in observation wells and pumped well near Grand
Island—Continued

Well 50, line C—Continued

Draw- Draw- Draw-
Time down Time down Time down
(feet) (feet) (feet)
July 81, 1931 July 81, 1981—Con. July 31, 1931—Con.

12:40@. Moo 0.37 || 11:33 a.m-cc o 0.38 0.29
2:5 . .38 - .37 .28
4:59 - .39 - .36
6:26 - .40 R .36
7:22 .40 - .34
8:06 .40 - .33 .28
8:51 - .39 - .33 .25
9:37 .39 - .33 .23

10:14 W39l 585 el r .32 .22

10:62 oL 3B | 722 el 31 W21

Well 51, line C
July 28, 1931 July 80, 1981—Con. July 81, 1981—Con.
5:24a. m_ 0.00 0.16 |1 10:54 a.m 0.26
7:24 .01 .17 M 11:35 .25
8.08 .01 .18 | 12:26 p.m .25
8:48 01 .18 1:19 .25
9:25 .02 .18 1:20 .24

11:07 .03 .19 3:10 24

12:24 p.m_ .05 .21 4:01 .24
1:37 .06 L2 4:54 .23
2:55 .07 .21 5:27 .28
4:17 .08 .22 5:56 .23
5:26 .09 7:25 .22
6:32 .09 July 81, 1981 9:36 .21
8:50 .11 11:34 21

10:56 .l 11 12:1[4)2 a.m.__ . 2

3 .
502 ‘24 Aug. 1,1931
6:29 .25
.13 7:26 .25 1:24p.m .20
.14 8:09 .25 3:29 .19
.16 8:54 .25 5:07 .16
.16 9:39 .26 7.05 .15
.16 || 10:17 .25 8:40 .15
Well 52, line C
July 29, 1931 July 80, 1931—Con. July 81, 1931—Con.
527a.m____._........]  000| 809am_ ____.___.._.. 0.07 (| 10:20 8. ______._____ 0.14
5:29 - L07 ({ 10:57 .14
7:27 - .08 || 11:38 ... .14
8:11 - .09 ([ 1230 p.m_____________ 14
8:51 - .09 22 e .14
9:27 - .09 2:22 s .15

11:10 - A0 312 L .15

12:27 - .10 4:03 . .15
1:40 - .10 4:65 .. .16
3:00 - .10 520 .. .15
419 ... .03/ 10:26 @ _._o_.._. .10 5:58 oceeees .15
5:29 727 e .14
6:35 989 . .14
8:54 . 1187 e .14

10:59 . 488, Moo .11

: - . ig Aug. 1,191
- 12 1:26a. m. ... .14
1:08 a. - .13 382 s 13
2:52 - 13 5:10 P, .13
4:50 - A3 [ 707 e .11
6:47  eeeeaop W07 941 .l 14 843  _____. PR, .09
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Draw-down of the water table in observation wells and pumped well near Grand
Island—Continued

Well 53, line C
Draw- Draw- Draw-
Time down Time down Time down
(feet) . (feet) (feet)
July 29, 1981 July 380, 1981—Con. July 81, 1931—Con.
0.00 | 8l2am . ..o__.... 0.04 || 1101 a.m__.____.__._. 0.09
.qo - .05 1l 11:40 .- . .09
.01 n .05 )| 12:33p. m._ - .09
.00 - .06 1:25 - - .09
.00 - .05 2:25 - - .09
.00 - .06 || 3:15 - . .10
.00 - .05 4:06 - - .10
.01 - .06 4:59 - - .10
.01 - .07 || 5:32 IR .10
.02 (| 10030 oL .07 || 6:00 e .10
.02 7:29 R .10
.02 July 81, 1931 9:43 R W11
.03 11140 a1
.02} 12:51 a. m.
.03 3:19
5:07
6:35 .10
7:30 .10
L0401 814 .10
.03 || 8:59 .09
.04 || 9:44 .09
.04 || 10:22
Well 54, line C
July 29, 1981 July 80, 1931—Con. July 81, 1981—Con.
534a. m.__ 0.00 1:51 p.m 0.01 K 0.03
7:34 .00 3:48 .0 R .04
8:17 .00 :55 .01 27 .03
8:56 .00 6:02 .01 2:27 .03
9:32 .00 7:16 .01 3:17 .04
12:32p. .00 8:27 .01 4:08 .04
3:06 .00 || 10:33 .02 5:01 04
5:3¢4 .01 5:34 .05
6:41 .01 July 81, 1981 6:02 .05
9:05 .00 7:32 .04
11:08 .00 lg:g a.m 0. (Olg 1&]):1; .05
! . K - .05
July 80, 1981 511 03
.01 6:38 .02
.01 7:33 .02
.01 8:16 .02 .05
.00 9:02 .02 .05
.00 9:46 .03 .04
.00 || 10:24 .03 .04
.01 {} 11:04 .04 .04
Well 55, line C
July 80, 1931—Con.
0.00 0.02
.00 .02
.00 .03
.00 .03
.00 .03
.00 .02
.00 July 81, 1981 .03
.00 .03
.00 1:00a.m. _________ .. .04
3:30 - .04
5:15 -
6:40 -
.00 7:36 -
.00 || 8:19 - .04
.00 9:05 - .04
.00 9:49 - .03
.00 |1 10:27 - .03
.00 || 11:07 _ .03
.00 || 11:46 . ___.____
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Draw-down of the water table in observation wells and pumped well near Grand
Island—Continued

Well 56, line SW
Draw- Draw- Draw-
Time down Time down Time down
(feet) (feet) (feet)
July 29, 1931 July 30, 1931—Con. July 31, 1931—Con.
5:05a. m. 0.00 2.83 1.26
6:12 .88 2.85 1.17
6:29 1.10 2.87 1.09
6:45 1.19 2.90 1.02
7:19 1.33 2.92 .95
7:33 1.48 2.94 .92
8:07 1.65 2.97 .87
8:30 175 2.99 .83
8:55 1.82 3.01 .79
9:25 1.90 3.02 .74
9:46 1.99 3.03 .68
10:14 2.02 3.06 .61
12:11 2.25
1:47 2.38
3:20 2.49
4:58 2.58 3.10 .57
6:22 2.63 3.1 .52
8:36 2.72 3.12 .48
11:04 2.79 2.73 .44
2.01 42
1.73
2:23a. Mmoo 2.82 1.51
425 . 2.83 1.36
Well 57, line SW
July 29, 1831 July 30, 1931—Con. July 81, 1931—Con.
5:07 2. m 0.00 2.29 .32
6:15 .53 2.31 1.21
6:31 .69 2.34 1.14
6:45 .76 2.36 1.08
7:10 .82 2.39 .98
7:35 .99 2.40 .93
8:11 1.24 2.42 .89
8:33 1.21 2.44 .85
8:60 1.18 2.46 .81
9:28 1.37 2.47 .77
10:16 1.48 2.48 .72
12:13 p.m. 1.69 2.50 .67
1:50 1.81 .61
3:23 1.92
5:00 - 2.03
6:24 - 2.08 2.54
8:39 - 2.17 2. 56 .56
11:07 — 2.23 ggg .5?
. 4
July 50, 1 1.85 .43
2:25a. m .27 1.62 .41
4:26 - 2.30 1.4
Well 58, line SW
July 29, 1931 July 30, 193/—Con. July 31, 1931—Con.
5:12a. 0.00 1.90 || 9:50 a.m. L7
6:16 .35 1.93 (| 10:40 1.17
6:34 .45 1.94 || 11:20 1.15
6:50 .53 1.96 |} 1221 p.m 1.04
7:13 .62 2.00 1:15 .97
7:37 .71 2.01 2:02 .02
8:13 .83 2.03 2:55 .89
8:35 .89 2.05 3:40 .85
9:01 .96 2,06 4:25 .81
9:30 1.03 2.07 5:28 . .76
10:19 1.12 2.09 6:26 e
12:15p.m 1.31 2.10 8:19 .67
:53 1.44 10:33 oo .61
3:24 1.54
5:02 1.63
6:26 1.68 2.15
8:42 1.76 2.16 .56
11:10 1.83 2,18 .52
1.97 .47
1.67 44
2:27a.m 1.87 1.52 .
4:27 1.90 1.39

