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GONTRIBUTIONS T0 THE HYDROLOGY OF ‘THE
UNITED STATES, 1927

N. C. Grover, Chief Hydraulic Engineer

METHODS OF EXPLORING AND REPAIRING LEAKY
ARTESIAN WELLS

b

PREFACE

By Oscy: E. MEINZER

The use of a current meter to explore wells, as described in the
following papers by McCombs and Fiedler, is a distinct advance in
methods both of hydrologic research and of practical well manage-
. ment. So far as I am informed, this method was first used success-
fully in 1918, by R. D. Klise, of the United States Geological Survey,
in a study of the artesian wells of Honolulu.

The principle involved is very simple. The meter is let down into
the well, where it records the velocity of the water at any depth
desired ; with the velocity and the diameter of the well known, the
rate of flow at any point can be determined. Hence, a series of
‘measurements taken at successive levels from the bottom to the top
of the well will show just where the water enters and in what
amounts, where it leaks out-and in what amounts, and how much is
delivered at the surface. For certain investigations it may be neces-
sary to devise apparatus for measuring the diameter of a well at any
depth, but thus far no serious difficulties have arisen on account of
uncertamty as to the diameter.

" 'This niethod has now been suocessfully used in the main artesian
areas on the island of Oahu and in the Roswell artesian basin, in the
Pecos Valley, N. Mex. Tn both of these areas thé problem has been
to ascertain the quantity of artesian water that is wasted by leakage
from the ‘wells at nonartesian horizons. The exploration of an arte-
sian well is of immediate practical value to the well owner in giving

1
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him definite and reliable information as to whether any leaks occur
in his well; if so, at what depths and in what amounts and about
how much the yield can be increased by recasing. Moreover, the
exploration of all or a considerable proportion of the wells of an
artesian basin furnishes essential data to the investigator who,is
charged with the duty of making an inventory of the artesian water
supply of the basin for the purpose of bringing about the maximum
beneficial use without harmful overdevelopment. '

I believe the current meter will eventually be used also in exploring
pump wells to determine the horizons at which water enters the wells.
In wells that extend through beds permeated with salt water it may,
however, be more practicable to detect leaks of salt water into the
wells by chemical or electrolytic methods.

The value of the current meter in exploring wells has been im-
pressed on me by my experience in the Roswell artesian basin of
New Mexico. In 1916 I spent about 10 days in the Pecos Valley
near Roswell planning an investigation of its artesian-water supply.
At that time the artesian pressure had already declined greatly, and
many ranches along the margin of the original area of artesian
flow had been abandoned because the water level in the wells had
gone too low for profitable pumping. There was much local dis-
cussion and difference of opinion as to whether the decline-in arte-
sian pressure was due to overdevelopment or to subterranean leak-
age out of the wells through corroded or defective casings, but
almost no definite information was available concerning this
very vital question. I had taken with me a Price current meter
and some equipment for inserting it into flowing wells. In the pre-
liminary tests which I was able to make I did not succeed in getting
any information as to leakage, but I was convinced that with more
substantial equipment it would be feasible to explore flowing wells
for underground leakage with a current meter.

On account of the World War and other conditions, the investi-
gation in the Roswell artesian basin had to be postponed until 1925,
when it was taken up by Mr. Fiedler. He was provided with a
current meter designed especially by Carl H. Au for use in exploring
deep wells. (See p. 24.) The first flowing well to be explored was
an old well 932 feet deep that was suspected of leaking. The meter
was let down about 25 feet at a time and readings were made at
each level. The readings showed that the current imcreased from
the bottom to about the 785-foot level, and that from this level to the
top it was nearly constant at about 3.80 feet a second, or 605 gallons
a minute, proving that the casing was not leaking at any point. In
other wells, as described by Mr. Fiedler in this report, leaks of
various kinds were found, the position of each leak was determined,
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and the quantity of artesian water wasted through it. was measured-
or estimated.. Thus the underground waste of artesian water need no
longer be a matter of mere opinion, as the facts can be definitely de-
termined by exploring each well.

