


CONTENTS

Page

Introduction v uuu it iinit it e it i e e 1
Preparationfordrilling.................................'.... 1
Drilling methods,...... S e e e ae st a et nes ee e st e nc a0 ens 3
Rotary drilling o.vuuiuntinieeinernronnanronserncnsonans 3
Cable-tool drilling v vuiivrinineirerenarnenseeennsnees b
Special drilling techniques ... v.ovviiirienenenvrnernosans 6
Collection of well-bore cuttings and well COre8 «vveervuceessns 8
Rotary-drilling sampling .....iviteievrerneennenoennnns 9
Well-bore cuttings ............... R T I I T 9
Contamination from upper parts of the well ,..,.... 10

Accurale determination of depth of sample, , .. eoess 11
Powdering of the sample . .,....civeesrveneanees 12

l.oss of the sammple . ,..v.viererivnreroovenossee 12
Separation of particles cuvueveevrvisrrnsernenss. 13

Well COreB s v yivniiiivenoronsenneenenninnenessess 14
Cable~to0l sampling ... .vuvevrrereeseernrnennneonns N |
Well-bore»quttings......,.......................... 17

Well Cores o ., uuuiiinnrennnnenvnerensreneceonnnnes 18
Examination of cuttings and cores .,.....vvevsernen-vnverenn. 18
Methods of analyBif c v uvvseeenveeenesserenneseneneneass 20

i



Examination of cuttings and cores-Continuug

Methods of analysis==Continucd Page
Megascopic analysis «vuuvevneernnnrreonesescnnsnnes 20
Microscopic analysis R T - |
Mechanical analysis ..,.... Sereeeseseasaranssessans 22
Other analyses ....,. A X
Heavy mineral analysis .....covvevepnoneennsnns 23
Chemical analysis ,........... treersesacsreeess 24
Specific-gravity determinations .,....,v00000.... 25
Ignition tests ,..,...... 1+
Fluorescene test8 .....vivivruneenerssnnvennees 26

Pipette analysis . .....ovvvrnnnennns P 1
Porosity and permeability tests ... vvveeveenne... 28
Resulty of analysis ......... Ceecessensaanas O S

LithC)lOgiClogS -------- 9 @ 00 00600000 $ 6680000 r0 v e 27

Strip log ..... teerecsrertetresssnsensrereseses 29
Sample chip log ,.......... 1 |

Additional infcrmation to be gained from the driller ........... 30
Driller‘slog.....- ............. < [ 1)
Driiling speed ............ e eienes - 1.1
Record of water-bearing zones ,,.......eoveeeeeveveesa. 83

i1l



Additional information to be gained from the driller— Continued Page
Casing recorrd .. .vovvn... Ceeeeranan 34
Well testing v ovvvevnvinnnnn cerenes 34

Well logging ...ivvieeennrnnennnnn, 36
Electric logging ........c.... 37
Gamma-ray logging ....,..... Ceseseascens 41
Contact logging ........ e Cresseetecanesene 42
Other methods of logging ...... Cesetanes 44

Interpretation of data . ......0ovvvuenn... 44
(Geologic interpretation . .ovvevi v innenenenn.. seeeenaan . 45

Stratigraphic correlation and differentiation ....... . 45
Structural indications ..... ceeea Ceesesaas ceesean s 45
Geologic history o ovvev vt e inennnns Ceeesirssnse 45
Hydrologic interpretation ............... B P

Well completlon . vvviiiiieneennennnenns. - ¥
Setting Casing «.vvveerernerennreenn., R Y |
Well screens . .............. D
Porlforating the casing ..... 51
Gravel packing ... v iiiiiienininnnnnrennesnonnenns .o b2
Quality-of-water control ,.........co00vvvennvncennaen, D3

Well-development methods . ...y eeisierennereneervenennennes 64
Pumping method ... .t iiiieiiinreennreneronserosnnees 5B

iv



Well-development methods— Continued
Surging action v.uueireeeviereroenseerooronssossssonsss
Backwashing ,...iieiietinneneonenonsossoseansonse
Surge block R R R I I I P
Compressed air ...uiviiiyeeeerecrenrocencnnnnsses
Dry icing ..... St s et ieasersatasorereoneeesnon
AcldizZing . .uuiivenirneerneronessnesieancosecneses
Other methods ..,...veiieieeervesonnsenosnsonnsys
Fracturing ..... D
Aquifer 16818 L. .iuiiiieiiiiirnrreaerertorsonasensnnnnsnses
Preparation T
The test 8ite ... . uvvevinervereetorsnocesnccnonnens
Pumped Well ... i.uuivioirrennoonvansennnnnrennoes
Observation Wella, . .vuvenercnoreconnnnnnnnrsovonss
Equipment........................................,.

Collectionofdata..........................'..........n

Prior to the test 90060 000080000000 00RBLC0CO0IOCR0PVNPEORSE

Duringtheteﬂt C 00 N eI NN NI NN OO I EIINERPOLLIOEREDS

Plotting and computation of data in the field +,,ve0000004,
The pumping Period v uueeeossoseerveassoessossoansss
The recovery period ,,,.oeseos60erscrnsasoossvnsoes

Analyzing the test data ,.ovooseseeasrossosssssccscosnes

Y

Page
58
58
69
82
64
65
66
67
a7
68
69
70
71
72
73
78
74
75
76
1
78



Aquifer tests-—Continued

Analyzing the test data— Continued Page
Drawdown methods ...... Ch ettt ettt 80
Recovery methods ........... cerrraean veeeeersaes 86
Location of aquifer boundaries. ............ . 87

Sample aquifer test.........uvuurrnnnnn... Ceertsrerange 87

Evaluation of aquifer tests ,........... . cecaseesases 102

Selected bibliography ..... PO 1]
ILLUSTRATIONS
Figure 1. Photograph showing a rotary-type drilling rig..... 4
2. Photograph showing a cable-tool drilling rig .,.,., 7
3. Form for descriptive log.......... P, 28
4. Typical driller's log ......... teeecesenirrarenes 31
5. Segment of an electric log ..,....... Ceraceenenyps 38
6. Segment of & gamma-ray 10g. ...vveererennrnnsn., 43

7. Generalized diagram ghowing the assembly of an

open and a closed surge block of the type used

in well development .,...,...¢cvvvvinvennnrrin. 1Y)
8. Generalized diagram showing an assembly of the

type used for the development of wells by

COmMPressed Alr vy vuiesiierernnnnnennnonnnns 63



Page
Figure 9. Logarithmic graph of the well-function type

curve ......... R I T T 84
10. Drawdown and recovery curves for sample aquifer

test ....... tetsetsatetittiiieenaseneraeneenss 101
11. Semilogarithmic plot of drawdown against log of

time for the pumped well ,.............00000... 103
12, Semilogarithmic plot of recovery against log of

time for the pumped well....... crsersrsassnsees 104
13. Logarithmic plot of drawdown against {E for the

observation well and sample computations of the

coefficients of transmissibility and storage ...... 105
14, Semilogarithmic plot of drawdown against log ;.E

for the observation well and sample computations

of the coefficients of transmissibility and

storage ..,....... P X1 ]
TABLES

Table 1. Data for the pumped well 88

2, Data for the observation well .., ...00vevrunnrennas 86

vii



GEOLOGIC AND HYDROLOGIC ASPECTS OF TEST-WELL DRILLING
By

P. W. Johnson, Natalie D. White, and H. G. Page

Introduction

Information on test-well drilling was compiled in 1957 in the

esources Div., U.S. Geological Survey, Tucson, Arizona, for
use in the training of participants from foreign countries, The data
pertain largely to the geologic and hydrologic aspects of test-well
drilling and supplement instructions on well-drilling procedures
adequately covered by numerous handbooks. The material was re-
viewed in subsequent years by D. J. Cederstrom and C. R. Murray
in the Foreign Hydrology Section, Water Resources Division, U. S,
Geological Survey, Washington, for duplication and distribution where
requested in the Agency for International Development and related

ground-water programs,

Preparation for Drilling

A number of conditions must be considered before starting to
drill a well in order to assure reasonable success,

The location of the well site should be chosen on the basis of
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the best geologic and hydrologic data available. If there are other wells
in the area, a general idea of the conditions at the new drilling site can
be gained from the records of these wells, The water levels, depth,
diarneter, and production of the wells, and the geologic formations
penetrated probably can be ascertained. Having these data and knowing
the purpose for which the well is to be used and the amount of water
needed, the diameter, depth, and method of drilling can be determined.
If the well is to be drilled in an area for which there is little or no
geologic and hydrologic data, it may be advantageous to consider drill-
ing a small—dia.me}ter (4 to 8 inches, depending on the finished size)
test hole. The rotary-drilling method would probably give the fastest
and most satisfactory results for such a test. If successful, the test
hole can be reamed out to the desired diameter. However, if a test
hole is not contemplated and data are lacking for the area, the largest
size hole and casing compatible with the use of the well and the depth
to be drilled should be chosen to assure successful completion of ;he
well. Difficulties in drilling or in driving the casing may necessitate

a reduction in hole diameter at depth. Several reductions in a deep
hole may reduce the diameter to a size that will not allow the lowering
of the pump bowls. Reduction to such a small diameter would limit the
usefulness of this part of the well, and for all purposes the drilling of
the well should have stopped at the upper reduction point, Cost of
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farther drilling would be unwarranted,

Drilling Methods

Rotary Drilling

Deep holes are drilled ordinarily with rotary-type drilling
equipment which involves a motor-driven turntable that holds the drill
stem or pipe and bit (fig. 1). This rotating action, aided by the full
weight of the drill stem, allows the bit to drill into the rock, crushing
and grinding it. Sections of drill pipe are added as the hole is deepened,
thus allowing a positive drive and control at any depth. Fluid drilling
mud i8 continuously circulated to the bottom of the hole and returned to
the surface by pumping, By this means the hole is conditioned for drilling,
friction at the bit is reduced, and the particles of ground rock are carried
in suspension to the surface, thereby keeping the hole clean and making
continuous drilling possible. The advantages of using this type of drill-
ing equipment are as follows: (1) holes of greater depth can be drilled;
(2) drilling can be accomplished in less time; (3) better cbntrol of the
drilling operation can be maintained; (4) auxiliary equipment of advanced
engineering design for rotary drilling is available for obtaining drill-
stem tests, cores, electric logs, and other data; and (5) the cost is

relatively lower for deep holes. The outstanding disadvantage is the
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Figure 1. --Photograph showing a rotary-type drilling rig.



relative difficulty of obtaining accurate well-bore cuttings and water
samples by this method.

Rotary drilling is particularly unsuitable where losses of circu-
lation are likely, such as in fractured or cavernous limestone. How-
ever, proper mud control can overcome many such conditions. Hard
rock imposes an excessive bit cost on a rotary operation and in such
material, progress may be as slow as the conventional cable-tool opera-
tion. Cobble formations (river boulders or glacial till) are particularly
difficult to drill by the rotary method.

In a rotary-drilling operation minor amounts of water are shut
off by the drilling mud. However, if large quantities of water are en-
countered it may be necessary to case and cement off the water zones
if drilling is to continue.