303464 42— 12
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Draw-down of the water table in observation wells and pumyped well near Grand
Island—Continued

Well 59, line SW

Draw- Draw- Draw-
Time down Time down Time down
(feet) (feet) (feet)
July 29, 1931 July 30, 1951—Con. July &1, 1931—Con.
5:15a. m 1.59 1.19
6:18 1.62 1.10
6:35 1.64 1.05
6:51 1.66 .98
7:14 1.68 .94
740 1.70 .88
8:15 1.72 .84
8:37 1.74 .80
9:04 1.756 .77
9:33 1.78 .73
10:21 1.78 .70
12:18 p. 1.79 .64
1:55 .85
3:27
5:03
6:28 1.83
8:45 1.85
11:12 1.86 .54
1.72 .49
1.52 .45
2:29a. m 1.40 .42
4:31 1.28 .40
Well 60, line SW
July 29, 1931 July 30, 1981—Con.
5:17a.m 0.00 ! 0.89 0.93
6:21 .04 : .90 .88
6:35 .08 : .92 .83
6:53 11 H .94 .81
7:18 .14 : .97 .76
7:44 W17 47 - .98 .73
8:17 .22 : - 1.00 .70
8:40 .25 2 - .99 .68
9:05 .28 : - 1.01 .66
9:36 .32 : - 1,02 .63
10:23 .35 X - 1704 .61
3:29 .60 11:11 - 1.05 .59
5:05 . 66 .54
6:30 .70 .50
8:49 .76
11:16 .79 1.08
1.10 .46
1.11 .42
1.09 .39
2:31 8. Moo .85 101 .37
4:33 el .88 .97 .36
Well 61, line SW
July 29, 1931 July 30, 1931—Con. July 81, 1931—Con.
5:18 8. M. ... 0.00 9:57 a. m 0.59
8:23 - - .00 10:48 .58
6:38 - - .01 11:26 .56
6:54 - - .02 12:28p.m... .54
7:17 - - .03 22 .52
7:46 - - .04 2:06 .51
8:20 - - .06 3:00 .50
8:41 e mmmeean .08 3:45 .48
9:07 [ .10 4:45 .47
9:38 - - 12 5:33 .46
10:25 - - .14 6:31 .44
12:21 p.m_ - .21 8:24 .41
2:02 - - .25 10:39 .39
3:82 - - . 23
5 .3
6:32 : .33 Aug. 1,158
8:49 .37
11:20 [, .39 lgzgg 8. m.__ . g:’x
July 30, 1931 5:17 . .32
234a.m. ... .48 6:50 - .30
4:35 . .46 828  emeeos .
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Draw-down of the water table in observation wells and pumped well near Grand
Island—Continued

Well 62, line SW
Draw- Draw- 3 Draw-
Time down Time down Time down
(feet) (feet) (feet)
July 29, 1931 July 30, 1931—Con. July 81, 1981—Con.
5:21 a. 0.00 || 6:3¢a.m__. 0.27 0. 40
6:24 .00 .27 .39
6:40 .00 .28 .39
6:56 .00 .28 .38
7:18 .00 .31 .37
7:49 .01 .32 .36
8:22 .02 .32 .36
8:43 .03 .34 .35
9:09 .04 .34 .34
9:40 .05 .35 .3¢
10:27 .07 .36 .3¢
12:23 p. .11 .37 .32
2:05 .13 .30
E g
5 .
6:34 7 .39 Aug. 1, 1981
8:59 .18 .40
11:23 .21 .41 .29
.40 .28
.41 .27
2:35 a. .25 .41 .24
4:37 .26 41 .24
Well 63, line SW
July 29, 1931 July 80, 1981—Con. July 81, 1931—Con.
5:24a.m.._. 0.00 || 6:384.Mm. 0.18 ¢ 9lla. m.... - 0.30
6:58 - .01 8:17 - .18 {f 10:01 - .30
7:21 .01 || 9:43 .18 |} 10:52 - .20
7:51 - .01 [} 1118 .19 (1 11:30 - - .30
8:24 - .01 11 12:40p. m .20 1} 12:34p.m.. - .29
8:45 - .01 1:52 .21 1:26 . - .29
9:12 - .02 3:26 - .22 2:11 - - .29
9:42 - .02 4:52 .23 3:03 - - .2
10:29 - .03 6:22 .23 3:49 - - .27
12:25 p.m. .05 7:29 .23 4:50 - - .27
2:07 - .06 9:06 .24 5:37 - - .27
3:34 - .08 || 11:18 - .25 6:35 - - .26
5:10 .09 8:29 .- - .25
6:36 .10 1043 ... - .25
9:03 .1
11:27 - 12 .
. .24
July 30, 1931 . . gg
2:38a. Mmoo .14 . .20
439 .. .16 20
Well 64, line SW
July 29, 1931 July 30, 1931—Con.
5:26 a. 0.00 0.11 0.21
7:00 .00 . .21
7:24 .00 | 11 .12 .22
7:54 .00 || 12: A3 .21
8:48 .00 : .21
9:14 .00 .14 .21
9:44 .00 15 .21
10:32 .01 .16 .21
12:27 .02 . .20
2:08 .04 W17 .20
3:37 .04 ] 1 . .19
5:11 .04 .20
6:38 .04 .20
9:07 .06 .
11:31 .07 .
. .20
. .19
2:41 8. .10 .20 .18
4:44 .11 . 17
6:40 .10 .16
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Draw-down of the water table in observaiion wells and pump:d well near Grand
Island—Continued