For the work in Honolulu the Price current meter was used,
although it was recognized that this meter was not designed for this
purpose. (See p. 12.) For the work in New Mexico, however, the
special deep-well meter constructed by Mr. Au is giving good service.
The outer jacket of this meter is a 3-inch pipe, but Mr. Au is at.
present working on a meter of still smaller diameter. The methods
of lowering the meter in the New Mexico work are more rapid- than
those used in the Honolulu work. Where large leaks are encountered
special precautions have to be taken to prevent the meter from being
carried out of the well by the outward current.

On account of the great value of the artesian-water supply in the’
Honolulu district it was wise public policy to carry out a somewhat
expensive program of thorough recasing or plugging all leaky
artesian wells. Great credit is due to the governor and the legisla-
ture for authorizing this vital program of conservation and to Mr.
McCombs and his colaborers for carrying it out so effectively. The
value of the work already completed is indicated by the fact that the
leakage which has been stopped is equal to more than one-fourth-
of the total quantity of artesian water used for the public supply of
Honolulu. The experience on this project has shown that recasing
and plugging leaky wells are difficult and expensive operations that
require the services of a skillful driller with adequate drilling equip-
ment, working under the instruction of a competent hydraulic engi-
neer. It is indeed fortunate that the experience gained and the
methods developed through the expensive and difficult work done in
the Honolulu district have been recorded by Mr. McCombs in the
paper presented for the benefit of other operators in various parts
of the world who will have to meet similar problems.

The investigation in the Roswell artesian basin may show that the
water there is not sufficiently valuable to justify a program of con-
servation similar to that followed in Honolulu, but Mr. McCombs’s
paper will help materially in presenting the problem to the people
of this basin in tangible form, and their decisions in regard to their
future artesian-water policy will be based on sounder information
than would otherwise have been available. Plate 1 shows two very
strong flowing wells recently drilled in the Roswell artesian basin.
Obviously a well that will produce so much water by artesian pres-
sure is very valuable while it is in good condition, but may become a
great liability to the community if its casing becomes lsaky.:
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METHODS OF EXPLORING AND REPAIRING LEAKY"
ARTESIAN WELLS ON .THE " ISLAND OF OAHU,
HAWAIIL

By JomN McoCoMmBs
INTRODUCTION

This paper is intended primarily to present certain methods of
testing and repairing artesian wells which have been devised and
used on the island of Oahu. These methods are so completely de- :
pendent on the geology and hydrology of the coastal plain and on
the well-drilling procedure that a brief discussion of these subjects
is also necessary.

The writer is indebted to Mr. M. H. Carson, district engineer, who,
as chief hydrographer for the Territory, is in charge of artesian
investigations and who has reviewed this report and given many
valuable suggestions; to Dr. H. S. Palmer, of the University of
Hawaii, and Mr. A, H. Hobart, who reviewed the report from the
standpoint of geologist and well driller, respectively; and to Mr..
B. L. Bigwood, who read the manuscript. Dr. H. L. Lyon, of the
Hawaiian Sugar Planters’ Association, has assisted materially in the
investigations and has furnished information of much value. Spe-
cial acknowledgments are due to the pioneer well drillers, Messrs.
John A., James S., and Lincoln L. McCandless, who have given
freely of the information acquired in more than 40 years of well
drilling in Honolulu,

OAHU ARTESIAN BASINS
HISTORICAL SKETCH

The only island of the Hawaiian group on which artesian water.
has been extensively developed is Oahu. The first flowing well was
drilled on this island- in 1879, and up to the end of 1925 about 600
wells had been drilled. In 1925 the maximum daily draft on these
wells was more than 850,000,000 gallons, and the average mgore.than
250,000,000 gallons. This water is the main source of domestic sup-
ply for 100,000 people and is used also to irrigate sugar-cane land
which produces annually about 140,000 tons of sugar, worth over
$11,000,000. Artesian water was early recognized as being of much
value, and in 1884 a bill was passed by the legislature and signed by
King Kalakaua providing for “mechanjcal appliances to arrest. the
flow” and providing also that artesian water mxght not, be used
solely to drive machinery.