Some of the problems of rotary drilling, particularly the un-
desirable introduction of heavy mud into permeable water-bearing for-

mations, are eliminated by the reverse-circulation-rotary method,
Cable-Tool Drilling

Cable-tool drilling is used mostly for shallow holes and in-
volves a continuous bounding or percussion procedure, A heavy bii,
suspended on a cable, is raised and dropped repeatedly by means of a
motor-driven jack wheel and walking beam, or some variation of thig
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method, Water is used as a lubricant and drilling medium, and must
be supplied to the hole until a sufficient ground-water source is en-
countered. However, when the ground-water supply becomes over-
abundant it must be shut off if drilling is to continue, This may be
accomplished by running casing into the well and shutting off the water, .
The hole is cleaned periodically of broken rock particles and mud by
means of a bailer, The advantages of a cabie-tool rig are as follows:
(1) relatively accurate well-bore cuttings can be obtained with ease

by this method; (2) thin, but productive, water-bearing zones are easily
recognized as the walls of the hole are not plastered with heavy drilling
rud; (3) accurate water samples can be taken and simple pumping tests
made by bailing; (4) larger diameter holes can be drilled with relatively
smaller rigs; and (5) the cost is moderate for shallow holes. A photo-~
graph of a cable-tool rig is shown in figure 2. Its outstanding dis-v
advantage is that the rate of drilling is commonly slow but may be

compensated for by the accuracy of sampling.
Special Drilling Techniques

Loss of circulation in rotary drilling using fluids can be
eliminated in placzs By using air instead of fluid,

Drilling in extremely hard rock, which is very slow for the
cable-tool machine and costly and difficult for the rotary, can be ac-~
complished rapidly by the recently developed '"down-the-hole"
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Figure 2, --Photograph shcwing a cable-tool drilling rig,



air-percussion drill,

At present, these must be considered special techniques re-
quiring expensive equipment and specially trained operators. These
techniques should be utilized only after considerable study and after
it has been demonstrated beyond any doubt that the slower and more

conventional methods are impraciical,

Collection of Well-Bore Cuttings and Well Cores

One of the most valuable sources of s0logic and hydrologic
information is in the collection of well-bore cuttings and well cores.
An actual determination of the type of rock penetrated may be made
only by this means. Due to the advanced techniques of well logging,
there is a tendency to minimize the importance of well samples, but
these advanced techniques are only supplemental tools; accurate de-
termination of lithologic character is possible only with nctual samples
of the formation,

The ideal situation in sampling is to collect representative
samples from known depths, at intervals of such frequency as to obtain
the complete lithologic character of the formations penetrated. This is
best accomplished b‘y' the coring method by which a solid piece of the
formation in a continuous length is obtained. Such sampling i8 not beyond
the scope of some operations. However, the technique is costly; therefore,
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its use usually is limited to situations where special subsurface geologic
and hydrologic conditions warrant the expense. However, a close ap-
proximation of ideal sampling can be achieved by the careful collection
of well-bore cuttings., Well-bore sample cuttings are a representative
part of the disaggregated formations penetrated and are commonly col-
lected at intervals of 5 to 10 feet, unless change of formation or other
conditions warrant a smaller interval.

Samples should be collected from ail wells and should be
discarded only after deliberate thought and study and generally only
where the proximity of other wells has provided similar samples of
sufficient depth to furnish ample lithologic and stratigraphic coverage
of the area. Therefore, proper preservation and storage of samples
should be maintained,

The various means by which well-bore cuttings or well cores

are collected will be discussed in relation to tne drilling method used.

Rotary-Drill Sampling

Well-bore cuttings

The collection of well-bore cuttings from =z rotary-drilling
operation is difficult, and for many years it was considered impossible to
obtain reliable samples by use of this drilling method. To obtain a rep-
resentative sample from unconsolidated formations by this method still
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presents a problem. However, because the techniques for collecting
samples have been improved, it is now possible to obtain fairly good
samples in consolidated formations. Well-bore cuttings are collected
by obtaining a sample of the drilling mud after it returns to the surface
and before it empties into the settling pit. In recent years, various
devices called "shakers" have been designed for the collection of samples
at the pit. These devices may vary in method and design, but essentially
they are based on the principle cf separating by vibration the well~bore
cuttings from the drilling mud and collecting the cuttings. Whatever
method is used, samples should be collected at regular intervals of
from 5 to 10 feet or, in critical zones, at intervals of less than 5 feet.
All samples should be washed carefully and thoroughly after they are
collected,

The problems involved in the collection of cuttings from a

rotary rig are discussed below.

Contamination from upper parts of the well. -~-The degree of

contamination of the sample from upper parts of the well depends largely
on the type of material encountered in drilling. Soft formations have a
tendency to cave and account for a greater amount of extraneous material
entering into the driiling fluid and coming to the surface during the
course of circulation. Material from the upper formations will also
contaminate the sample when the drilling mud is not sufficiently heavy
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to cushion the impact of the drill pipe against the walls of the well. Much
contamination can be eliminated if the mud pits are of sufficient size to
insure the settling of all the particles of the cuttings before the mud is
recirculated into the hole. Ordinarily, significant caving does not

occur, but if it continues casing of the hole may be required,

Accurate determination’ of depth of sample, --In order to de-

termine accurately the depth from which a sample is taken, a measure-
ment must be made of the "lag time''—the time required f;)r material

to reach the surface aftef it is collected at depth. Lag time 15. dependent
on: (1) the size of the hole; (2) the condition of the hole; (3) the type of
formations penetrated; (4) the type and viscosity of the mud; and (5) the
actual depth, Accurate labeling of the sample with the actual depth cut
rather than the depth of the wéll at the time the sample came to the sur-
face can be accomplished only by making periodic checks of the lag time,
Measurement of the lag time may be accomplished by placing some
easily identifiable substance, such as cut up straw, into the intake
drilling-mud pipe, and recording the time required for this material

to again reach the surface. Lag time may also be determined by the
following procedure: (1) stop the drill; (2) circulate the mud until it is
absolutely free from all cuttings; (3) resume drilling for a few inches;
(4) stop drilling; and (5) measure the time required for the cuttings to
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reach the surface. This procedure also has the advantage of furnishing
an accurate sample of the formation at the depth of the bit and is general-
ly used where greatest accuracy of sampling is desired. It is impos-
sible to accurately calculatg the lag time by any method except actual
timing, Changing conditions in drilling will make it necessary to check
the lag time frequently. A record of the drilling time at intervals of 10
feet, or less in critical zones, can be an important aid in determining

the need for checking the lag time.

Powdering of the sample, --The powdering of a sample to a

size which is too small for effective examination under the microscope
is due largely to the use of mud of improper quality. It is essential
that a rigid control be kept on the type and viscosity of the drilling mud
so that the particles of the sample are kept in suspension and brought
to the surface without regrinding. On the other hand, the mud must
not be so heavy that solid particles will fail to settle in the mud pit and
are carried through the system a second or third time. To insure this
control, the geologist should work closely with whoever is in charge of

the mud.

Loss of the sample. --Sample cuttings may be lost for a number

of reasons. In highly fractured or porous zones the drilling fluid may
enter fractures or cavities in the formation and fail to return to the
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surface. When the drill penetrates areas or zones of high hydrostatic
pressure, cuttings may be lost by being blown out of the hole. Samples
may be lost or partially lost when very thin bedded, fine, or soft mate-
rial is penetrated. Where soft clays are penetrated, solid particles

may not be brought up and good sampling is impossible. Where clayey
sands are penetrated, only the sand fraction may remain after washing,
Thin beds are penetrated very quickly and the amount of sample is rela-
tively small compared to *he extraneous material present in the drilling
mud. These beds may go unnoticed, especially if they lie between regular

sampling intervals.

Separation of particles. --The relative change in position be-

tween the finer particles and the coarser particles of the sample during
their upward movement in the circulating fluid is known as separation,
For instance, returns from a mixed-gravel formation may be entirely
fine sand at first, but after a period of several minutes the coarser
element will appear. This problem can be remedied to some extent by
the use of proper mud, a heavier mud tending to bring all fractions up
together. Too thin a mud will leave a heavy fraction on the bottom to
be ground up and '"last, " Even under the best conditions some change
may occur in the relative positions of the fine and coarse sediments;
therefore, it is necessary to take this into account when identifying the

sample,



Well cores

One of the advantages of using the rotary-rig method of drilling
is the versatility with which it can be adapted to other phases of testing
and coring. Well cores can be obtained in at least five general ways—
the conventional, diamond-drill, wire-line, reverse-circulation, and
side-wall methods. The diameter and length of these cores vary. A
conventional core usually ranges from 2-3/8 to 3-9/16 inches in diam-
eter, diamond cores range from 2-7/8 to 4-7/8 inches, wire-line cores
range from 1 inch to 2-3/16 inches, side-wall cores range from 1/2
inch to 1-1/2 inches, and reverse-circulation cores range from 2 to 5
inches, depending upon the size of the drill stem. Cores may vary
' from the 1-1/4-inch length obtained in side-wall coring to the 90~foot
length obtained from some diamond coring.

Conventional coring requires a core-barrel assembly fastened
to the bottom of the drill string and consisting of a cutter head, outer
barrel, floating inner barrel, and a finger-type catcher which retains
the core in the barrel when the assembly is raised. The drilling mud
circulates down the drill pipe and between the two barrels to the cutting
head. The type of cutter used depends entirely on the formation being
cored. The length of core accommodated by this assembly is usually
21 feet. Using this method of coring, it is necessary to remove all the
drill stem each time to obtain the core. It is possible to obtain a
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large-diameter core with a maximum perceiutage of recovery by this
method, and the effectiveness of this type of coring has been proven
in all but the most abrasive formations.

Diamond-drill coring of small-diameter holes has been used
for many years in the mining industry. However, in recent years,
full-size diamond and other core bits have been adapted for use with
rotary equipment in oil-field and other well-drilling operations. The
diamond-core-barrel assembly is much the same in principle as the
conventional type, differing only in that the inner barrel is supported
on two open ball bearings enabling it to remain stationary while the
core is being cut, Diamond bits cut by abrasion, and it is necessary
that care be taken to insure proper operational conditions or techniques,
Diamond-core drilling involves the use of as little weight as possible
-on the bit, low pump pressures, and relatively high rotary speeds, In-
creased weight on the i)it tends to fracture the diamonds, and too high
pump pressures tend to increase washing of the core and erosion of the
bit matrix, Diamond bits are made by setting commercial diamonds
into a metal alloy matrix which has been molded into the desired size
and shape by a process of heat and pressure. The initial cost of the
equipment for this tﬁe of coring and the overall cost of operating
is high; however, the longer life of diamond bits, the higher percentage
of recovery, and the greater length of core—up to 90 feet—make
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diamond-cox_'e- drilling a desirable method.

Wire-line coring was developed as a means of securing a
core sample without the necessity of removing the entire drill-stem
pipe from the hole to recover the core, This, of course, has a dis-
tinct advantage, but the addition of surface and subsurface equipment
1s necessary for this type of operation. Additional surface equipment
includes a suitable hoist assembly to lower and raise the wire line.
Additional subsurface equipment includes a special core-drill collar
bit and core barrel, as well as a wire guide and overshot. This
method enables regular drilling to be accomplished alternately with
coring, as the core-barrel assembly can be lowered or raised through
the drill-stem pipe. Cores up to 20 feet long may be obtained in this
manner., It has been found that this type of coring is best accomplished
in softer formations, although the recovery usually is not as complete
and the cores are of smaller diameter,

The other two types of coring mentioned—reverse-circulation
coring and side-wall coring—will not be discussed in detail, as both
types are for very specialized and limited ingtances. The techniques
involved are described in "Subsurface Geologic Methods" (LeRoy, 1850,

p. 615-619),
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Cable-Tool Sampling

Well-bore cuttings

The collection of well-bore cuttings from cable~-tool wells
can be accomplished with comparatively few difficulties, Samples
should be collected from the first bailer load when cleaning the hole.
The usual sampling interval is 10 feet; however, samples at a 5-foot
interval or even a 1-foot interval might be necessary-—depending on
the type, thickness, and importance of the formations being penetrated.
The technique for sampling may be as follows: (1) collect the sample
in a pail as the bailer is dumped; (2} drain the sample of excess water;
and (3) put it into a sample sack labelled according to the exact depth
from which the sample was obtained, However, many formations
penetrated will grind up into a mud and very commonly the sample
must be washed gently and the water drained two or three times before
a sample reasonably representative of the formation is obtained, The
remainder, after washing, may be hard-rock chips, unbroken grains
of quartz or other granular materials, and pieces of clay which haye
been torn loose but not mashed into a mud, The mud washed off musi
be mentally evaluated and noted. This technique is also invariably
followed by cable-tool drillers and seems highly satisfactory from the
standpoint of hydrologic and geologic investigations.
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If formations are not washed free of drilling mud, an in-
-correct log will be recorded; the samples will cake upon drying and
be difficul: to use in further studies, Samples collected from cable~
tool wells which have penetrated consolidated formations will ordi-
narily be quite accurate. However, when soft formations are en-
couatered samples may be less reliable unless casing is run into
the hole as drilling proceeds. The character of cable-tool samples
| usually differs with the sharpness or condition of the bit and the hard-
ness of the formation being penetrated. Hard formations require
greater cutting time and the repeated pounding by the bit causes a
rounding and grinding of the cuttings.