Well 65, line SW
Draw- Draw- Draw-
Time down Time down Time down
(feet) (feet) (feet)
July 29, 1931 July 30, 1931—Con. July 81, 1931—Con.
5:27 4, 0.00{} 946a.m__.______.._. 0.06 0.14
7:01 .00 - .07 .14
7:56 .00 - .08 .15
8:50 .00 . .08 .15
9:16 .00 - .10 .15
10:34 .00 - .10 .15
12:30 p. .00 - .10 14
2:10 .01 - .10 14
3:40 .01 - .11 .14
5:13 02 ) 128 o o Loo. 12 .15
6:40 .02 .15
9:10 .03 Juty 81, 1981 .16
11:36 .04 .16
1:53 a. .13
3:36 .13
5:44 .13 .18
.06 6:41 .18 .14
.07 7:34 it .14
.06 8:19 .13 .13
.06 9:14 .14 14
‘Well 66, line SW
July 29, 1981 July 30, 1981—Con. July 8, 1981—Con,
0.00 || 1:56p.m_oooo_... 0.06 ([ 11:35 a. 11 0.10
.00 - .06 (] 1241 p. 1 .09
.00 - .06 1:33 .10
.00 - .06 2:16 .10
.01 - .07 3:07 .10
.01 - .07 3:54 .10
2 W01 ) 126 L. .08 || 4:56 .10
9:13 - .01 gig .1}.
R .1
July 80, 1931 8:36 ‘12
12:17a.m.._ .02 LSSa.m ..o .09 || 10:50 .12
2:46 .03 - .09
4:50 .04 - .09
6:48 .04 - .08 || 12:59a. 11 12
8:23 .03 - .08 3:02 .11
9:48 .04 - .09 5:25 .11
11:23 04 - .09 7:02 A1
12:46 .05 |} 10:59  oeaaolo .10 8:31 11
Well 67, line SW
July 30, 1981—Con. Jnly 81, 1981—Con.
5:32a.m 0.00 0.05 ) 11:38a. M. 0.08
10:39 - .01 05 () 1243 poras oL .08
12:35 p. m_ .01 .05 136 .08
2:16 .02 .06 2:18 Ll .08
3:44 .02 L06 [ 310 .. .09
5:16 .02 .06 3:56 ol .09
6:44 .02 .07 )| 488 . L. ... .09
9:17 .02 547 . .09
6:41 .. .09
8:38 .. .11
.08 || 10:52 . .11
12:221a. .03 .08
2:48 .03 .08 Aur. 1, 1931
4:53 .03 .08
6:51 .03 .07 100a.m...._.._. I L1
8:25 .03 .08 3:06 . 11
9:49 .03 .08 5126 L. 1
11:25 .03 .08 703 . .10
12:47 p.m 0.04 .08 833 . .10
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Draw-down of the water table in observation wells and pumped well near Grand
Island—Continued

Well 68, line SW
Draw- . Draw- . Draw-
Time down Time down Time down
(feet) (feet) (feet)
July 29, 1981 July 30, 1931—Con. July 31, 1981—Con.
0.00 0.03 || 11:40 8. m. 0.08
.00 .04 [( 12:46 p.m. .08
.0t 04 1:38 .07
.01 .04 2:20 .07
.01 .04 3:12 .07
.01 .05 3:58 .07
.01 5:00 .07
July 81, 1931 5:49 .07
6:43 .07
.03 1:59 .08 8:40 .08
.03 3:44 .05 || 10:54 .08
.03 5:48 .07
.02 6:50 .07
.02 742 .07 1:01 a. .08
.02 8:26 .07 3:07 .08
.02 9:22 .07 5:27 .08
.03 || 10:12 .07 7:06 .08
.03 || 11:04 .07 8:34 .08
‘Well 69, line SW
July 29, 1981 July 80, 1981—Con. July 81, 1981—Con.
638a.m.____.____.... 0.06
10:43 - .06
2:20 p. - .06
3:49 - .06
5:21 . .08
6:48 - .06
9:22 .. .06
July 30, 1931 -0
12:27 a. .07
2:56 .07
4:59
6:57
8:28 .07
9:53 .07
11:29 .08
12:54 p.m .07
Well 70, line SW
July 80, 1931—Con. July 81, 1981—Con.
0.00 204p.m.__.._______ 0.02 || 11:44a. m 0.05
.00 337 . .03 || 12:51 p.m-_ .05
. 513 . .03 1:42 .05
.01 6:3¢ . .03 2:24 .05
.01 738 s .03 3:16 .06
.01 928 . .03 4:03 .05
W01 () 11:36 . .03 5:05 .05
5:54 . 06
6:47 .06
2:03a.m_________..__ .03 8:46 .06
.01 3:50 - .04 || 10:58 .07
.02 5:52 - .04
.02 7:00 - .04
.01 7:48 - .05 1:06 .07
.01 8:31 - .05 3:11 .07
.01 9:26 - .04 5:30 .06
.01 |} 10:17 - .05 7:07 .06
.02 (f 11:08 . .05 8:44 .07
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Draw-down of the waler table in observation” wells and pumyped well near Grand
Island—Continued

Well 71, line A

Draw- Draw- Draw-
Time down Time down Time down
(feet) (feet) (feet)
July 29, 1981 July 30, 1981—Con. July 81, 1981—Con.
5:09 a. 0.00 |} 3:18a.m 8.54 || 7T:24am.__..______..__ 1.79
6:13 8.68 |} 4:57 8.45 | T46 . . 1.66
6:25 8.80 [| 5:00 8.46 | 818  _____________ 1.54
6:37 8.24 6:58 8.50 9:00 ... 1.42
6:41 7.45 8:13 8. 56 945 1.30
6:42 7.45 9:39 8.66 (( 10:32 . _____.___.__ 1.21
7:08 7.58 || 10:50 8.69 || 11:08  __.__________ 1.15
7:32 7.58 || 11:37 875 || 11:36 ... __ 1.10
8:06 7.75 || 12:54 8.74 || 12206 p.x0_ . __.___ 1.06
8:26 7.76 2:08 8.88 2208 . .93
9:05 7.95 3:36 8.2¢ 338 . .85
9:31 8.03 4:10 8.95 619 .74
10:14 8.17 || 5:10 8.95 (| 6:43  ____ . ____.___ W71
11:48 8.20 {| 6:2¢ 8.93 (| 809 . . ... .67
1:18 p. 8.62 (| 7:20 8921 938 .. __.._. .62
3:08 8.79 || 10:14 9.06 || 11:19 L. .59
4:55 8.87 || 11:38 9.07
6:06 8.85
6:08 8,85
S:Qg 8.89
9: 8,90 Lil9a.m.__ ... . 9.05 .56
11:24 9.02 338 . 9.03 .50
531 o ._ 8.97 .48
6:06 .. 2. 89 .47
1:28a.m. ..o 8.64 || 632  _____________ 2.2 .43
315 . 8.56 || 6:53  ________..___. 2.01 .41
Well 72, line A
July 29, 1931 July 80, 1931—Con. July 81, 1931—Con.
5:11a.m 0.00 4.76 902am________. 1.45
6:09 3.26 4.76 || 947 - 1.34
6:15 - 3.37 4.80 1.24
6:27 - 3.50 4.85 1.18
6:45 - 3.38 4.86 1.13
6:46 - 3.40 4,88 1.09
6:48 - 3.41 4.88 .95
7:15 - 3. 56 4.93 .86
7:34 . 3.64 4.75 .80
8:08 - 3.79 494 .74
8:28 - 3.86 4,97 .68
8:38 - 3.88 4,97 .63
9:07 . 3.97 4.99 .59
9:35 4.08 5.02
10:17 4.13 5.05
11:50 4.30
1:22p.m. 4.45 July 31, 1981 .55
3:13 4.59 .52
4:59 4.66 1:31 5.06 .50
6:10 4.70 3:50 5.10 .46
8:07 4.75 5:35 5.08 .43
9:40) 4,79 6:08 2.95 .40
1127 . 4.86 ggé g 1;:?
July 30, 1981 7:96 1.85
1833a. Mmoo 4.77 7:49 1.71
21 . 4.77 8:19 1. 59
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Draw-down of the water table in observation wells and pumped well newr Grand
Island—Continued