Detailed logs of formations were kept for.the earlier wells, and
some were published at the time in the newspapers, but the first
attempt to preserve records systematically was made by employees
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of ‘the: Hawaiian. Government Survey Office, under the direction of
W. D. Alexander, who was. surveyor successively for the Kingdom,
the provisional government, the Republic, and the Territory. These
records, though incomplete, have been of the greatest value in all
subsequent work; in fact, they comprise most of the records avail-

able for the pemod 1879 to 1910, both well logs and rea,dmgs of
static head.

In 1909 W.C. Mendenhall, then in charge of ground-water investi-
gations for the United States Geological Survey, visited Hawaii,
and:as a result of conferences with Governor Frear and others ar-
ranged with Marston Campbell, then superintendent of public works,
to have T. F. Sedgwick, an employee of the public works department,
carry out certain investigations as outlined by Mr. Mendenhall.
Mr. Sedgwick located most of the wells then in existence, made
systematic monthly readings of static head on a considerable number
of wells distributed about the island, and determined the salt content
of a large number of samples of well water. - This work was con-
tinued until 1916, and the data so collected have been essential in
all subsequent investigations.

The Territorial, Legislature of 1915 authorized the appointment
of a commission to investigate and report en the water resources of
Hawaii. This commission consisted of K. G. Larrison, then district
engineer: in the United States Geological Survey, as chairman, and
Arthur G. Smith and Mr. Sedgwick as the other members. It con-
ducted detailed investigations in the Honolulu district between
Diamond Head and Red Hill and as a result of its recommendations *
the-legislature of 1917 passed an act which defines waste of artesian
water and gives the chief hydrographer authority to investigate and
prevent it. This law, as amended by further legislative enactment,
is given on pages 22-24.

Since 1917 the artesian investigations have been conducted’ by the
division of hydrography of the office of the commissioner of public
lands, Territory of Hawaii. The successive chief hydrographers of
the division have also been district engineers in the United States
Geological Survey.

GEOLOGY AND HYDROLOGY

_The artesian water on the island of Oahu occurs in a highly per-
‘vious vesicular basalt, locally known as “ pukapuka” (Hawaiian,
puka=hole). This rock is extensively fissured, but no large cavi-
ties are encountered in drilling in it. The rock is, however, rather

1Report of the water commission of the Territory of Hawaii to His Excellency, the
Govérnor of Hawafi, 1917. This report is now out of print, but copies are available
for consultation at the U. S. Geological Survey, Washington, D. C., and at most of the
district offices,
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weak and has a tendency to cave under the action of the drill. The
upper surface of the water-bearing pukapuka rock in most places
slopes 10° or more toward the sea. It is overlain by a clayey con-
fining bed, above which lie coral limestone, coral mud, coral sand,
gravel, recent lava flows, pyroclastic material, and soil. The water-
bearing formation or aquifer is very thick. Several wells have been
drilled into it 400 feet or more, without passing through it or finding
any marked change in the character of the material. In the Hono-
lulu district the confining bed extends up the slope as an effective
cover over the aquifer to a height of about 40 feet above sea level.
The upper part of the aquifer is exposed and permits entry of fresh
water from rain during storms and perhaps from streams at all
times. '

There is evidence that the lower seaward part of the aquifer is
exposed to the sea, so that artesian water can pass freely into the
sea, around the lower edge of the confining bed, or sea water can
move in the opposite direction into the aquifer. If, before any
wells were drilled, the island had been in a lake of fresh water
instead of in the sea the rain water that entered the aquifer at the
upper end would have passed under the confining bed and would
eventually have reached the lake. On account of the extreme perme-
ability of the pukapuka the head of the artesian water would, under
those conditions, have been only slightly above the lake level and
would have been due entirely to the frictional resistance of the
aquifer. The static head on the first wells drilled in the central
Honolulu area was, however, more than 42 feet above sea level. It
is believed that this static head was due only in small part to fric-
tional resistance in this aquifer but mainly to the difference in specific
gravity of the sea water and the fresh artesian water.