Obtaining accurate samples of water-bearing formations is
of greatest importance. The dart valve and flat-flap bailer will not
pick up the larger pebbles of the common water-bearing gravel or
gravelly sand, and hence the appraisal of the character of the forma~
tion may be in error. The ”éand pump'' or bailer equipped with a
plunger rod can exert a forceful suction on loose bottom material
and will furnish an excellent sample of very coarse material, Care -
must be exercised in its use, however, as sudden action will tend to
cause the formation ‘to run up the hole, Slow action and maintaining
a high head of water in the hole will reduce the hazard inherent in its

use,
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The mudding off of thin permeable zones is ordinarily con-
sidered a hazard of rotary drilling. However, many instances are
known where cable-tool drillers have unwittingly passed through thin
water-bearing sands or gravels because they failed to keep a clean
hole. Careful and constant attention should be given to the danger
of carrying down drilling sludge, fine sand, or other material and
masking the next lower formation, and to the danger of minor caving
masking a lower zone, A clean hole with»cas:'ng following closely
generally is necessary to yield the highly accurate data possible from

testing by cable-tool holes.

Well cores

It is possible to obtain cores with a cable-tool rig, but in
order to do so special equipment is needed; therefore, coring is not
done frequently with cable tools. ( Further information concerning
this process may be obtained from Baker Oil Tools Inc., Box 3048,

Houston 1, Texas.)

Examination of Cuttings and Cores

The primary purpose of examining cuttings and cores from
wells is to determine the type of rock encountered, This information,
and 21l the details obtainable, may be used further to help ascertain
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the hydrologic characteristics, the formation name and age of the rock,
the structures present, the history of emplacement, the source of its
constituents, and the potential natural-resource value of the rock. In
addition, some information may be gained about the chemical quality
of the water which the rock may store or transmit. For more detailed
correlation, the analysis of the cuttings and cores should always be
supplemented with all other available data relating to the geology of

the area, drilling conditions, and other exploratory tests.

Methods of Analysis

Some analysis is possible in the field during and immediately
upon completion of the collection of the samples or cores, These
brief examinations are usually sufficient to determine the type of
material being drilled, and to establish the future course of the drilling
operation. In the laboratory the samples or cores can be studied in

whatever detail is warranted, depending on the nature of the problem,

Megascopic analysis

The cuttings may be examined with a hand lens (10X) for
size, angularity, color, and mineral constituents in the field. From
this examination the tentative rock type can be determined. Further
testing to determine (1) type of cementation, (2) presence of carbonate
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rocks, and (3) more specific identification of minerals present can be
accomplished through the use of acid, hardness, and other hand-
specimen field tests,

In the laboratory similar but more cietailed megascopic obser-
vations may be made on the cuttings and cores. A binocular micro-
scope with magnification of from 10X to 90X is used, and is here con-
sidered under megascopic analysis in contrast to analysis with a
petrographic microscope,

Samples may be split and the parts washed free of their normal
mud content, and the washed residucs may be examined to advantage,
Washings may be done in a manner appropriate for recovering
foraminifera or other microfcssils for further study under the binocular

microscope,

Microscopic analysis

Microscopic analysis is the examination of thin sections or
grains submerged in index oils with a petrographic microscope, Thin
sections may be made of cuttings, chips, or cores, and grains for ex-
amination may be obtained from disaggregated rock pieces or from un-
consolidated sediments. This method of analysis is useful in identifying
minerals, mineral relatiuns, structures, cement, fossils, roundness
of grains, and percentages of minerals of certain grains,
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Inasmuch as examination using only the hand lens normally
yields the information needed in routine ground-water investigations,
the time-consuming microscopic examinations generally are under-
taken only to soive special problems. However, microscopic analysis

is used widely in other related fields,

Mechanical analysis

Mechanical analysis is a grain-size analysis of a sample, For
application to hydrologic problems, size analysis by sieving and the re-
sulting statistical analysis by histograms, frequency distribution, and
cumulative curves, appear to be most satisfactory. In addition to
sieving methods, size analysis may be accomplished by microscope,
direct measurement, or other methods employing the gettling velocity
of particles, such as decantation, air or water elutriation, pipette,
sedimentation cylinders, hydrometer, and photocell. The information
gained from the size analysis includes the average grain size (median),
the grain size of the greatest percentage of the sample (mode), the
degree of sorting of the grains, the percentage of fine material detri-
mental to the passage of fluids, and the statistical parameters consisting
of the coefficients of sorting, skewness, and kurtosis.

Plotting of data and making calculations of various factors or
parameters may be carried to considerable lengths and may be helpful
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in working out correlations, the origin of the formations, and other
geological questions of greater or lesser importance. However, most
hydrologists will be interested primarily in the size distribution, as it
governs the selection of well screens and determines the necessity of

gravel (or sand) packing of wells,

Other analyses

Some of the analyses mentioned above require expensive com-
plex equipment, specialized personnel, or ample time; these may not
be available to the average person working on hydrologic problems.
However, there are many other simpler tests and analyses useful for
various aspects of geologic or hydrologic work—a few of these are

discussed briefly below.

Heavy mineral analysis. -~There are several methods of

separating groups of minerals to facilitate their identification. One

of the most satisfactory, from the standpoint of economy and effective-
ness, is a separation based on mineral specific gravity, followed by

further separation of magnetic minerals. The gravity separation is

most effective in a heavy liquid——acetylene tetrabromide (tetrabromoethane)
being an excellent one. There are many types of separation apparatus
available, but the simple separatory funngls are adequate, Magnetite

may then be removed from the heavy minerals, and ilmenite and other

-23-



moderately magnetic minerals identified by their agitation, with a
12-volt electromagnet. Following separation, the minerals are iden-

tified microscopically.

Chemical analysis. --The simplest chemical analysis, usually

conducted as a matter of routine on cuttings and cores, consists of a

test with dilute hydrochloric acid to determine the relative amount of

carbonate present as cement or mineral constitueht. This test may be
extended to a complete digestion of all HCl-soluble material in the rock
sample and calculation of that percentage., The liquor, consisting of
the acid of digestion plus rinse water, containing the soluble minerals
in solution, then can be analyzed chemically for its constituents.

A specialized group of chemical analyses are stain tests, which
involve the application of certain chemicals to minerals, and produce
different colors on different minerals. The clay minerals and the pairg——
orthoclase:quar:z, calcite:dolomite, calcite:aragonite, and anhydrite:
gypsum-—are some ot the minerals differentiated and identified with
the aid of stain tests., These tests are not always certain and are
seldom used in routine well-sample analysis.

Another technique, sirilar to, but more detailed than, the

stain tests, is microchemical analysis, wherein reactions of minerals

to various chemicals are examined microscopically in order to identify

the minerals,
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Another procedure also useful for identifying minerals is

blowpipe analysis, In this process, minerals usualiy are powdered,

mixed with certain chemicals, and burned in the oxidizing or reducing
flame of a blowpipe over a gas barner and the reactions noted.
In order to determine its identity, a rock or minerai may in

some problems warrant a complete chemical analysis, which is ex-

-

pensive and time consuming, hence seldom employed in hydrologic

work,

Specific-gravity determinations. ~-In a few instances mineral

identification may require determination of the specific gravity, There
are several methods for this determination; the simplest involves the
weight and volume of the specimen in water, using a pycnometer or

LeChatelier flask.

Ignition tests. --Burning of samples is sometimes employed to

identify hydrocarbons—oil, coal, etc, —~which have different colors

and leave different types of residue upon burning.

Fluorescene tests, --0il and various minerals will fluoresce

differently under ultraviolet light, and this may be used as an aid to

identification,

Pipette analysis. --One relatively simple test, requiring a
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minimum of extra equipment for the average laboratory, deserves
mention as a supplement to mechanical analysis as discussed earlier.
This is pipette analysis, a procedure effecting a size analysis of
sample material too fine grained to be separated by sieves in ordinary
methods. In this method a pipette is used to remove samples of sus-
pended material after the sample is shaken in liquid and allowed to
gettle for fixed periods of time. Differences in settling velocities
depending on particle size are used as a basis for calculating the
percentages of very fine particles present after removal from the

sample, drying, and weighing,

Porosity and permeability tests. --A number of tests have

been devised for determining the porosity and permeability of solid
rock and unconsolidated samples. In well samples, cores lend them-~
selves most readily to such tests. All are‘ specialized techniques
usually requiring trained personnel. Simpler porosity tests include
measuring the volume of water required to saturate a dry sample,
specific gravity of a dry sample compared with that of the sample
saturated or with that of its constituents, and use of the McLeod
porosimeter. Permeability usually is measured by the rate of flow
of a fluid (usually watér or air) through a column of the sample, using

a permeameter of some form.
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Results of Analysis

The immediate result of analyzing samples is a record of
the driil hole. The degree of refinement of the data depends largely
on the comprehensiveness of the analysis. Several methods are
employed to record the character of the geologic column of a well,
each useful in its own way, depending upon the detail desired and the

purpose for which it is to be used.

Lithologic logs

One of the more common methods of recording the results of
sample or core analysis is a lithologic log. These logs can be made

in various ways to give a record of the drilled hole,

Descriptive log. --In the descriptive log each sample from a

well is described, usually from top to bottom of the hole. In addition
to information that identifies and locates the well, the characteristics
commonly noted for each sample include (1) depth, (2) formation name,
(3) rock name, (4) grain size and character, (5) mineral composition,
(6) color, and (7) nature of cementing materials. Most workers com-
pile these data on a convenient form (fig, 3).

This type of log is relatively easy to compile, file, reproduce,.
and understand; however, it does not lend itself ag readily to a
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comparison with logs of different holes as other types of logs.

Strip log, --A strip log is usually a 3-inch wide, long strip of
thin cardboard, with space at the top for identifying and locating the
well being analyzed. The left side of the strip is usually ruled to a
given scale representing depth from the earth's surface to accom-
modate a graphic representation of rock type and depth, while the
right~hand part of the strip may be blank for written descriptions or
lined for showing graphically grain size, porosity, cores, drilling
data, engineering data, etc. Variations in the style and use of the
strip log are sufficiently numerous as to make possible the recording
of almost any type of information desired, through the use of Symbols,
colors, and abbreviations.

This type of log is very popular because of the graphic picture

it presents, making comparison between holes relatively simple,

Sample-chip log. -~ The sample-chip log is actually a variation

of the strip log; the difference is that it has chips or grains of the well
sample glued to the left side of the strip at their represented depths,
Any desired information pertaining to the sample may be entered on
the right side of the strip.

These logs are excellent for correlation between wells, but
present problems in filing, Sometimes they are mounted on wood
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strips and hung on hooks in rows, similar to garments on a clothes

rack.

Additional Information to be Gained from the Driller

Many times valuable information can be. gained from the
driller. Many drillers are thoroughly aware of the value of informa-
tion which can be recorded during the drilling process, and they only
need encouragement to keep excellent records that will be most helpful
in determining the geologic conditions present. Other drillers may
need some training and experience in recording data and in realizing

its importance and value,
Driller's Log

A driller's log is an endeavor on the part of the driller to
interpret, record, and tabulate, to the best of his ability, the rock
types encountered in the well (fig. 4). Although the descriptive terms
used by the driller may not correspond with those of the geologist,
the consistent use of the same term for each rock type will lend
validity to his log for purposes of correlation, and in any event, his
terms commonly caxi be converted to standard terminology. The
geologist should also assess each driller's concept of rock grain
size and color perception, A driller's interpretation of the lithology
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Thick- Depth

ness (feet)

(feet)
Well location
0 . 8 8
‘Caliche ........co0iiiiviiinnnnnnn.. . 12 20
Sand ...t e e . . 9 29
Coarse gravel, boulders, some sand,

water ........ .00, Vheatereseans . 31 60

Shale ......... ceresans . chteranaas .o 30 90
Blue shale ....v.vuvennnennnennennnnnenns 10 100
Cemented gravel ........covevvennnnnnnnn. 15 115
Gray lime, water strata .................. 10 125
White lime Cereertsanaas . Cheseaas . 12 137
Gray lime ............ cesereans teereaens . 4 141
Buff sandstone ............... Creeenen . 12 153
Brown sandstone, hard .......... teesrsean 5 158
Sand and gravel, good water zone ... .. - 11 169
Good sand, gravel and boulders ............ 26 185
Red sandstone .................c0uuuu.n, 156 210
TOTAL DEPTH 210

Figure 4. --Typical driller's log.



in areas where he has drilled many wells can be very useful. In many
instances, the driller's log is the only information that is recorded
during the drilling of a well; therefore all drillers should be encouraged

and helped to the fullest extent possible in this phase of their work,
Drilling Speed

The speed at which drilling proceeds through various forma-
tions is indicative of the rock types penetrated. Each formation has
certain characteristics, and observation of the reaction of the drilling
machine will indicate the lithologic characteristics and the boundaries
of the formations being drilled, For example, a sandy clay will tend
to cut smoothly and quickly, a hard nonsandy clay will cut smoothly
and slowly, and when penetrating sand the drill stem has a tendency
to jump and 'chatter," A refinement of visual observation is a
systematic time log.