Well 73, line S8

Draw- Draw- Draw-
Time down Time down Time down
{feet) (feet) (feet)
July 29, 1931 July 30, 1981—Con, July 81, 1981—Con,
10:36 a. m .52 1:2la.m . _.________ 1.03
11:57 1.54 {1 12209p.m.___.._______
1:20 p.m 1.57 || 1245 . ...._.. .95
2:28 1.58 10830 . 91
3:59 1. 59 2:26 . .86
5:45 1.61 316 . 81
7:01 1.63 3:59 el .78
8:02 1.64 5:04 . .75
10:01 1.65 531 ... .73
July 31, 198 s -8
12:17a. m 1.69 |) 11:38 ... .55
2:50 1.71
5:10 1.73 Aug. 1, 1981
6:24 1.62
7:14 1.48 1:55a.m- ... ... .53
7:54 1.37 335 . .49
8:43 1.28 5:49 .. .45
9:34 1.19 738 ieeaoeooo .41
10:29 1. 10 200 .o .39

Well 74, line 8

July 80, 1931—Con,

0.00 0.84 0.77
.06 .85 .76
.12 .87 .73
.18 .88 .71
.24 .90 .68
.28 .91 .67
.36 .91 .65
.44 .93 .62
. 50 .94 .60
.57 .55
.61 .51
.65 .97 .48

. 69 .99

1.00

.99
.75 .95 .46
.78 .92 .44
.79 .88 .41
.81 .84 .37
.83 .81 .35

Well 75, line 8
July 30, 1931—Con.

5:57 a.m 0.00 0.61 0.63
6:41 .02 .62 .62
717 .06 .63 .61
8:05 .10 .65 .58
8:51 .14 .66 57
9:44 .18 .87 .56
11:34 .23 .68 .65
108 .30 .68 .52
3:52 .34 .69 .51
4:38 .39 .48
6:00 .42 .45
7:45 44 .72 .42

10:28 .48 .75

July 30, 1981 -7
1:22a.m. .53 .73 .40
3:36 - .55 .72 .38
6:44 - BT .69 .35
7:46 o .58 .68 .32
906 s .59 .65 .31
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Draw-down of the water table in observation wells and pumped well near Grand
Island—Continued

Well 76, line 8
Draw- Draw- Draw-
Time down Time down Time down
(feet) (feet) (feet)
July 29, 1981 July 30, 1981—Con. July 81, 1981—Con,
5:59 a.m. 0.00 0.41 0.53
6:43 .01 .43 .62
7:19 .03 .4 .50
8:07 .08 .46 .50
8:53 .08 AT .49
9:48 11 47 .47
11:36 .15 .48 .46
1:10 .19 .49 .45
2:55 - .50 .43
4:40 .26 .51 .43
8:01 .28 .40
7:48 .29 July 81, 1981 .38
10:32 .32 .35
12:54 a.m._ .53
July 80, 1931 2:55 .5
5:16 .55 ’
1:25a. m. .87 6:20 .56 .36
3:37 .38 7:19 .66 .30
5:46 .39 ([ B:00 .56 .28
7:48 . 8:40 .54 .27
Well 77, line N
July 30, 1981—Con, July 81, 1881—Con.
0.00 2.41 |) 10:35 a m 1.27
.70 2.45 {1 11:30 1.18
1.08 2.50 1:02p m 1.07
1.24 2.51 2:50 .94
1.38 2.52 3:24 .91
1.51 2.55 4:36 .86
1.72 2.56 5:08 .83
1.86 2.57 5:39 .81
1.99 2.59 7:38 .73
2.10 9:50 .66
2.16 11:49 .
2.23
2.31 2.63
2.65
2.67 .56
2.18 .53
2.35 1.86 .49
2.36 1.68 .45
2.38 1.51 .42
2.40 1.38
Well 78, line N
July 80, 1981—Con. July 81, 1931—Con.
1.42 ([ 11:31am. . 1.03
1.46 - .99
1.47 - .94
1.48 - .90
1.49 - .87
1.51 - .83
1.53 - .80
1.54 - .76
1.56 - .75
. - .69
1.12 July 81, 1981 . .82
D R R | I 8 ;) S, .
1.26 | 1:03 1.59
3:00 161
5:20 1.63
6:37 1.51 2: .58
1.31| 7:25 1.39 3 .50
1.36 | 8:07 131 &t AT
1.37 | 855 1.23 7 .43
1.39 | 9:48 1.18 9: .41
1.40 | 10:37 1.10
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water table in observation wells and pumped well near Grand

Island—Continued
Well 79, line N

Draw- Draw- Draw-
Time down Time down Time down
(feet) (feet) (feet)
July 29, 1931 July 30, 1931—Con. July 81, 1931—Con.
5:42 0.77
6:29 .75
7:33 .73
8:19 .70
9:03 .68
9:57 .67
11:45 .64
1:17 .63
3:08 .62
4:46 .57
6:12 .53
8:09 .50
10:45
.47
.44
.42
.39
.37
Well 80, line N
July, 30, 1981—Con. July 81, 1931—Con.
0.00 0.48 || 1040 a.m._oo___.__ 0.60
.00 .49 || 11:356 - - .59
.05 .50 (| 12:21 p.m.. . .59
.07 .51 1:07 . - .57
.10 .52 2:06 - - .56
.13 .53 2:56 - - .54
.18 .55 3:27 - - .54
.22 .57 4:43 - - .52
.26 .58 5:11 - - .51
.29 .59 5:45 - .50
.81 7:43 47
.33 July 31, 1931 9:58 .45
.37 11:56 .- R .42
1:08a.m .62
3:06 .64 Aug. 1, 1931
5:21 .65
6:41 .66 2:058. m.___ .40
.41 7:29 .66 3:51 .38
.44 8:11 .64 6:01 .36
.44 8:58 .63 7:50 .34
.47 9:47 .62 9:31 .33
Well 81, line N
July 30, 1931—Con. July 81, 1931—Con.
0.00 0.27 {{ 10:42 a.m 0.42
.00 .20 |1 11:37 .42
.01 .30 | 12:23 p.m.._ .42
.02 .32 1:09 .42
.04 .32 2:08 42
.06 .34 2:58 .40
.08 .34 3:28 .40
11 .35 4:45 .39
.12 .36 5:13 .39
14 .37 5:50 .38
.15 7:45 .37
.17 July 81, 1931 10:00 .34
.20 11:50 .34
1:10a. m_. .40
3:07 - .40
5:25 -- .42
6:43 - .43 .32
.23 7:31 - .43 .32
.24 8:13 —- .43 .31
.25 9:00 - .43 .28
.27 949 .. .43 27
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Draw-down of the water table in observation wells and pumped well near Grand
Island—Continued