The theory of the behavior of fresh water in contact with salt
water in a pervious formation, known as the theory of Badon Ghyben
and Herzberg, is stated by Brown ? as follows:

Wherever a coast is formed of pervious rocks containing ground water
that receives continual additions from rainfall, this ground water must move
downward and laterally toward the shore and mingle ultimately with the salt
water of the sea. Such movements have long been a matter of common knowl-
edge. Even on small porous, sandy islands fresh water can generally be
found at an altitude slightly above mean sea level. It might be supposed
that in such places the salt water surrounding the island would penetrate the
sand to mean sea level and immediately absorb all the fresh water that might
percolate downward to its surface. For several physical reasons this does
not happen. Such islands are found, in reality to contain a dome-shaped lens
of fresh -water floating upon a concave surface of salt water. The fresh water
is enabled to float upon the salt water because it has a considerably smaller
density. This principle was apparently first applied to the hydrology of sea-

2 Brown. J. 8., A study of coastal ground water, with special reference to Connecticut:
U. 8. Geol. Survey Water-Supply Paper 537, pp. 16-17, fig. 2, 1925,
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eoasts by Badon Ghyben,® a Dutch captain of etigineers, as the result of in-
vestigations made in Holland in 1887, but -gained:little notlce from hydrol-
ogists at that time. It was also published about 1900 by Herzberg,' of Ber-
lin, who apparently bad no knowledge of the work of Badon Ghyben. Herz-
berg found in drilling wells on the island of Norderney, one of the Hast Friesian
islanids off the coast of Germany, that the depth to the salt water was roughly
a function of the height of the water table above mean sea level and of the
density of the water of the North Sea. Figure 1 shows the application of his
theory.
Let H=total thickness of fresh water.
_h=depth of fresh water below sea level.
t=nheight of fresh water above mean sea level.

" Then H=h+t. 4

But the column of fresh water H must be balanced by a column of salt
water kb in order to maintain equilibrium. Wherefore, if g is the specific
gravity of sea water and the specific gravity of fresh water is assumed to be 1,

H=h-+t=hg
whence =_t .
g—1
In any case g—1 will be the difference in specific gravity between the fresh
water and the salt water. ‘Herzberg gives the specific gravity of the North
Sea as 1.027, whence h=37¢.

Fteum 1.—Bection of the island of Norderney, Germany, showing the application of the
Baden Ghyben-Herzberg theory. (From Herzberg)

The action of the water beneath the confining bed on the island
of Oahu follows this principle, but the effect is not the same as
is shown in Figure 1 for an island with uniform permeability.
Consider an ideal section of a permeable formation along a sea-
coast, with an impervious vertical wall at the shore line extend-
ing to a depth of 1,500 feet below sea level but not'to the bottom of the
permeable formatlon Assuine further that the water in the per-
meable formation on the landward side of the wall is as salty as sea
water and is standing at sea level. If water is pumped from the
. landward side, sea water will at once flow under the wall, and the
water level on the landward side will, except for frlctlon, remain
the same. If fresh water is added by rainfall on the land, the
balance will be maintained, but the levels will not be the same; an

s Badon Ghyben, W., Nota in verband met de voorgenomen put boring nabij Amsterdam :
K. Inst. Ing. Tijdschr., 188889, p.' 21, The Hague, 1889.

¢ Herzberg, Baurat, Die Wasserversorgung einiger Nordseebilder: Jour, Gasbeleuchtung
und Wasserversorgung, Jahrg. 44, Munich, 1901.
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amount of sea water equal in weight to the added fresh,water but
smaller in volume will-be forced out under the wall, leaving the
fresh:water level inside the wall higher than.the seéi#-water level on
the outside. As the process of adding fresh water continues the
zone of contact between the fresh and the salt water will sink lower
and Jower until one of two things happens—either the upper sur-
face of the fresh water. will reach the top of the wall and thence-
forth any water added by rainfall will flow over the wall, or else -
the zone of contact between fresh and salt water will reach the
bottom of the wall and fresh water will begin to flow out under the
wall. In either case the zone of contact will thereafter remain
stationary.