In recent years, the value of accurately recording drilling
speed or drilling time has been recognized, and several types of in-
struments for the purpose of mechanically recording a drilling~time
log have come into use, The mechanical reccrders that have beeﬁ
developed in the last decade not only accurately record the drilling
time or rate of penetration foot-by-foot, but also show additional data
such as (1) the depth of the hole to the nearest foot at any time during
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drilling, (2) the time consumed in making connections, (3) round trips
for bit changes, and {4) downtime for repairs.

There are many uses for drilling-time logs. They provide an
accurate record for the analysis of operations and the study of down-
time. They reflect the types of formations penetrated and their depths,
This foot-by-foot information is valuable for correlation purposes and

coring operations.
Record of Water-Bearing Zones

A record of the depths at which water is found in the hole is
part of the information needed to determine the hydrologic character-
istics of the area being drilled.

The determination of water-bearing zones at various horizons
is important to th2 potential production of the well and the quality of
the water. in an effort to record these data, accurate water-level
measurements should be made during the course of drilling. These
measurements should be made after the rig has been shut down for a
period of time sufficient to allow the water in the hole to reach its
static level, Periodic measurements will indicate in which zones the
water is under arteéian pressure, and the zones of greater or lesser

permeabilities,
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Casing Record

The driller should accurately record casing data including
(1) diameter, {2) number of reductions, (3) accurate position of each
string, (4) total depth, and (5) complete description of the screen and
its position or the depth and extent of perforated casing. These data
are necessary for selection of pumping equipment and must be known
if work is done on the well in the future, such as deepening, redevelop-

'ment, or other work.
Well Testing

Several types of testing relating to the quantity and the quality
of the water encountered can be conducted during the drilling of a well,

During the course of exploratory drilling by the cable-tool
method, much can be learned about the water-bearing characteristics
of the formations. Tests of the quantity of water available from the
open hole generally will be indicative of the amount of water that might
be available from a fully developed well. Such tests are easily made
by bailer, cylinder pump activated by the rig, centrifugal pump, or
other methods. However, there is danger of pulling in loose sandy
formations by vigorous action.

Following a controlled test with a pump or a long bailer test
in which the discharge has been carefully noted, recovery of water
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levels may furnish data for the determination of transmissibility,

Tests on water capacity during the course of rotary drilling
are much more difficult to perform and may be much less reliable,
Ordinarily, it is necessary to insert a packer (anything from a wrapping
of burlap or cut-up inner tube around the lower part of the drill stem
to a fabricated expandable packer) above the bit and pump through the
drill stem.

In either instance, the success and reliability of the test will
depend on the effectiveness of the casing in shutting off water from
above the stratum tested and in preventing caving. Therefore, testing
for water quantity or securing water samples ordinarily will be easier
and more accurate in a hole drilled by the cable-tool method in which
the casing follows the hole rather closely. The search for thin
permeable strata or any stratum yielding small quantities of water is
not too difficult for a skilled and careful cable-tool operator, but may
be impossible in a rotary operation. In rotary-test holes the detection
of thin or less permeable strata may depend, to a large extent, upon
a subsequent electric log,

If possible, water samples should be taken whenever water is
encountered during drilling for the determination of the chemical
quality, This information will indicate whether the water is potable
or whether drilling must proceed further in an effort to find more
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suitable water, This procedure will also determine the presence of
any salt-water zones; these zones can then be cased and cemented off
in order to prevent the contamination of fresh-water strata. Conduc-
tivity measurements in fhe well may also be ﬁsed to determine thé
zone or zones of poor water that should be cemented off,

In all circumstances, the recording of pumping tests and
water sampling should include all data on the total depth of the hole,
position of the casing, pumping time, and any other facts pertaining
to the physical condition of the well and hydrologic response at the
time of the test, in order that the results can be properly evaluated,

If all the above tesis are made during drilling and the data
collected and recorded from each well drilled in an area, much can

be learned about the regional hydrology.

Well Logging

The main purpose of any type of well logging is to identify
the formations traversed by the borehole and the fluids they contain,
Well logs should b continuous records, giving complete details
pertaining to the type and thickness of the rock encountered.

The geologist uses well logs principally for (1) stratigraphic
correlation from hole to hole, (2) lithologic identification, and (3) for
the determination of the subsurface geology of an area. It is possible
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to reconstruct the geologic history of an area through the correlation
of a sufficient number of well logs. The types of fluids contained in
the rocks, as well as the chemical quality of the water in granular
aquifers, can be determined from some types of well logs. In the
petroleum industry, production engineers use well logs to identify
zones of porosity or saturation in the well which may warrant further
testing. These are only a few of the uses for well lrgs, but they are,
perhaps, the ones of most interest.

There are several different methods of well logging in use |
at the present time in addition to actual study of samples of the mate-
rial penetrated. The ones to be discussed here include (1) electric,

(2) gamma ray, and (3) contact logging.
Electric Logging

The most efficient and widely used type of geophysical well log
1s the electric log (fig. 5). This is particulérly true if supplementary
information is available. The electric log usually consists of several
resistivity curves and a spontaneous-potential curve, Every substance
or material conducts electricity in varying degrees. Resistivity, being
the reciprocal of con‘ductivity, is the property of matter that opposes
the flow of electricity. Resistivity depends on the nature of the material
and on its temperature; howelver, for practical purposes, the temperature
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has very little effect and generally can be ignored. Therefore, the
resistivity-curve part of an electric log is a measurement of the re-
sistance per unit volume of the formations penetrated. Resistivities
usually are expressed in ohm-meters, and two or three resistivity
curves usually are recorded for each log, The spontaneous-potential
(SP) curve is a measure of the natural potentials of electrochemical
origin that are encountered in the borehole. These parameters can
be measured only in the uncased part of a borehole that is filled with
a conductive fluid, usually drilling mud.

The procedure for obtaining an electric log is to lower a
system of electrodes, spaced at predetermined intervals, into the
borehole on an insulated cable. As the electrode system moves
downward in the borehole, electrical currents are emitted from one
or rhore electrodes, creating electrical-potential differences in the
formation which are picked up by another electrode and recorded
photographically on a film as readings of resistivity or trace directly
by pen onto graph paper. As the electrodes move down the borehole,
the resistivities of different formations will not cause abrupt changes
on the graph exactly opposite the interface between formations; the
resistivity curve on 'the graph will show a gradual transition that ex-
tends for a short distance above and below the interface. The measured
values are average values or '"apparent resistivities, ' and may be different

-30-



from the true resistivity values of the various formations. This is due
to the influence of factors such as the physical characteristics of the
electrode system, drilling~mud resistivity, diameter of the borehole,
and thickness of the bed. For this reason, it is the general practice
to use several electrode systems, differently spaced and run simul-
taneously in the borehole, in order to record a combination of re-
sistivity curves. The same electrode system also measures and re-
cords the gpontaneous-— or self-potential curve—a measure of the
electrical currents that flow between adjacent dissimilar beds. These
currents are natural phenomena that cause changes in the electrical
potential of the borehole mud, and are not induced by the electrode
system; hence, the term '"spontaneous- or self-potential curve, "

One of the basic uses of an electric log, as stated previously,
is to determine the types of formations which the borehole penetrated.
A study of the resistivity and spontaneous-potential curves will serve
this purpose. The spontaneous-potential curve may be used to dis-
tinguish between permeable zones of sand or gravel and impermeable
zones, such as shale, clay, and cemented sandstone, The resistivity
curve will differentiate formations according to the water contained
in them,

The electric log may be used to determine the upper and
lower houndaries of the sand and gravel formations present in the
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borehole. The electric log will also help to determine which water-
bearing formations contain fresh water and which ones contain saline
water. A formation that contains no water will have a very high re-
sistivity, and one that contains highly saline water will have a very
low resistivity.

An electric log is an additional look at the formations. It
is not a substitute for carefully collected samples of earth formations,
nor should it be a substitute for accurate testing of water zones for
quality and quantity,

The graphical records of the electrical changes that occur
as the electrodes move down the borehole require considerable in-
terpretation to be of any significance in terms of hydrologic charac-
teristics, The interpretation of electric logs has received consider-
able attention in recent years, Many papers have been written on the
subject, and further discussion is beyond the scope of this paper.

The references listed in the bibliography adequately cover this subject,
Gamma-Ray Logging

Small quantities of radioactive materials, which emit natural
gamma rays in minufe but varying degrees, are present in all the
earth's substances. The variance in the intensity of gamma-ray
emission from the different types of earth materials is the basis for
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gamma-ray logging. Shale or silt formations emit a higher intensity

of gamma rays than sand, sandstone, or limestone formations., Gamma-
ray logs can be used to establish geologic correlations between the for-
mations. They are used extensively for this purpose as a supplement

to standard electric logs (fig. 6).

One of the chief advantages of the gamma-ray log is that it
can be used in a cased hole as well as an open hole, and it is not af-
fected by the type or the lack of drilling mud in the hole. For this
reason, gamma-ray iogs are particularly ﬁseful in providing a means
of logging cased wells for correlation with electric logs of nearby
wells,

In logging a hole by the gamma-ray process, the recording .
instrument mu.st be moved slowly in the hole to record an average
rate of emissioﬁ, because the gamma rays are emitted from the for-
mations at random intervals in an erratic pattern, The instrument -
best suited for recording gamma-ray emissions is the scintillometer,
although geiger counters or ionization chambers are used to some ex-
tent. However, beds as thin as 2 feet can be defined with a high degree

of accuracy with scintillometer equipment.
Contact Logging

Contact logging has been developed primarily as a supplement
to conventional electric logging and operates on essentially the same
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principles but on a smaller scale. The contact log is a resistivity log
with electrodes spaced at short distances and inserted in a rubber pad
that is pressed against the wall of the borehole. It is not necessary
for the current from the electrodes to pass through the drilling mud.
Two electrode systems with two depths of investigation are used to
record two logs simultaneously., These logs are particularly useful
for differentiating thin permeable zones within impervious beds where
thin permeable zones are less conductive (more resistive) than the

drilling mud,

Other Methods of Logging

Many other methods of logging are being iniroduced——mostly
for specialized jobs, In all instances these logs are a useful supple-
ment to the collection and interpretation of well data, Detailed infor-
mation on the uses of these various types of logging methods may be

found in the references listed in the bibliography,

Interpretation of Data

The various data collected during the drilling of a well are
valuable in any geologic and hydrologic investigation of an area; how-
ever, it is the evaluation and interpretation of these data that help to
establish the regional characteristics that determine the availability
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of water in an area,

Geologic Interpretation

The areal and subsurface geology may be clarified consider-
ably if the character of the geologic section is recorded in a way per-

mitting easy comparison between wells or surface exposures,

Stratigraphic correlation and differentiation

All types of well logs are very useful as an aid to stratigraphic
studies. Vertical identification and differentiation of stratigraphic units
or horizons are accomplished by the study of well logs., When well logs
are connected in the form of fence diagrams or built-up peg models
(dowels or soda straws), they indicate lateral correlations and varia-

tions in rock units and assist in the solution of stratigraphic problems,

Structural indications

The study of well logs may indicate the actual location of
faults and joints, the dip of beds, and other structural characteristics.

Core samples are particularly useful for showing structural features,

Geologic history

The geologic history of the area may be reconstructed through
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the proper study of well logs. Included in this history are the environ-
ments of transportation and deposition, or emplacement and paragenesis
of igneous rocks, and the type and source area for the rock constituents.
Microfossils found in well cuttings may be the only conclusive key to

the geologic history of some areas, and, in any évent, will furnish
additional details of the geologic history. Macrofossils, not usually
found in abundance, may furnish still more information on the geologic

history.
Hydrologic Interpretation

The primary goal in drilling a water well is to obtain a
permanent supply of adequate water. A thorough knowledge of the
geohydrologic characteristics of the area involved will greatly enhance
the chances of reaching this goal.