Well 83 (pumped well)

Draw- Draw- Draw-
Time down Time down Time down
(feet) (feet) (feet)
July 29, 1981 July 81, 1931—Con. July 31, 1981—Con.
0.001{10:30 a.m___ ... . E . 0.66
11:07 = . 11:18 .61
11:35 -
12:08 p.m..
2,38 2:05 .68
1.87 3:37 o .53
1.74 : - .51
1.61 5:05 = .49
1.47 || 6:16 -- : .45
1.35 807 .. . ¥ .43
Well 84, line SW
July 29, 1981 July 30, 1981—Con.
5:508. m..._ 0.00 : . - 3.36 1.39
6:09 .06 ;! . 3.38 1.30
6:27 .34 3.38 1.20
6:43 .57 3.41 1.10
7:06 .84 3.42 1.03
7:30 1.10 3.4 .96
8:04 1.40 3.46 .92
8:28 1.58 3.49 .86
8:58 1.74 3.60 .84
9:22 1.90 3.62 .79
9:50 2.04 3.7 .73
11:04 2.31 . 68
12:07 p. 2.48 .61
1:45 2.59
3:18 2.85 3.75
4:55 2.97 3.76
7:10 3.09 3.77 .57
9:34 3.19 3.58 .52
2.16 AT
1.79 .44
5:09a.m.. ... 3.34 1.60 .4°

KEARNEY

Pumping for the test in the Kearney area began at 9:15 a. m.,
September 22, 1933, and stopped at 9:18 a. m., Sentember 23, 1933.
Records of the wells appear in the table on page 129.

Draw-down of the water table in observation wells and pumped well near Kearney

Pumped well
Draw- Draw- Draw-
Time down Time down Time down
(feet) (feet) (feet)
Sept. 28, 1938 Sept. 23, 1938 Sept. 25, 1933
0.00 (| 12:46a. m____.____..__ 10.82 105p.m.eaeaan 0. O
9.59 3:08 10. 92
10.01 6:30 11.02
10.31 8:58 11.00
10.36
10. 54
10.72
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Draw-down of the water table in observation wells and pumped well near Kearney—

Continued
Well X
Draw- Draw- Draw-
Time down Time down Time down
(feet) (feet) (feet)
Sept. 22, 1933 Sept. 23, 1933 Sept. 85, 1933
0.00 7.90 {| oo 0.04
6.30 7.99
6.68 8.04
6.99 8.02
7.36 8.04
7.47
7.56
.74
Welt 1, upgradient
Sept. 28, 1933 Sept. 23, 1933 Sept. £5, 1938
833a.m._ ... ___ 0.00 b Rk I { 0.06
9:50 .. 2.44 3.87
11:27 il 2.89 3.93
2:00p.m. ... 3.22 3.97
321 . 3.35
S 1 S 3.48
812 .. 3.63
Well 2, upgradient
Sept. 28, 1993 Sept. 23, 1953 Sept. 25, 1938
8:35 0.00 {| 12:35a. m b2 N | [ 0.08
9:53 1.56 3:18 2.86
11:28 1.91 6:35 2.93
1:59 2.25 9:03 2.97
3:23 2.36
5:16 2.49
8:14 2.64
Well 3, upgradient
Sept. 23, 1933 Sept. 25, 1933
0.00 || 1237 8. m 2.8 |} e cemeeaa 0.08
1.17 3:18 2.36
1.49 8:36 2.43
1.78 9:04 2.46
1.89
2.00
2.14
Well 4, upgradient
Sept. 28, 1938 Sept. £3, 1933 Sept. 95, 1933
I A | I, 0.08
2.01
2.08
2.11
Well 5, upgradient
Sept. 28, 1933 Sept. 23, 1933 Sept. £5, 1933
1.64 (| coecmvcmimancmccmanan 0.08
1.69
1.74
1.78
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Draw-down of the water table in observation wells and pumpec well near Kearney—

Continued
Well 1, downgtadient
Draw- Draw- Draw-
Time down Time down Time down
(feet) (feet) (feet)
Sept. 82, 1938 Sept. 23, 1938 8, 26, 1988
0.00 | 12:48 8. m i 0.06
2.09 3:26 3,76
2.76 6:43 3.83
3.11 9:09 3.87
3.21
3.30
3.33
3.52
Well 2, downgradient
Sept. 28, 1938 Scot. 85, 1933
0.00 || 12:50 8. m 2 - | S 0.06
1.33 3:28 - 2.79
1.88 6:45 2.88
2.17 9:11 2.89
2. 24
2.39
2. 55
Well 3, downgradient
Sept. 82, 1938 Sept. 28, 1933 8t 85, 1983
b2 R | RN 0.06
2.27
2.34
2.38
Well 4, downgradient
Sept. 23, 1938 S, 25, 1938
0.00 || 12:55 8. m. L79 || oot 0.06
.63 3:31 1.85
1.02 6:47 1.93
1.27 9:13 1.96
1.34
1.47
1.62 N
Well 5, downgradient
Sept. £2, 1933 Sept. 23, 1988 S\t 86, 1933
) U300 | 0.06
1.58
1.65
170
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GOTHENBURG

Pumping for the test in the Gothenburg area began at 8:42 a. m.,
October 1, 1933, and stopped at 8:20 a. m., October 2, 1933. Records
of the wells appear in the table on page 132.

Draw-down of the water table in observation wells and pumped well near Gotienburg

Pumped well
Draw- Draw- Draw-
Time down Time down Time down
(feet) (feet) (feet)
Oct. 1, 1938 Oct. 1, 1983—Con, Oct. 2, 1988
817a.m ... 0.0 241pm_ __________.. 10.3 | 945a.m_.____._._.._ 1.90
. Well 1, upgradient
Oct. 1, 1938—Con.
0.00 4.38 4.96
3.22 4.53 5.05
3.69 4.68 5.13
4.08 4.87 5.16
4,22
Well 2, upgradient
Oct. 1, 1938—Con.
0.00 3.10 3.66
2.03 3.24 3.75
2.42 3.39 3.83
2.77 3.57 3.87
2.93
Well 3, upgradient
0Oct. 1, 1988—Con. Oct. 2, 1938
0.00 2.25 || 12:32 a8, m 2.78
1.29 2.38 3:04 2,87
1.62 2.52 6:40 2,96
1.92 2.70 8:04 2.99
2.09
Well 4, upgradient
Oct. 1, 1933—Con. Oct. 2, 1933
0.00 1,79 || 12:35a.ma..______.__.. 2.32
.93 1.93 3:06 [ 2.39
120 2.06 6:41 P 2.49
1.48 2.24 8:06 ... 2.52
1.65
‘Well 5, upgradient
Oct. 1, 1988 Oct. 1, 1933—Con. Oct. 8, 1988
1,36 || 12:36a.m 1.82
1.47 3:08 1.90
1,59 6:44 2.00
1.75 8:07 2.03
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Draw-down of the water table in observaiion wells and pumped well near Gothenburg—