An actual section in the Waikiki area is shown in Figure 2. It
illustrates conditions equivalent in their effect to those discussed
‘above. The wall is present, not as a thin vertical structure but as a
sloping sheet of impervious clay. This clay wall is overlain with
many other materials, which, except for their weight, do not affect
the result.

The average specific gravity of sea water -at the surface off the
coast of Oahu has been reported by Lyon® as 1.024, if that of ordi-
nary artesian water is rated as 1. At greater depth the specific
gravity may be somewhat higher. With sea water 1.024 times as
heavy as fresh water, the difference in level between the fresh water .
in the aquifer and the salt water in the sea will increase about 1
foot for each 43 feet of fresh water added. If the wall extends 1,500
feet below sea level the fresh water will stand about 36 feet above
sea level, provided the wall rises to that height. -

The change in conditions behind this actual wall of impervious
clay has gone much farther than .in the ideal case outlined above.
In 1883, when well 54 (see fig. 2) was drilled, the water in this well

rose to a height of 36 feet above sea level and had a very low salt -

content. It is reasonable to suppose that at that time the fresh
water was either flowing out under the confining bed or was flowing
over the top of it. As there are no physical evidences of large
springs near the 86-foot level, the former supposition is more prob-
ably the correct one. By 1892 the head had declined to about 30
feet above sea level, and the water in well 54 had become too salty
to drink. In September, 1925, the head was less than 19 feet above
sea level and salt water had risen until it hegan to affect well 37,
at a higher level.

The experience with these wells indicates that salt begins to appear
in a well when the theoretical zone of contact between the fresh and
salt water is still at a considerable depth below the bottom of the
well. This condition may be due in part to the width of the actual

5Lyon, H. L. (botanist, Hawaijan Sugar Planters Assoclation), oral eommunication,
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age to loss of static

.-head and invasion by

sea water, as outlined
above, is the basis for
the rather extensive
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conservation which has been planned and enforced by the division
of hydrography. Most artesian basins in the United States have
been overdeveloped and have suffered large losses in head. In most
of them, however, the process of decline in artesian head is self-
limiting, and the principal damage that results from overdevelop-
ment and waste of artesian water is in making pumping necessary.
On the island of Oahu the drop in artesian head produces more se-
rious results. As the head is due to an equilibrium between fresh
and salt water, a lpss of 1 foot in artesian head will be accompanied
by a rise of the salt water of about 42 feet. Thus the decline of
head becomes of great significance, as it indicates loss of storage.

; The dlagram given in Figure 3 shows the head of a well at Oahu
College since 1899. It shows annual and secular fluctuations due to
variations in rainfall but with a persistent net decline through the
period of 26 years, due to heavy withdrawal of water through wells.
This well is in the central artesian area, which is adjacent to the
Waikiki artesian area referred to in the preceding discussion and
shown in Figure 2. The exceptionally long and continuous record
of the Oahu College well, however, shows conditions that are typical
of all the artesian areas in Honolulu.

METHODS OF DRILLING WELLS

The wells on Oahu are always drilled with cable tools. The usual
practice is to “ spud in ” the hole through the loose surface materials,
to introduce, if necessary, a short section of large pipe to prevent
caving, and to drill to the aquifer with a bit slightly larger than the
size of casing that is to be used. When the first flow is encountered
the hole is cased throughout, and the casing landed at the bottom by
alléwing it to drop a few inches. A bit that will just clear the
casing is then used, and the hole is usually extended 60 to 100 feet
into the aquifer. The clay cap, being slightly plastic, probably flows
around the lower end of the casing and makes a tight seal.

" In some wells, where gravel or other loose material is encountered,
it is necessary to reduce the casing. Fhe string of larger casing is
run down to the caving material and driven into it as far as possible
by use of a sand bucket and drive blocks. The drilling is then con-
tinued with a smaller bit, and when the aquifer is reached enough
casing to extend above the bottom of the larger string is dropped in.
‘This practice is not commendable but is nearly always followed when
caving formations are encountered. It is worthy of note that
reduced wells in general become defectlve sooner than those which
are not reduced.