The interpretation of the geologic data has provided a frame-
work on which to interpret the hydrologic data collected during drilling,
and, thus, to evaluate the hydrologic characteristics that determine
the availability of water. The delineation of the water-bearing zones
and ‘the.revcords bf the water-level measurements made in the well
during drilling, wheﬁ'compared with other well data in the area, may
give some information about the occurrence and movement of the
ground water and may indicate the presence of artesian or nonartesian
conditions. The depth to the water table or the amount of artesian
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pressure also will dictate the types and sizes of pumps needed to ef-
ficiently produce the amount of water desired., The drawdown and
recovery data recorded during the drilling of a well can be interpreted
into at least a qualitative evaluation of the permeability of the aquifer
penetrated. Bailer tests of water-bearing zones at various horizons
in the well may indicate the loss or gain of water from one zone to
another. Interpretation of the quality-of-water data indicates the
suitability of the water for various uses,

The above-described data and methods of analysis may help
to determine the production characteristics of individual wells, but
in order to fully evaluate the aquifer characteristics further tests

should be made as discussed in a later section of this report.

Well Completion

Well completicn is the work that must be performed after the
drilling of a well to finish it for subsequent use. It includes setting
the casing and cementing or grouting it, selecting and installing the
well screen or perforating the well casing at selected zones, gravel

packing, and providing for quality-of-water control,

Setting Casing

The chief purpose of casing is to prevent the collapse of the
well wall., Casing also prevents surface drainage from contaminating
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the water in the well. Aquifers that contain water of poor quality can
be closed off with casing,

When the cable-tool method is used to drill a well, casing
usually is driven into the well during the drilling process., The casing
usually is seated by driving it a few inches into a hard-rock part of
the formation to hold it, It should be driven far enough into the rock
to shut out all surface water, silt, and sand that might enter the well.
The geologic formations penetrated sometimes may determine the
amount of casing needed, although generally the well should be cased
the total depth,

When the rotary method is used to drill a well, the casing
usually is set in the hole after the drilling operation is completed
except when surface casing must be set through some of the upper
formations before drilling can continue. To run casing into a rotary
hole, a sub is attached to the hoisting plug and screwed into a joint
of casing. It is then lowered into the hole in the same manner as
the drill pipe,

The annular space between the outside of the caging and the
drilled hole should be filled by cementing or grouting. The grout is
a fluid mixture of cement and water of a consistency that can be forced
through the grout pipes and placed as required. The purposes of
grouting and sealing the casing in water wells are: (1) to prevent
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seepage of polluted surface water down along the outside of the casing;
(2) to seb.l out water of poor chemical quality in strata above the
desirable water-bearing formation; (3) to make the casing tight in a
drilled hole that is larger than the pipe used; and (4) to form a protective

sheath around the pipe to protect it from corrosion.
Well Screens

Wells finished in unconsolidated formations such ag sand and
gravel prove best when equipped with well screens. A well screen
allows water to pass from the aquifer into the well, but at the same
time it supports the water-bearing formation and prevents it from
caving, The well screen also prevents fine~sand particles from en-
tering the well,

The well screen is a highly specialized piece of equipment
and, thus, its selection frequently is a complicated matter, The
screen should be made of a metal that will be least subject to cor-
rosion by the type of water in the well, Selection of a well screen
of the proper length, diameter, and size of openings for a particular
well must be based to a large extent upon knowledge of the character-
istics of the water-bearing formation in the well. This knowledge is
obtained from an analysis of the well cuttings collected during drilling,

Generally, the diameter of the well screen is the same as the
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diameter of the well casing, The gradation or grain size of the water-
bearing sand or gravel governs the size of screen-slot openings. The
relation between the slot size and grain size of the material around
the screen greatly influences the development of the formation from
vhich the well draws water, and, thus, the yield of the well may be
directly affected by the slot size of the screen. If the openings used
are too small, the yield of the well will be limited by inadequate de-
velopment and cementation soon may close the openings. Openings
that are too large require an excessive amount of development and it
may be impossible to clear the well of sand. The length of the screen
depends primarily on the thickness of the water-bearing formation,

~ For a relatively thin layer, the length should be about equal to the

- thickness of the water-bearing formation; for a thick formation, the
length of the screen should be equal to about half the thickness of the
aquifer. The thickness of the zone or zones comprising the aquifer

is best ascertained by electric logs,

The best known and simplest way of installing a screen in a
well is th= pullback method. It may be used in either a cable-tool or
a rotary-drilled hole. After the well casing has been sunk to the full
depth of the well, the; hole is cleaned to the bottom of the pipe with the
bailer. The screen is then lowered inside the well casing, using the
sand line. After the screen is set on the bottom, the casing is pulled

-50-



back far enough to expose the screen in the water~bearing formation,
Perforating the Casing

In some areas well screens are not used. The reasons for
this are: (1) the cost of having a w;ell screen designed for & well is
appreciable; (2) many drillers and well owners have not yet been con-
vinced of the advantage of using them; and (3) some drillers do not
have the technical skills needed to select and install the screens or
to develop a well in which a screen has been installed. For these
reasons, the practice of perforating or slotting the casing is some-
times used, There are many ways in which the perforating is done,
Many times the slots are cut with an acetylene torch before putting
the casing in the hole. In some ways this method is the best bécause
the size and the placement of the perforations can be controlled. An-
other method is to cut the slots in the casing after it is put into the

‘twell, A special tool—usually a Mills knife—is used to slash the
casing at tixe desired depth. This method is probably cheaper be-
cause it takes less time but there are some disadvantages., The
metal from the cut is curled outward toward the wall of the hole and
may provide an effe.c'tivé trap which, when filled with sediments, will
keep the water from going into the well. The spacing.or size of the
cuts cannot be fully controlled. The size of the cut in many instances
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is much larger than it should be for the fine-grained sediments that
compose the aquifer. This condition limits the development of the
well,
The casing can also be perforated while in the hole by_the
shot method, While this method is commonly used in oil wells; it
is rarely used in water wells, The method is more readily adapted
to rotary drilling and requires special equipment which shoots off
at the same time numerous bullets that perforate the casing around
its circumference. The size of the shot holes cannot be varied great-
ly, and again, where the aquifer is composed of fine-grained sediments,

the chances for fully developing the well may be limited.
Gravel Packing

The practice of gravel packing a well is becoming more
prevalent with time and is being done in wells that have well screens
and in those with perforated casings. A large~diameter well (16 to
36 inches) is drilled and a casing at least 4 inches smaller than the
hole is centered in the hole. Gravel of uniform size—pea or larger,
depending on the type of material penetrated in the borehole—is
packed into the annuiar space between the casing and the well wall.
The well is then developed. The gravel forms a natural screen,
which allows the fine-grained sand to pass through the gravel into
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the well and then to be pumped out. The larger grained particles of
the formation are trapped by the gravel, thus forming a porous zone

which permits the water to flow into the well,
Quality-of-Water Control

It is important to analyze the water to ascertain the chemical
quality and the bacteriological content. There are certain standards
that have been recommended for water, depending on its use (Wilcox,
1948; U.S. Public Health Service, 1946). It is not always possible to
obtain water of such high standards and it may be necessary to treat
the water before using it. Sometimes this may not be economically
feasible, but for domestic and industrial water supplies it usually ié.

- In some wells the water may be or may become contaminated. If the
contamination is due to drilling or casing, the well can be treated.
This is especially important where the water is to be used as a
domestic supply. It is equally important to test the water for bacteria
regardless of its use if there is any reason to believe that a shallow
source of polluted water is entering the well, as for example, from
areag of waste disposal. If the source of such contamination cannot

be cleaned up, this zone of unsanitary water should be cemented off.



Well-Development Methods

The development of a well requires considerable knowledge
and experience. In many instances, the need for well development
is not understood; therefore, owners are sometimes unwilling to pay
the additional cost that is necessary for well development. However,
in order to get the best results from a well, it is just as important
to develop the well properly as it is to drill it correctly, In many
instances, the yield of a well per foot of drawdown has been more
than doﬁbled after proper and thorough development. Well develop-
ment consists of. the removal of mud, silt, or sand from around the
well screen or casing perforations, thereby creating a natural filier
of coarser and more uniform sand or gravel. As a well is pumped,
the flow of water is in one direction, and there is a tendency for the
fine-grained particles to move toward the well and clog up the openings
in the coarser grained material. To prevent this, the direction of water
movement must be intermittently reversed by agitation, dislodging the
smaller particles, and allowing them to be drawn eventually into the
well and pumped or bailed out of the 3ystem,

In many instances, optimura facilities for developing a well—
for example, a turbine or other complex-type pump~—~may not be avail-
able, In such instances, much can be accomplished with a simple
cylinder pump activated by the spudding action of the cable-tool rig.
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A 6-inch well will accept a cylinder large enough to discharge as much
as 70 gpm (gallons per minute), and a 4-inch well will accept a cylinder
that will discharge as much as 35 gpm.

The advantages of cylinder pumps are that they are cheap,
easily transported, quickly installed in a well and subsequently re-
moved, very effective in the moderately small-discharge range, will
develop a well to a fair degree by reason of their pulsating (one direc-
tion) action, and will pump sand without undue wear. The disadvantage
is the limitation in discharge rate; they are not too practical for de-
velopment except where used with a cable-tool machine.,

It is advisable to install a cylinder pump where there is a
doubt that the well will yield enough water to satisfy the minimum dis-
charge of the turbine pump at hand, thus eliminating loss of time and
effort in installing a turbine pump in an unsuitable well,

Complete development is achieved when the well will yleld the
greatest possible amount of water per foot of drawdown without pumping
sand, Often a well is only partially developed, due to the lack of equip-
ment to pump at the high rate necessary for complete development, In
fact, complete development—requiring considerable cost, effort, and
time—probably is a.chieved in a relatively few wells. However, cur-
rently more wells are being developed to the stage of ''nearly complete
development" that is economically feasible,
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A well is stabilized when it no longer pumps sand, silt, or mud.
Thus, an undeveloped well may be stabilized at a very low yield, but
when the pumping rate is increased sand may appear in the water. The
well generally will stabilize at a higher pumping rate after further develop-
ment. Presumably, a well may be developed to its maximum feasible
discharge (pumping at maximum practical drawdown) but still not be
. stabilized. Therefore, it is a common practice in many areas to pump
.a well at a very high rate during development (overpumping), and then
to fix the permanent discharge rate at a lower level,

When a well has been developed to its maximum by any one
particular method, further development by more rigorous methods
may be attempted depending on the availability of equipment and pos-
sible economic benefits, Much time and money might be spent with
little benefit; on the other hand, limited work might yield large
benefits. Experience and judgment frequently must be relied on to
decide whether additional methods of development should be tried.

Several methods of well development currently used are dis-

cussed below.
Pumping Method

The most common method of well development is agitation by
pumping, When a water-bearing formation is penetrated, whether or
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not a screen is get, bailing or pumping will produce sand and water,
Fine particles tend to be drawn in with the water at first but generally
the water will clear. However, the well at this stage has a relatively
low efficiency and is stable only at a very low discharge rate,

Initial development of such a well will consist of pumping,
preferably by turbine pump with open-end impellers, at a steady low
rate until sand no longer appears in the water. Without stopping, the
pumping rate is increased, causing mud to again appear in the water,
and continued at the higher rate until the water again runs clear. This
process is continued until the maximum capacity of the pump is reach-

During this process, it is common to look for a "break' in th.
formation; that is, the well may discharge a rather small amount of
water and a little sand at first, but after a period of time-—10 minutes
to an hour~-~the removal of fine particles nea.r" the entrance of the well
will allow a relatively large annular mass of the formation to move
toward the well, releasing the fine particles and producing a strong
flow of sand with the water, At this point, it is imperative for the
flow to continue through the cycle; stopping the pump will result in
sand-locking the turbine, as well as filling the lower part of the hole
with fine particles, necessitating removal of the pump and bailing out,

Following such a "break, " the volume of water discharged
increases appreciably, and the well will have undergone extensive
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development. Immediately subsequent increases in the discharge rate
frequently produce only a small amount of sand,

When uninterrupted pumping, stepped up gradually to the
highest possible rate, has produced clear water for a period of time

the well has been developed as much as possible by this method,
Surging Action

Surging action is one of the most effective methods used for
well development in wells finished in sand and gravel formations., The
method cousists of alternately forcing the water out into the surrounding
formation and then allowing it to flow back into the well. This action
loosens the fine sand or gravel particles around the perforations in the
casing and carries the finer particles into the well where they can be
removed, There are several means of effecting this surging action

in a well.