Continued
Well 1, downgradient
Draw- Draw- Draw-
Time down Time down Time down
(feet) (feet) (feet)
Oct. 1, 1983—Con. oct. 2, 1933
0.00 4.36 || 12:3%a.m___.._.._____ 4.93
3.39 4.51 3:12 5.01
3.76 4. 66 6:47 5.09
4.10 4.84 8:09 5.12
4.20
Well 2, downgradient
Oct. 1, 1983—Con. Oct. 8, 1933
0.00 [ 2:32p.m. 3.00 (| 12:41 8. m_. 3.64
2.22 4:22 3.23 3:13 3.72
2. 82 6:36 3.37 6:49 3.81
2.82 |1 10:34 3.55 811 . 3.83
2.92
Well 3, downgradient
Oct. 1, 1933—Con. Oct. 2, 1938
0.00 2,52 1) 1243 a. 17 _______ 3.05
1,72 2.65 3:14 3.12
1.98 2.78 6:50 3.21
2.26 2.96 8:13 3.24
2.37
Well 4, downgradient
Oct. 1, 1933—Con. Oc'. 2, 1938
0.00 . 62
1.38 2.69
1.61 2.78
1.86 3.81
1.98
Well 5, downgradient
Oct. 1, 1983—Con. Oct. 2, 1938
0.00 2.08
1.00 2.15
1.18 2.24
1.33 2.27
1.51

SCOTTSBLUFF

Pumping for the test in the Scottsbluff area began at 11:53 a. m.,
November 2, 1937, and stopped at 3:32 a. m., November 3, 1937.
Records of the wells appear in the table on page 136.




SCOTTSBLUFF

185

Draw-down of the water table in observation wells and pumped well near Scoitsbluff

Pumped well
Draw- Draw- Draw-
Time down Time down down
(feet) (feet) (feet)
Nov. 2, 1937 Nov. 2, 1937—Con. Nov. 8, 1987—Con.
11:14a. m 0.00 {| 10:00 p.m._ 21.96 0.33
11:55 11.87 [} 11:05 oo 22.69 .31
1215 p.m_. 21,06 .29
12:34 21. 52 .27
72:50 21.72 .26
1:08 21.89 | 12:05 a. 23.07 .22
1:25 22,27 1:02 23.09 21
1:31 21.98 2:00 22.99 .18
1:52 22.056 3:09 22.95
2:20 22.42 4:00 4.01
2:31 22,57 4:18 2.15 K .18
2:53 22,32 4:33 1.85 - - .16
3:13 22.69 5:00 1.51 K R .18
3:30 22.20 5:31 1.30 3:08 - .14
3:49 22,32 l;(l)g 1. ég ggg - .15
p 22. 42 K . : - .14
i,gi zg :9 7:56 .85 || 5:58 _ .14
- - 8:52 .73 7:03 - .16
450 - 22,57 || 10:00 .64 1 8:00 _ .15
5:28 - 22.76 || 10:55 .57 ?)gg - .14
20 oo . 1:48 .51 |} 10:3 - (14
6‘20 """ 247 ) 1 . 12:14p. Moo .12
710 - 22,59 || 12:52 p.m .41
802 .- 22.02 2:05 .39
903 oo 22. 49 3:00 - L37 I 852g.mo ... .06
Well 1, upgradient
Nov. 8, 1987
0.00 || 12:08a.m 6.61 (| 558p.m-_____.____.__ 0.29
2.14 1:03 6.62 .28
4.87 2:11 6.66 .25
5.20 3:12 6.64 .22
5.30 || 342 3.68 .2
K 2.83 || 1055 oL .. .20
5.54 1) 419 212
5. 65 4:35 1.89
5.72 g:gé 1. gg .18
R 1. A7
aovll s1s 116 i16
.05 | 7:10 .93 14
6.13 7:58 .85 .14
6.18 13% . (753 .16
: . 14
8.5 || 107 55 15
6. 11:49 .50 .13
6.41 [ 12:54 p.m._ .45 .12
6.45 2:08 .38 .12
6.49 || 3:02 .35 12
6. 56 4:03 ... .30
8. 64 4:54 . L3010 8b4a.m_ _._._______. .06
Well 2, apgradient
Nov. 8, 1987
11:18a, m.__. 0.00 ) 12:11a, m 4.79 0.27
11:58 173 1:05 4.80 .25
12:18 p.m____ 3.04 2:12 4.86 .23
12:37 3.37 g:ig i. % .20
. E . .20
12:53 3.59 104 237 17
1:11 3.78 4:20 2 06
1:27 3.85 4:35 1.86
1:57 3.98 ggi i gg 17
. X . 14
289 41511 62 L2 ‘15
16 4.22 711 ‘93 ‘13
3:52 4.31 8:00 .81 .14
4:35 4.35 || 8:56 .68 .18
5:31 4.47 || 10:03 60 .13
: 11:00 .52 .13
8:25 4,51 .
11:51 .49 .12
7:13 4.59 . 11
12:55 p.m .43 .
8:05 4,64 2:11 .35 .11
9:06 4.64 || 3:04 .34 10
10:05 4.73 4:05 .29
11:08 4.74 4:55 .28 .03
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Draw-down of the water table in observation wells and pumped well near Scottsbluff—

Continued
Well 3, upgradient
Draw- Draw- Draw-
Time down Time down Time down
(feet) (feet) (feet)
Nov. 2, 1937 Nov. 8, 1987—Con. Nov. 8, 1937—Con.
11:20a. m__ 0.00 1:06a.m..__. 3.97 || 8:00p.m.. 0.24
12:00 noon 1.38 2:15 4.01 9:03 - .23
12:20 p.m.. 2.30 3:19 4.03 (I 10:03 - .21
12:39 2.51 348 ... 2.79 |] 10:59 ... .18
12:56 2.74 4:06  __..____ 2.15
1:13 2.01 || 437 I 1.65 Nov. 4, 1987
1:28 3.01 504 1.43
2:00 3.15 535 ... 1.23 .18
2:40 3.32 6:21 ________ 1.05 .15
3:17 3.40 || 7012 DIIIIC .88 116
3:53 3.48 802 ... .78 .15
4:36 3.54 857 ... .68 .15
5:34 3.65 (| 1006  ____.._. .59 .15
6:27 3.66 (| 11:01  ___.___ ... .51 .16
7:15 3.76 153 - .48 14
8:06 3.81 1) 1288 pm...__.__.._. .43 .13
9:08 3.85 217 .. .37 .12
10:07 3.90 306 - .34 .13
11:09 3.91 4:09 . .29 .11
4:57 .30
6:02 .27
12:128. m 3.97 || 703 .25 || 857a.m_ ... ... .05
Well 4, upgradient
Now. 8, 1937—Con.
11:26a. m 0.00 1:08 8. m. 3.51 0.24
12203 p.m___. 1.25 2:17 3.55 .21
12:22 1.87 3:22 3.54 .21
12:41 % ;g 289 % gg .18
12:57 . : .
115 243 || 439 1.54 Noo. 4, 1957
1:30 2.54 5:05 1.35 || 12.08a.m____.___..__. .19
2:01 2.68 5:36 1.18 1:05 - .18
2:42 2.83 6:24 1.01 2:08 - 17
3:19 2.91 7:14 .85 3:12 . .15
3:55 3.00 8:03 .76 4:05 - .15
4:38 3.07 8:59 .64 5:17 - .15
5:35 3.18 || 10:06 .58 6:06 - .14
6:29 3.24 || 11:04 .48 7:11 .14
7:16 3.28 || 11:54 . A7 8:07 .13
8:08 3.33 1:00 p.m .42 9:11 - .13
9:10 3.36 2:20 .34 || 10:39 .13
10:09 3.43 3:08 .34 |1 12:220p.m. Lo .. .13
11:11 3.44 4:10 .29
Nov. 8, 1937 égg g Nov. 5, 1937
12Ma.m oo 3.49 7.05 .27 858a.m.____.__.___._. .07
‘Well 5, upgradient
Nov. 2, 1937 Nov. 3, 1937—Con.
0.00 1:10 a. m. 2.79 0.24
.81 2:18 2.85 .23
1.30 || 3:25 2.83 .20
1.51 3:52 2.03 .20
1. % 4:08 .77 A7
1. 4:24 1. 58
1.86 4:41 1.39
1.99 5:06 1.25 A7
2.13 5:37 1.08 .15
2.22 6:26 .93 .16
2.30 7:16 .77 .14
2.36 8:05 .70 .15
2.47 9:00 .60 .14
2.53 (| 10:08 .54 .12
2.57 i} 11:05 .46 .12
2.60 ([ 11:56 .43 .13
2.66 1:.02 .38 L1
2.72 || 223 .33 .10
2.74 3:10 .32
4:12 .28 Now. 5, 1937
5:00 27
2.79 || 6:09 W27 || 900a.m_____________ .04
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Draw-down of the water table in observation wells and pumped well near Scottsbluff—