Backwashing

A method commonly used following uninterrupted pumping is
that of backwashing or intermittent pPumping, When maximum develop-
ment by uninterrupte;i pumping has been achieved, the pump is shut
off, and the water level is bermitted to recover. The well is surged
by a series of rapid starts and stops, after which a steady run is made
to bring out any additibnal sand that has been worked free. Eventually,
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this process will fail to produce observable sand and the well is developed
as much as possible by this method.

While the above pumping procedure is being carried out, it
will be well to check the bottom of the hole for'accumulation of sand.
Where excess sand accumulates, depending on the construction of the
well, it will be necessary té remove the pump and clean out the sand
before continuing development,

During development by the backwashing method, the pump
must not be started until its reverse motion, following shutoff, has
ceased. Otherwise there is danger of unscrewing or snapping off the

turbine shaft,

Surge block

Folloyving development by pumping, the surge block or surge
plunger (fig. 7) probably will be one of the simplest, yet effective,
devices designed for developing wells. This device is fundamentally
a piston which surges the water in the well and the formation, thus
producing an action which loosens the finer formation particles and
brings them through the screen into the well where they can be removed,

Surge blocks may be classified according to two principles of
design: (1) the solid surge block, and (2) the valved surge block. (fig,

7). Variations in design may exist in either of these types, but the
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basic features of each are about the same,

The solid surge block, when operated up and down in a well
casing, exerts an equal, or approximately equal, force on the inward
and outward movement of the water through the screen. This relatively
rapid and forceful agitation of the water inward and outward through
the well screen or casing perforations disturbs the finer sand particles,
thus preventing bridging and closing of the openings between the larger
particles and drawing the finer particles into the well. The repeated
application of this surging force will rearrange the materials around
the well. As the finer material is drawn into the well, the pore spaces
in the sand and gravel left around the screen will be larger, thus allow-
ing the water to move more freely.

In wells of comparatively low yield, there ig a tendency for
the solid surge block to force water out of the well and back into the
formation or up along the casing; a valve-type surge block will over-
come this difficulty.

There are many tyj»2s of valved surge blocks, but ordinarily
ithey consist of a block with drilled portholes covered with a leather
flap. This type of plunger produces a mild action on the downstroke
of the plunger because water escapes through the valves, causing the
water leaving the well to have a low velocity,

Both types of surge block are used primarily with a cable-tool
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rig. One should be prepared in advance with a surge plunger, possibly
made on an old pin joint (Johnson, Edward E., Inc., 1941, p. 8), but
circumstances may cause the fieldman to be without such a plunger

and t» be dependent upon what is at hand. In such instances the drill
stem or weighted bailer may be wrapped with burlap, old rope, or inner
tube and used as a surge plunger.

The surge block may be operated by lowering it into the well
until it is about 15 feet into the water, and then working it up and down
in the casing. The rate of surging should be slow at first and should
be increased gradually until it reaches the greatest speed at which the
tools can be operated. As the casing begins to fill up with sand, surging
should be halted and the sand removed with the bailer. The operation
should be repeated until little or no sand is brought into the well, After
surging is completed, the well should be pumped at its maximum rate

for a short time to aid in the final cleaning.

Compressed air

The use of compressed air (fig. 8) as a means of developing
a well is effective when properly done, but unless conditions are right
and aaequate equipment is used, the process is of little, if any, value,
It is not practical in this paper to give detailed instructions
on the techniques of development by air, Publications, such as Bulletin
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1033 (Johnson, Edward E., Inc., 1941), should be consulted for detailed
Instructions and discussion. It can be pointed out, however, that this
method of development is considered best by many drillers, but it is

not as easy to use as some other methods because it requires a fairly
elaborate pipe hookup and a large air compressor. Furthermore, it
can be used to best advantage only where a substantial part of the total
depth of the well is filled with water. Using one of the air-development
techniques, the entire length of a screen may be developed—a few feet
at a time—by releasing the air at different depths in the well. A geries
of fissures that contain water in a dense formation might be treated in

the same way,

DrX icing

Dry ice can be used to produce an action similar to that of an
air-lift pump. It is broken into chunks, put into a burlap sack, and
lowered into the well. A '"geyser'' effect may be obtained by successful
manipulation and it will loosen the material around the screen. Care
must be exercised not to freeze the water in the well, which happens
if many chunks of ice accumulate on the bottom.

Dry ice can. be used as a means of creating a surging action
in a well with a mére elaborate setup. The best results will be obtained
by capping the well, preferably with a pressure gage and relief valve,
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so that as pressure is built up the escape of gas through the water-
bearing formation and consequent air locking can be prevented. This
method of well development has not always proven successful, but it

has been effective in some wells.

Acidizing

The use of acid often increases the yield of water from wells
in limestone aquifers by cleaning well screens or casing perforations
and opening the water-bearing formations directly around them. The
acid treatment is described here under "Surging Action" because it
must be combined with come type of surging of the well to be effective.

The following conditions are necessary for the acid treatment
of wells: (1) the well screen and casing must be constructed of metal
which will not be damaged by the acid, (2) there should be some knowledge
of the kind of incrusting material, and (3) any wells in the same water-
bearing formation which are within about 100 feet of the well or wells
being treated should be shut down.

The acid is introduced into the well through black pipe which
extends to the bottom of the screen or perforated part of the casing,
The acid is permitted to remain in the well from 1 to 2 hours and is
then stirred with the pipe that was used to place it in the well, Thig
procedure should be repeated several times, and the well should then
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be surged with a solid surge block for about 10 minutes, while a small
stream of water is allowed to run into the well. It should then be
surged moderately for a short period, bailed clean, and pumped from

1 tc 2 hours.

Other methods

The use of various chemical inhibitors for cleaning and de-
veloping wells has become increasingly widespread in recent years.
Use of these materials has several advantages: (1) the method can
be used on wells where the pump is already installed, (2) no special
equipment is needed, (3) the materials can be handled safely, (4) the
work can be done by the well owner, and (5) it is relatively inexpensive,
The most common chemical is a polyphosphate detergent. This chemical
in solution attacks calcic compounds, brings them into solution, and
puts clayey material into suspension, Therefore, the chemical may
be effective either in the development of new wells (breaking up drilling
mud and attacking interstitial shale or clay), or in the cleaning of old
wells where the screen or casing has become incrusted. The chemical
is introduced into the well, and the well is surged and pumped alternately.
Turbid water noted after surging is an indication of the removal of fine
material, and as long as the turbidity is present pumping should be
continued. The procedure may be repeated several times until no
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further improvement in the yield of the well is noted.

Fracturing

The fracturing method is a common means of developing wells
and has been used in oil-;producing wells for many years, Essentially,
this method involves the exertion of controlled force—either by the
use of explosives, pressure, or other means——to expand the openings
in the potential productive zones of the formation, thereby causing a
better avenue of flow into the well, This method has also been utilized
to some extent in the developing of water wells,

Variations and refinements of this method have been achieved
in recent years due to engineering improvements and increased
technical knowledge. One of the recent variations that has proven suc-
cessful is the method of forcing sand into the zone that has been fractured
for the purpose of keeping the pore spaces open. This procedure is

known as sand fracturing,

Aquifer Tests

Aquifer tests may be used for several purposes: (1) to determine
aquifer coefficients-;—such as transmissibility, permeability, and co-
efficient of storage or specific yleld—which are a guide to the water-
bearing qualities of the aquifer in any given area; (2) as an aid in
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determining the location and character of geologic boundaries; (3) to
ascertain the effects of well interference: and (4) as a guide in the
spacing of wells for the development of a well field.

The term "pumping test, ' previously used in the Ground
Water Branch, has been replaced by the term "aquifer test" because
it is the aquifer, and not the pump or well, that is being tested. Briefly,
an aquifer test consists of pumping cne well and recording both its
drawdown and the drawdown effected by this pumping in other nearby
observation wells. These data, when subjected to graphical and
mathematical treatment, may yield the answers to many of the questions
on the characteristics of the aquifer. However, the basic theory regard-~
ing aquifer tests is based on ideal conditions. These conditions seldom
exist in the field, and, therefore, adjustments must be made to give
optimum results. For a successful test, the field conditions must

conform as nearly as possible to the stipulations of the theory.

Preparation

The proper preparation for a successful aquifer test is essential,
and can mean the difference between a reliable solution and one that is
erroneous. An aquifer test requires the ultimate in foresight and planning;
field data haphazardly collected generally are not usable., Field personnel
need not know how to analyze the data, but they should be sufficiently
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acquainted with the principles involved to guarantee the collection of
usable data,

The analysis and interpretation of the observed field data re-
quire a knowledge of the background and theory of aquifer testing; more
is involved than simply fitting some observed data into a formula and
evolving an answer. To disregard the theoretical assumptions made
in the derivation of the basic equations may create problems that defy
solution. Therefore, the utmost care and caution must be exercised in
the selection of the test site, in the control and operation of the test,

and in the determination of the length of time the test is to run.

The test site

Perhaps one of the most important items in the preparation
for an aquifer test is the selection of the test wells, and the determina-
tion of conditions in the area of the test site. As much as possible
should be learned about the geology of the area where a test is to be
made. Some of the geologic conditions which, if present, will influence
the test and tend to produce erroneous conclusions are: (1) anisotropic
aquifers, (2) leaky aquifers, (3) changes in aquifer thickness, and (4)
various boundary coﬁditions. Therefore, vhenever possible, tests
should be made on wells where the theoretical assumptions underlying
the derivation of formulas and field conditions most nearly coincide,

The effect of wells pumping nearby will be reflected in the
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aquifer-test data, and steps should be taken to avoid this influence.
Other influencing factors are: (1) barometric changes, (2) tidal effects,
(3) railroad trains, and (4) phreatophytes. These factors usually cannot
be controlled but they must be accounted for. A water-level recording
gage should be installed and operated on at least one well in the test
area for some time before a test is to begin. The data froia this re-
corder will reveal the influencing factors to be expected and long-term
trends which may be taking place.

In selecting the test site, consideration also should be given
to possibilities for disposal of the pumped water. The water must be
disposed of in such a manner that it will not recharge the aquifer being

tested.

Pumped well

The selection of the well to be pumped during a test is im-
portant for several reasons. Within the period of the test, the effect
of rumping the well should cause water-level drawdowns in the nearby
observation wells. Certain information-—such as the amount of dis-
charge, the best method for measuring discharge, a suitable means
of disposing of the w;ter pumped, the approximate extent of the cone
of influence, and the amount of drawdown to be expected in the observa-
tion wells—can be determined by means of a short trial test before the
main test is begun. If such a trial test is conducted, sufficient time
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should elapse between the trial and the main test for the water level to
regain the approximate height measured before the trial test began.

For optimum results, the well to be pumped should penetrate
the entire thickness of the aquifer. However, if the pumped well does
not penetrate the entire thickness of the aquifer, it may be possible to
compensate for this by the proper placement of the observation wells
or by the method used in the final analysis of the data.

The equipment used on the pumped well should be capable of
maintaining a constant pumping rate, because changes in the discharge

of the well during the test will cause irregularities in the data.

Observation wells

The minimum number of observation wells needed for a test
depends upon the type of analysis to be made; two observation wells
are necessary for the equilibrium-type and one for the nonequilibrium-
type test. However, the best results may be obtained by using as
many observation wells as possible, spaced at distances near, midway,
and far from the pumped well. Specifically, these distances depend upon
the hydrologic conditions existing at the pumped well and the observation
wells, The observat.iOn wells must be open and hydraulically connected
to the full depth of the aquifer being tested; this condition can be checked
by a "slug test. "
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A slug test consiéts of dumping a known amount of water into
the well and measuring the water level and the length of time it takes
for the water level to return to its previous static position. If the well
is open, the interval of time required for the water level to change is
dependent on the permeability of the aquifer.

Whenever possible, a water-level recording gage should be
operated on at least one observation well during the test. In all wells
in which tape measurements are to be made, the measuring points
should be established and well marked, The accuracy of making
manual tape measurements depends, to some extent, on the accessibility
of the measuring points.

Driven sand points often make good observation wells if the
required depth is not too great; they are comparatively inexpensive

and may be completed quickly, depending upon the materials encountered.

Equipment

Comparatively little equipment is required for conducting an
aquifer test, Some means must be provided for measuring the discharge
of the pumped well, If a suitable location is available in the disposal
system, the discharé'e can be measured by use of a weir or a pygmy
current meter, Other means that can be used are: (1) manometer or
Pitot tube installed in the discharge pipe, (2) an orifice, (3) various
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types of meters such as the Cox Flow Meter, (4) trajectory, and (5) a
container or drum of known capacity, The equipment or means selected
for measuring the discharge will depend upon the amount of the discharge
and the conditions at the well.