Continued
Well 6, upgradient
Draw- Draw- Draw-
Time down ‘Time down Time down
(feet) (feet) (feet)
Nov. 2, 1937 Nov, 8, 1937—Con. Nov. 8, 1937—Con.
11:20a. m._. N 0.00 |[ 1:12a.m. 2.30 0.19
12:07 p. m. .58 2:21 2.36 .19
12:26 - .93 )] 3:27 2.35 .18,
12:44 ... 1.10 || 3:53 1.77
1:00 ... 1.22 4:10 1.53 Nov. 4, 1987
117 el 1.34 4:25 1.39
1:33  eeoeeeeeeee 1.40 | 4:43 1.27 {1 12:12a, m.._ AT
21 1.52 5:08 - 1.13 2:12 .15
2145 ceeeaae 1. 66 5:39 - .99 4:09 .14
3:22 1.74 | 6:28 .86 || 5:23 .14
3:58 1.82 8:07 .66 8:12 .14
4:41 1.87 || 9:02 .57 7:15 .12
5:38 1.97 || 10:09 .51 8:10 J2
6:33 1.98 || 11:07 .42 9:13 .12
7:20 2.08 || 11:57 - .41 || 10:43 - W11
8:12 2.14 1:04 p.m. .36 || 12:22p. m_ .10,
9:14 2.14 2:24 - .32
10:13 2.23 ) 3:12 .30 Noy. 5, 1937
10:15 —— 2. 24 gi;}. - gi 0 oF
: - . UL 0 < SR, . '
Nov. 3, 1937 7:09 N .23
12:188. m oo 2.30 808 s .22
Well 7, upgradient
Noy. 8, 1987—Con. Nov. 8, 1937—C~n.
11:30 a. m. 0.00 I:d4a.m . _____ 1.93 0.24
12:08 p. m_ .39 2:22 el 1.99 .22
12:28 .69 || 330 ... 1.97 .19
12:46 .83 385 o 1.56 .19
1:02 .94 4:11 .. 1.41 .17
1:19 1.03 4:27 . 1.26
1:34 110 () 444 ... 1.15
2:07 1.19 509 ... 1.03
2:46 1.32 540 .. .93 AT
3:24 1.39 6:30 - .81 .15
3:59 146 7:19 - .69 .14
4:42 1.56 || 8:10 - .62 .14
5:40 1.62 9:04 - .54 14
6:35 1.69 (| 10:11 - .52 .13
7:21 1.73 || 11:09 - .41 .13
8:15 1.78 |} 11:59 - .40 .13
9:15 1.82 1:06 p.m. .35 .13
10:15 1.86 126 - .31
11:17 1.89 3:13 - .29
4:16 _ .26
5:03 - .26 <05
12:20a.m 1.93 6:14 . .A
Well 8, upgradient
Nov. 8, 1937 Nov. 8, 1937—Con.
0.00 0.22
3 B .30 .20
B .52 .19
: .62 .16
: .7 14
! .78 -
: .83
H .93 .14
2:48 1.04 .12
3:25 1.09 .12
4:00 1.16 .12
4:44 1.21 .12
5:43 1.32 12
6:39 1.37 JAL
7:23 1.41 11
8:17 1.48 10
9:17 1.50 .09
10:17 1. 55
11:18 1.57
» 05

303464-—42~——13
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Draw-down of the water table in observation wells and pumped well near Scottsbluff—
Continued