Equipment for measuring the water levels must be provided
at the pumped well and observation wells. This equipment may be a
steel tape or an electric tape for manual measuring, or a water-level
recording gage for mechanical measuring,

Watches and stopwatches must be provided for each member
of the field crew and synchronized so that water-level measurements
can be taken at predetermined intervals during the test.

Data sheets_ of some kind should be provided for recording all
- mmeasurements; as a voluminous amount of data must be recorded in a
short period of time, the data sheets should be concise, complete, and

adaptable to recording the data quickly and heatly.
Collection of Data

Prior to the test

Data that should be collected before the test is initiated are:
(1) geologic data on the area to be tested, including well logs if avail-
able; (2) history of water-level fluctuations in the area; (3) the static

water level on all wells to be used in the test; (4) expected discharge
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rate of the pumped well; (5) expected drawdowns in the pumped well
and the observation wells; and (6) the necessary length of time for the
well to be pumped in order to reach a steady-state condition.

Geologic data will give information on how nearly conditions
in the area conform to the requirements of the aquifer-test theory.
Data on water-levei fluctuations in the area previous to the test will
indicate what extraneous influences can be expected. These influences
can then be accounted for in the analysis of the data. Before the test
is started, the well to be pumped and the observation wells should re~-
main idle for a period of time sufficient for them to approach and retain
their static water level, The water level in each of the wells should be
measured and recorded immediately before starting the test. A knowl-
edge of the discharge rate of the pumped well will aid in selecting the
proper method for measuring the discharge. Knowledge of the rate
of discharge and other geohydrologic daia will aid in determining the
expected drawdown in the pumped well and the observation wells. With
these data available, the length of time necessary for the aquifer to
approach a steady-state condition can be approximated and the length

of the test determined.,

During the test

The data to be collected during the test consist of the following:
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(1) measuring and recording the water level in the pumped well and all
observation wells, (2) recording the time the water-level measurements
were made, and (3) periodically measuring the discharge to determine
whether the rate is constant,

When the pump is first turned on, water-level measurements
should be taken at in‘ervals of from 10 to 20 seconds (measurements
can be made that rapidly if an electric tape is used), because the water
level will be dropping rapidly. During the latter part of the pumping
period when the water level has approached a steady-state condition,
the measurement interval may be as much as several hours,

The same procedure used at the beginning of the test should
be followed during recovery of the water level in the wells when the
pump is turned off. That is, measurements should be taken at frequent
intervals when the pump is first shut down, and less frequently as the

water level approaches the original static level.
Plotting and Computation of Data in the Field

Before the test is completed, it will be advantageous to com-
pute and plot part of the data. This can best be accomplished during
the latter part of the. pumping and recovery periods when the interval
between measurements is greater. If, however, it is not possible to
plot and compute all the data discussed below, the principal effort
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should be directed toward the accurate recording of the measurements
and plotting of the drawdown and recovery curve. An example of all
the procedures discussed below is given in the section "Sample Aquifer

Test. "

The pumping period

The water levels recorded for the pumped well during the
pumping period should be plotted on coordinate paper against the time
that each measurement was taken. This plot results in a "drawdown
curve, " and as this curve levels out it indicates that the water level
in the pumped well is approaching a steady-state condition, Pumping
should continue until the curve has leveled out to the point where further
changes in its position are negligible.

The drawdown in the pumped well and the observation wells is
computed by subtracting each succeeding water-level measurement from
the static water level established for each well just prior to the test.
Also, the elapsed time since pumping began must be computed for each
drawdown measurement from the clock time, For the pumped well, thé
drawdown values should be plotted against the logarithm of the elapsed
time since pumping began. The use of semilog graph paper will facilitate
this operation. Theoretically, this semilog plot of drawdown against
time for the pumped well will be a straight line. Any deviation from a
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straight line may indicate some form of interference, such as other
wells pumping nearby, barometric effects, or geologic boundaries,

This deviation could also be caused by human or mechanical error,

such as faulty records or fluctuating pump discharge. In such instances,
the pumping period should he extended in order to check these conditions,
Extending the pumping period beyond the required minimum will cause
no difficulty; however, shutting down the pump before sufficient data

are collected will necessitate running a complete new test,

The recovery period

The field plotting and computations are the same during the
recovery period as during the pumping period. The water-level meag-
urements made in. the pumped well during the recovery period should
be plotted against the time that each measurement was made as a con-
tinuation of the drawdown curve. The plotting of this part of the data
Will result in the '"recovery curve' and will indicate when the water
level in the pumped well has regained or approached the static water
level established just prior to the test.

The "recovery' in the pumped well and the observation wellg
should be computed. | For the pumped well, the first step in this
procedure is to extend the drawdown curve, The drawdowns that would
have occurred had pumping continued can be estimated from this ex-
tension, Extension of the drawdown curve is necessary because the
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steady-state condition is never absolute. The recovery in the pumped
well is then computed by subtracting the measured water level from

the estimated water level on the projected part of the drawdown curve
at the corresponding time. For the observation wells, the last water-
level measurement before the pump was shut down may be used as a
value from which to subtract the succeeding water-level measurements.
The recovery values should then be plotted against the logarithm of the
elapsed time, again simplified by the use of semilog graph paper. The
semilog plot will indicate the presence of factors causing interference

similar to those mentioned in the foregoing section,
Analyzing the Test Data

The final step in the aquifer test is essentially one of analysis.
The computing and plotting of the data must be completed and the results
intérpreted in terms of the hydrologic information desired. Procedures
for analyzing aquifer-test data may be divided into two general methods;
according to the data use:l these are (1) drawdown methods and (2) re-
covery methods. In each of these methods, however, there are many
procedures for deriving the answer to hydrologic problems.

Before discﬁssing these procedures it might be advantageous
to define some of the terms that describe the hydrologic properties of '
the aquifer.,
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The coefficient of permeability (P) of an aquifer is a measure

of the ability of the aquifer material to transmit water under Jdifferential
pressure. Meinzer (Stearns, 1928) expresses this term as the rate of
flow of water in gallons per day through a cross-sectional area of 1
square foot under a hydraulic gradient of 1 foot per foot at a teﬁ:perature
.of 60°F, In practice, the adjustmeat to the standard temperature of
60°F generally is ignored, and the term is used as the field coefficient
of permeability at the prevailing water temperature.

The coefficient of transmissibility (T) of an aquifer is defined

by Theis (1935) as the rate of flow of water at the prevailing water
temperature in gallons per day through a vertical strip of the aquifer 1
foot wide extending the full saturated height of the aquifer under a
hydraulic gradient of 100 percent. The relation between the coefficient
of transmissibility and the coefficient of permeability is T = pm, in
which m is the total saturated thickness of the aquifer,

The coefficient of storage {S) of an aquifer may be defined as

the volume of 'water it releases from or takes into storage per unit sur-
face area of the aquifer per unit change in the componeént of head normal
to that surface, In field-pumping tests the volume of material yielding
the water is usually thought of as a vertical prism (Ferris, 1955, fig, 2),

Darcy's Law of the flow of water through porous material ig:

Ph
vV = 7, inwhich v is the velocity of the water through a column of
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permeable material, h is the difference in head at the ends of the column,
1 is the length of the column, and P is a constant that depends on the
character of the material. In ground-water flow terms the expression
is;: Qg = PIA, in which Q4 is the discharge in gallons per day, P is
the coefficient of permeability in gallons per day per square foot, I 1s
the hydraulic gradient in feet per foot, and A is the cross-sectional

. area In square feet through which the discharge occurs. The law can
also be wrilten Qy = TIL, in which Qg and I are the same as defined
above, T is coefficienl of transmissibility in gallons per day per foot,
and L is the width in feet of the cross section through which the dis-
charge occurs,

The following discussion will explain briefly the procedures
most used for analyzing the aquifer-test data to determine these aquifer
characteristics and solve other problems related to the aquifer, A more
comprehensive explanation of these and other methods dealing with specific
problems may be found by consulting the references cited at the end of

this report.

Drawdown methods

Ais the name implies, these procedures are based on the use
of data taken during the pumping period when the water levels in the
pumped well and the observation wells were being lowered.
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The nonequilibrium formula, which was developed by C. V.
Theis (1935), is perhaps the most widely used procedure for deter-
mining aquifer coefficients from drawdown data. The formula is based
on the similarity of the flow of fluids through porous media (Darcy's
Law) to the flow of heat by conduction; therefore, some of the same
mathematical formulas and theories derived for heat flow are ap-
plicable to ground-water flow.

The Theis nonequilibrium formula for the drawdown in the

vicinity of a well discharging at a constant rate is:

‘ -u
o 114.6 Q o € du
T u
1.87 r2s
Tt
where
L o L.87 r2s
Tt

8 = drawdown, in feet, at any point in the vicinity of a well
discharging at a constant rate.
Q = discharge of a well, in gallons per minute.
= transmissibility, in gallons per day per foot,
r = distance, in feet, from the discharging well to the point
of observation,
S = coefficient of storage,
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t = time, in aa);'s, since pumping started.
Without going into the details of the derivation and proof of the non-
equilibrium formula, the following will give the procedure to be used
to arrive at the coefficients of permeability, transmissibility,‘ and
storage. The equations in their final form are as follows,

For the coefficient of transmissibility

114, 6 QW(u)
8

T

(1)

where Q is the discharge, s is the drawdown, and W(u) is the "well func-

tion of u. " The value of W(u) is given by the series

[}
| 1.87 r2s
Tt

where

-u 2 3 4
e _ u u _ u’
Tdu = -0,577216 - loge u -+ u ~ 2: 2! + 3. 3) 4+ 4! °

_ 1.87r%s

" Tt

Values of W(u) for values of u from 10~ to 8. 8 have been tabulated by
Wenzel (1942).

For the field coefficient of permeability

114, 6 QW(u)
ms

P (2)

where

m = the average thickness of the aquifer, in feet.
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For the coefficient of storage

uTt
5 % 1.87r2 @)
where
t = time, in days, since pumping began,
u = alimit defined by the term l-a—;?lﬁsi .

These equations cannot be solved directly because the unknowns
in each case appear on both sides of the equation., However, the co-
efficients may be conveniently determined by a graphical method sug-
gested by Theis (1935). Type curves have been plotted on log-log paper
(fig, 9) for values of u versus W(u), and copies of these are available
. from the Washington office of the U. S. Geological Survey, Ground Water
Branch. Values of the drawdown (s) should then be plotted against LtE
if more than one observation well was used or ;Cl- if only one observation
well was used, on logarithmic tracing paper to the same scale as the
type curve. This curve of the observed data will be similar to the type
curve. The data curve may then be superimposed on the type curve,
and shifted until the best fit of the field data to the type curve is obtained,
always keeping the coordinate axes of the two curves parallel. When
the best fit of the twc; curves has been established, select an arbitrary
point any place on the overlapping part of the graph sheets and record
the coordinates of this common point from both sheets, These values
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for u, W(u), s, and -?t—?- are then used in equations 1 and 3 to solve for
T and S. Permeability (P) can be determined from the value for
transmissibility if the total thickness (m) of the aquifer is known.

Another procedure for using the drawdown data to obtain the
transmissibility and storage coefficients of an aquifer is an approxi-
mation of the type-curve solution explained in the preceding paragraph.
* It is useful as a corollary procedure to check the type-curve solution.
It may be used when the time (t) is large in comparison to the distance
(r). When this relationship is true, then u is small and the series to
which W(u) is equal may be approximated by the value of the first two
terms. It has been determined mathematically that if u is less than
0.02 (or -1—11- is greater than 50) this procedure may be used as the
straight-line approximation of the Theis-type curve coincide. The
drawdown (s) should be plotted against the logarithm of—Iz— , using

r

semilog graph paper to facilitate the operation. This plot should re-
sult in a straight line. If the change in drawdown (as) is taken over

one log cycle and substitated in the equation T = 2i4sQ' the trans-

missibility coefficient is obtained. In order to compute the storage
coefficient (S), the value Of_r_'% is read at the value s - 0 (zero-draw-
down intercept of the straight line extended). This value and the com-~
puted value of T is then substituted in the equation S = 0,301 T (;Ez')o

to obtain the storage coefiicient (S). The values for T and S computed
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by this method within its prescribed limit should be approximately the

same as those computed by the type~curve method.

Recovery methods

Methods based on the use of the recovery of the water level in
the observation wells after the pump is shut down are a useful supplement
to the conventional drawdown methods. Recovery methods are based on
the premise that when the pump is shut down and the water levels are
allowed to recover, the residual drawdown at any instant will be the
same as if the discharge of the well had continued but a recharge well
with the same flow was introduced at the same point at the same instant
the discharge stopped. In other words, recovery data are merely the
reverse of drawdown data, Therefore, the same types of solutions
may be used to analyze the recovery data as were used for the draw-
down data. The type-curve solution may be used by replotting or in-
-verting the type curve so that it indicates a rising trend in the water
levels similar to what takes place in the observation wells. The same
procedure may be followed with the straight-line solution. Approximately
the same values for the various coefficients should be obtained from the

recovery data as from the drawdown data.
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Location of aquifer boundaries

Whenever the areal extent of the aquifer being tested is limited
by the existence of some type of boundary, the plotted data will deviate
from the type curve or from a straight line. The direction of the devia-
tion will depend upon the type of boundary, i.e., an impermeable barrier
will act as a discharging boundary, and a surface stream or underflow
will act as a recharging boundary. REither type of boundary may be
located by a procedure known as the image~well theory. The detailg

of this procedure will not be die cussed here (see bibliography).
Sample Aquifer Test

The following illustrations and tables will show the procedure
to be followed to record, compute, plot, and znalyze data during an
aquifer test. Tables 1 and 2 show the data recorded and computed in
the field during the test. The drawdown and recovery curves for the
pumped well (fig. 10) should be plottec during the test in the field if
possible. The drawdown part of the curve should be extended *o ap-
proximate the steady-state conditions. For the pumped well, the re-
covery (s') is the difference between the water level as shown on the
extended drawdown curve and the measured water level at any given

time after pumping has ceased. For the observation well, the lagt
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Table 1. --Data for the pumped well
AQUIFER TEST FIELD DATA sHFE LT

+  Pumped well Page / of Z
~__ Observation well No
: / 7 - .
Owner K.”/P’(" (\/ru.c A L.ocation ’:)w;;' .‘)ulj e, 2
, C . ) 7 0s. 4
Observers f/ﬂ g 2 ared /;}{'4,.: .. ! ﬁ

v .
Measuring pownt is £y, 07 ft<4  which s € ()g/ fevt above ¢ rrace.

g1 /.)c(t%"é- LA S " _..._-L.... below

Static water level /oo, ¢/¢7 leet below land surface.
Distance to pumped well T feet.

Discharge rate of pumped well _.}.,_Q[_,J___. gpm (gallons per minute),

Total number of observation welis ok

Clock. Elapsed time I)'(':l-';t.ﬁ—fg | Drawdown
Date time since pumping |water, below or Remarks
' started/stopped | land surface recovery
__‘minutes) tfeet) ___\feet)

R.o9 12 AL | f07.54 o5

g:00 30 0.5 | /0§ pd .0

8.0/ /. o844 |- 3 44

b.og > o8 fs 3.85°

oy 4 3

£
3.

biod 4. [05.49 7.
S [00.37 | 437

Jios | - 4, [09. 44 /4

il

/; 00, o4 Q._/ _/0’/, o _42)..:,/‘/ // 060 Jgwe



____ Observation well No.

Table 1. --Data for the pumped well— Continued
AQUIFER TEST FIELD DATA <1 -0

Cont

inuation sheet

Page 2, of _Z

Clock [ Elapsced time | Depthito | Diawdown T
Date time since pumping | water, below or Remarks
| started/stopped | land surface Lecovery
‘minutes) eet) feet)
22 | %o 8 y0965 4,65
_ /0 /0. 1227 477
B, /5" /5. 0.0l | &,pay
(20 22. 19,16 S
Fi2s5 | RS, | w030 _| 5,30
g Fo ELZ N o0 Fo. | S0
Oido | 40 _| /0.5 |  $.5¢
§i50_ . SO | 4068 | 5,68
7. 00 bo. | 1ogo | S50
7//0 70. HO.GL | 5.9/
7/ 20 Fo. | (/0.98 .98
7/#0 (0P, [l O | .0
[0/ b0 -, L B0 &G0
/0?30 /50 Y& .33
/)20 200 (L. FF J 4
/2,70 PP 250 /&0 G, 60
/o0 Feo YNE z. 73




Table 1. --Data for the pumped well—Continued
AQUIFER TEST FIELD DATA SHE 2T
Continuation sheet

_+~Pumped well Page 3 of_Z_
___ Observation well No.
[ Clock Elapsed time Depth to Drawdown
‘Date ' time since pumping | water, below or Remarks
| started/stopped | land surface | recovery
| .minutes) ifeet) feet)
32, | 2M40F| 400 ) S8 08
4.20 S500 /12,02 7.02
£./ 00 600 L2 A2 7 i
240 7480 | 2,323 7.23
e20 | Sao U2.27 | 729
22 \12/408| /000 (2 42 | _7E2
400 | L RO0 /2, S & 7, S
Jice | /1 4#0 (2. &Y 2 bt
_ Ke P (680 M2 72 773
S'Rp | Rero /2. 82 7. FX
2/ | ppro0 | 2tao 2. G 7;?%
Froo 28850 /3.0 F.02
/2100 3000 (13,05 fos
GiRoP | 38500 13, 1% 5. /4
s | 2ton dosp 3.2/ 827
g 100 4320 /(3.27 5,27
720P| 500 /3. 34 8.34
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Table 1. --Data for the pumped well-— Continued
AQUIFKR TEST FLELD DANTA SHE 2T

_L___ Pumped well

___Observation well No.

I Clock

Date time

Conti

(““iﬁlzu)s«‘d~{§;%le

SINCC pumping

started stopped
minutes)

water

nuation sheet

' bDeplhlo"w

below

land surface
eet)

(,?/ é '

! 5)/'£0/g

|
J2lp0F

F)7 | 2904

S oo

2,004

q/’w“) C\'__}_?__ e

2,00 P

¥, 00/

S 00 A

Flo0H |
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Page _‘?‘_ of _Z
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fect)
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! "_6)£ ?{ R

J 2¢

§£.03
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$'08
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Table 1. -~Data for the pumped well— Continued

AQUIFER TEST FIELD DATA SHIL. .1
Continuation sheet
___/_'Pumped well Page 5 of_Z_
___Observation well No
Clock Elapsed time Depth to Drawdown T
Date time since pumping | water, below or Remar ks
started/stopped | land surface recovery
‘minutes) feet) feet)
‘1//), 9.//54 ’y YA Ea s o0r
.20 LO r38.77 5.6
£'30 30. /69,55 540
g4 0 4. 108,39 5.5¢
§,.5¢0 so. 08.27 S48
700 60 10815 50
920 §o 207.97 9,90
740 /SO0 107 B8 .10
/0,00 /20 (07 75 6.20
/0! 30 /50 107 & &. 323
/)20 R OO0 SO 7,46 6,94
L/t P Jeo $02. 33 6.73
2,/ 40 Heo 207228 &, 98
£/20 Sop (04,94 702
6/ 00 6o 0 (08. 85 742
7,40 200 /06 . 7 7.23
YAy Soo /0.6 2 7.9
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Table 1. --Data for the pumped well— Continued
AOUTFER TEST FIELD DATA ~ihy 1
Continuation sheet

v~ Pumped well Page C’ of ]

Observation wel: No

1 Clock | Elapseitime | Bepih o Brawdown T T
Date time sIce pumping | water, below or Remarks
started/swopped | land surface reeovery

ninutes) ifeet) feen)

- -l
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= s
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GOl | 3 Soe. | 085,90 | 8 4L
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Table 1, --Data for the pumped well-—Continued

// Purmped well

AOUTFERER PRSI

Continuation shiveet
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____ Pumped well

v Observation well No. [/

Table 2. --Data for the observation well
AQUIFER 'TEST FISLD DATA St 1T

Page ya

<

of

Owner Jasha Sosrcts lLocation .9.e ',‘J’,_"./(':‘f- Cueel 2 4
‘7. /(.4 :,‘ /2 4 E
Observers: Jesie S and Grsery
. . - A Cob 1 y et above e
Measuring point 1s Y Carsrerg whichis £. €0 feet below surface,
Static, water level /E ﬂs_ feel below land surface
Distance to pumnpced well /-9 feet.
Discharge rate of pumped well /ey gpm (gallons per minute),
AL
Total number of ehscrvation wells A
1 Clock | Elapsed time |  Depth to | Drawdown
Date time since pumping water, below or Remarks
started/stopped | land surface recovery
i tminutes) L Hee) o deey)
R ﬁ;,,y?,,7 S'f'ﬂfh({
Q‘/VL ~ f’ ,|(’4’_‘0 /f) N e o af /)(sﬂ)’l’t/c’wtd
o, e/ N A )i0 05 Re,
9,02 e .08 o
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E S VI ARR-X 14
$'0¢ & 1o 27 02,
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Table 2. --Data for the observation well— Continued
AQUIFER TEST IIELD DATA =111 ¢
Continuation sheet

Pumped well

¢ Observation weli Noo /

Page .2. of _é_>_

T j"""c':lk')i~'1€ | Elapsed time |7 Diépth o | Drawdown™ T
Date ' time since pumping | water  below | 01 Remarks
i sturtedistopped | land surlace recovery
L ) _ minutes) Mectn 1 feetd
EYE) ' /20 20 R 23
§'30 Fo jr6 4 ey
gid4e 40 s 0. SA .47
¢/ 30 50 /0. &/ X~
7/ 0 &0 iz, b5
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S V- N> Y /L] &3 .9
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[{120 200 [ 3D [R5
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4’20 Soo /.50 /.75
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Table 2. --Data for the observation well—Continued
AQUIFER TEST FIELD DATA Sy or
Continuation shecot

Pumped well

¢ Observanon well No [/

Clock | Klapscd tme | Depthto " Drawdown T
Date tme I osiee pumping | water, below or Remarks
| sturted stopped | land surface recovery
. i minues) Meet) feet) _
2/3 Jaigei | Jeee |z 2. /4
_ q/la0 Lo 122 2.3
Qo0 /4 FC /2,20 R T
/200 P /¢ 8 /IR AL 2. 4/
S./A0 LOoo | A ST 2,854
07/‘7- [P0t | 2200 (12,87 b
Jl00 FL0 113.79 2. 7L
/002 3 do0 W2 E 76 )
e 1 @0 zm$5v0 (12, 88 283
/5 ey £ 200 12278 2. 932
(R/4¢ P 4 Goe /13, 05" 3,00 )
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Table 2, --Data for the observation well— Continued

____ Pumped well

AOUIVER 'TEST IF1ELD DATTA stib 1
Continuation sheet

_L " Observation well No /_

Page _4- of C:

Lo

[y

T Clock | Elapscd ime Depthto | Drawdown
Date time since pumping | water, below or Remarks
started/stopped | land surface | recovery
‘minutes) feet) feet)
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measurement during pumping may be used to determine the amount of
recovery, For the pumped well plot the drawdown versus the log of
time, using semilog graph paper (fig. 11). Any deviation from a
straight line will show interference of some type. The recovery data
are plotted in the same way (fig. 12). Figure 11 also shows the com-
putation for the coefficient of transmissibility using the straight-line
‘approximation inethod described earlier in the section "Analyzing the
Test Data.'" The coefficient of storage cannot be computed from data
for the pumped well. Figure 13 shows the data for the observation
well plotted on log-log paper and the computations for T and S using
the Theis nonequilibrium formula. Figure 14 shows the same data
‘plotted on semilog paper and the computation of T and S using the
modified or straight-line approximation of the Theis nonequilibrium

method.
Evaluation of Aquifer Tests

The information obtained from aquifer tests can be very
useful, When the coefficients of transmissibility and storage, the
thickness and extent of the aquife’:, and the nature and location of
boundaries are known, many problems can be solved. These include
the determination of the most feasible pattern of well spacing, the
effect new wells may have on existing ones, and the pumping rates
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and schedules that will give optimum results. The overall evaluation
of the ground-water resources of an area with reference to potential
development can be aided by the knowl~dge of these aquifer properties,
The foregoing paragraphs have discussed the elementary
methods and procedures for testing and evaluating ground-water
aquifers. Further information regarding details and specific problems
involved in other methods may be found in publications listed in the

bibliography.
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