Well X, downgradient

. Draw- Draw- Draw-
Time down Time down Time down
(feet) (fest) (feet)
Nov. 8, 1937 Nov. 3, 1987 Nor. 8, 1937—Con.
10:47a.m_____________ 0.00 || 12:053. m____ 12.62 0.27
11:57 - 9.35 1:02 12,67 .25
12:07 p. m_ 11,12 1:59 12.63 .23
12:18 11.62 3:06 - 12. 66 .21
12:30 11.74 3:45 - 4.67 .20
12:44 - 11.84 4:12 - 2.39
12:59 - 11.86 4:36 - 1.92
1:15 - 12.05 5:00 - 1.52 - .18
1:56 - 12.24 5:31 - 1.32 : .17
2:38 - 12.31 6:15 - 1.09 B .16
3:13 - 12.40 7:08 .- .98 3:01 .15
3:48 - 12. 42 7:56 o .82 4:00 .15
4:34 - 12.48 || 8:52 - .74 11 5:00 .14
¥ 10:00 - .62 6:01 .14
527 . 12.50 : :
10:57 - .57 7:03 .14
€17 12.67 1 1146 ] .49 || 8:02 .13
7:10 12.58 lgzgg p.m_. 42 920 .13
06 12,56 || 2 - .39 (| 10:36 13
8_ 3:02 - S87 | 12:05p.m_ .. 11
9:00 12. 62 3:59 33
10:04 12.61 4:54 - ‘o9 Nov. 5, 1937
11:00 12.64 556 ... 28 8:52a. M . _________. .05
Well 1, downgradient
Nov. 3, 1957
0.30
10:49 2. m 0.00 6.82 .30
11:59 3.43 6.89 .27
12:09 p. m 4.71 6.87 .2
12:20 5.24 6.92 .21
12:31 5. 42 3.45 .20
12:46 5,63 2.14
1:00 5.7 1.81
117 5.89 1.51 .18
1:58 6.12 1.31 .18
2:39 6.24 1.10 17
3:15 6.34 .96 .16
3:50 6. 40 .85 .15
4:35 6.49 .74 .15
5:31 6. 56 .63 .15
6:20 6. 60 .58 .14
7:12 6.67 .52 .14
8:07 6.69 .44 .11
9:02 6.75 .41
10:06 6.77 .37
11:04 6.83 .33 .06
Well 2, downgradient
Nov. 2, 1937 Nov. 3, 1937
10:51 a.m 0.00 4.61 0.31
11:59 1.81 4.69 .27
12:10 p.m_ 2.61 4.70 .25
2:20 2.98 4.74 .25
12:32 3.19 2.35 .22
12:47 3.38 1.98 .20
1:02 3.50 1.7
1:19 3.63 1.48
2:00 3.50 1.30
2:40 3.97 1.10 (| 12:06 a. .18
3:16 4.08 .96 1:00 .18
3:51 4.14 .85 3:06 .16
4:37 4,23 .75 5:06 .16
5:35 4.34 .65 6:06 .15
6:22 4.37 .59 8:05 .14
7:14 4.42 . .z_l[ 18% . {i
8:09 4.44 . B .
904 453 :g 12:18 .12
10:07 4.54 .34
11:07 4.63 33 8:55 8. m. .08
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Draw-down of the water table in observation wells and pumped well near Scottsbluff—
Continued
Well 3, downgradient
X Draw- Draw- Draw-
Time down Time down Time down
(feet) (feet) (feet)
Nov. 2, 1937 Nov. 8, 1937 Nov. 3, 1937—Con.
105558, M .| 0.00 3.81 0.29
12:00 noon . 1.23 3.81 .27
1.88 3.86 .34
2.22 3.96 .23
2.40 2.25 .21
2.56 1.86
2.71 1.63 Noo. 4, 1937
2.83 1.42
3.04 1.26 1 12:08a. M. __ooeomnes 17
3.16 1.04 || 102 .17
3.26 .92 .16
3.31 .81 .15
3.41 .73 14
3.49 .63 14
3.51 .56 .14
3.59 .49 (14
3.64 .45 .14
.40 J11
3.71 36
3.73 31
3.79 .30 .05
Well 4, downgradient
Nov. 8, 1937
0.00 || 12:14a.m. ... 3.28 0.26
99 || oo T ITIIIIIITTT 3.31 .2
1.45 || 2:09 3.36 .22°
174 {{ 3:15 3.36 .20
é. 8(5) 4:§g 1 gz .19
3 4 1.52
2,18 || 506 1.34 Noo. 4, 1987
2.30 || 5:36 1.19 [ 1210 8. m_ . .18
2.50 (| 7:16 .88 (| 164 .16
2.61 || 8:04 .74 || 2:03 _ .15
2.71 || 857 270 || 31 _ 14
2.77 || 10:07 .60 || 4:11 _ .14
2.86 || 11:03 .55 || 5:10 . 14
2.94 (| 11:53 .48 || 7:11 Z .14
3.00 || 1:01p.m. .43 || 800 .14
3.03 || 2:08 .39 || 927 - .13
g. gg Z:ég . gg 12:22p. Mo .11
319 || 501 129 Nov. 5, 1637
3.24 || 600 . .. .29 |} 8:57a.mo ... .04
Well 5, downgradient
Nov. 2, 1937 Nov. 3, 1937 Nov. 8, 1937—Cor.
11:028. M. oo 0.00 2.47 0.26
1202p.m___ . ____._._ .56 2.53 .24
12:12 DT .91 2.53 .22
12:24 ... 1.10 2. 58 .20
1;.;:37 1 % L g .19
12:50 1. 1.
1:06 1.47 1.3 Noo. 4, 1987
1:24 1.59 121 || 1212a.m .18
2:04 1.75 109 || 108 17
2:45 1.84 .82 || 2:05 .15
320 Tl 194 . 7% 3:12 . %g
< e 1. . 6l 4:1 .
3.55 o % 571 513 .14
44l 2.09 53| 713 7
543 s 2.16 .45 || 810 14
6:28 oo 2.23 .gg 9:28 . g
3T S 2,23 . 10:45 .
8. .33 || 1223 p.m .11
911 . 2.38 »
10012 e 2.40 ‘o8 Nov. 6, 1987
11:15 2.46 .28 || 8:58a.m_ ... .03
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Draw-down of the water table in observation wells and pumped well near Scottsbluff—

Continued
Well 8, downgradient

Draw- Draw-
Time down Time Tine down
(feot) (feot)
Nov. 2, 1937 Nov. 8, 1937 Nov. 8, 1.337—Con.
11:04a.m__.___.___.__ 0.00 1.95 0.28
12:03 p. m. .35 2.01 .26
12:13 . .59 2.03 .23
12:26 - .75 2.06 .23
12:38 - .85 1.43 .21
12:52 - N 1.34 .20
1:08 - 1.05 1.23
1:27 - 1.12 1.13
2:05 - 127 .95
2:46 - 1.36 .51 .18
3:21 - 1.4 .78 .16
3:52 - 1.49 .71 .14
4:42 - 1.57 .63 .14
5:45 - 1.68 .53 .13
6:30 - 1.71 . 50 .13
7:23 - 1.76 .42 .11
8:18 - 1.78 .42
0:13 . 1.86 .38
10:14 - 1.87 .34
11:17 mmmcmcaneat 194 .33 .05
Well 7, downgradient
Nov. 2, 1987 Nov. 8, 1987 Nov. 8, 1737—Con.
0.00 ) 12:20a.m. ... 1.53 506p. M. 0.2%
.17 1:15 - 1.58 716 . .22,
.35 17 - 1.59 812 o] .21
.46 3:23 - 1.63 912 .21
.81 4:07 - 1.30 || 11:31 . .18
.84 || 4:26 - 1.18
.72 4:43 - 1.09 Nov. 4, 1987
.78 5:08 - 1.00
.91 5:40 - W01 || 12:17a.m. .15
.99 6:31 .- .78 1:10 - .15
1.08 7:22 - .72 317 ] .14
1.12 8:10 - .64 517 el 14
1,17 9:03 - .59 717, el .13
1.22 || 10:12 - .49 9:31 .l .13
1.30 || 11:08 - A8 | 1226 p.m .. .11
1.31 |} 11:59 - - .39
1.36 1:08 p.m.. - .36 Nov. 5, 1987
1.44 || 2:14 . .35
144 (1 3:20 i 200 900a.m .. ___. .04
151 |} 410 Ll .29
Well 8, downgradient
Nov. 8, 1937 Nov. 8, 19%7—Con.
0.00 (| 12:228. m____.__.___.| 1.26 0.18
124 .13 1:18 - 1.32 .17
4 .28 2:21 - 1.33 .18
R .35 3:26 -- 1.37
5 .42 4:10 - 111
2 .49 4:28 - 1.00 ,
: .56 4:45 - .94 .14
K .62 5:10 - .87 12
X .72 5:42 . .80 A2
E .79 || 6:33 - .68 .12
3:25 .85 || 7:26 . .63 .12
4:01 .90 8:12 ——— .55 11
4:45 .96 9:06 cr———— .52 11
5:49 1.00 || 11:10 - 42 .10
6:34 1.06 || 12:01 p.m_.__. .33
727 1.09 1:11 P .32
|:21 1,13 {| 2:16 - .28
9:17 1.19 3:22 - .26 .04
10:17 1.20 5:09 - .23
11:22 1.25 7:18 P .20
R — ol
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