DETERMINATION OF UNDERGROUND LEAEKAGE

Tt was observed early jn the h18tory of well drilling on Oahu that
flowing wells can be obtained only in certain definite areas on tha
95221°—28——2
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coastal plain. ‘These aress are separated by other areas where : Do
artesian ‘water is found. It was also observed that within a given
area the water in all wells has the same static head but that in gen-
eral the head in the different areas is not the same.” This observa-
tion was confirmed by the investigations of the water commission in
1916. The head fluctuates with draft and rainfall, and also to a less
extent with barometric pressure and perhaps Wlth t1de, but almost
uniformly in each area.

These isopiestic areas or areas of equal static head are umqﬁe and -
their existence has made the discovery of underground leakage sim-
ple.” Levels have been fun to nearly all the 149 wells in the Hono-
lulu city area, and static heads are determined per1odlcally Wells
on which the hea,d is found to be noticeably low are at once known
to be leaking.

A namber of wells that have been found deficient in static head
have been further examined by use of a current meter equlpped $9
be lowered into the well. The meter used until recently is a Price
meter, of the kind used by the Geological Survey in gaging streams.®
It is eqmpped with a wire guard to protect the cups, and the end of
the yoke is fastened rigidly to a length of 34-inch pipe. This adapta—
tion of the Price meter was made by R. D. Klise in 1918. This
meter is, however, not Wholly satisfactory for this- purpose. It is
made to run with the axis vertical, but when it is used in a well the
axis is horizontal and the friction is thereby increased, with .conse-
quent loss of sensitiveness and accuracy. Another disadvantage is
that the meter is too large to go into a well that is less than 6 inches
in inside diameter. An.Au meter is now used. (See p. 24.) o
early tests the meter was lowered into the wells on a wire, but
high velocities were found, and where, large leaks were encountered
the meter was carried out through the holes in the casing. It, there:
fore became necessary to have a more rigid support. The process
used at present is the result of changes and modifications made over
a period of seven years.

If the well that is to be tested flows at the surface the casmg is
extended above the static level, and all surface flow is thereby
stopped Any current; then observed is due to leaks in the casing
It is hlghly desirable to stop : the, su,rfa,ce flow before testing wher-
ever the hiead is low enough to permit, because velocity ascertained
from a single reading with a current meter is more nearly accurate
than veloclty detenmngd as the d}ﬁerence of two readings. Ip. welle
whose casing is reducéd in size underground the resulting increase
in velocmy obscures the result if surfaoe ﬂow is pernutted For

8 For a description of ‘the Price current meter see' manual of the manufacturers, W, &
L. B. Gurley, Troy, N. Y., or Hoyt, 1. C., and Grover, 'N C, Biver discharge, 4th ed.,
pp. 6-22, John Wiley & Sons, 1920. © :
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low heads—that is, less than 20 feet-—the extended: casing.does not
need to be very heavy. The easiest method of making & tight joint be-
tween the well casing and the extension is to use for:the extension
a pipe about 2 inches larger in diameter, slip it over the casmg, and
calk between with oakum or rope yarn.

The equipment hecessary consists of the meber, a trlpod suffi-
ciently high and strong to support two men at the height of: the
extended casing, a single sheave block, a coil of 54-inch rope long
enough to reach to the bottom of the well, a reel of insulated two-
strand copper wire somewhat longer than the rope, 200 feet of 34-inch
pipe in 10-foot lengths, two pipe wrenches, a roll of friction tape,
steel tape, telephone receiver, dry battery, and stop watch.

The meter is lowered into the well on the pipe, a length at a time,
electrical connection is made by means of the insulated wire, and the
weight is supported on the rope. It is advisable to tape the wire to
the pipe at each joint in the pipe and to slip a half hitch in the rope
over the pipe at close intervals. In these tests 200 feet of pipe has
always been found sufficient, and frequently 50 feet is enough, but
care must be taken not to lower the top end of the pipe below the
first large leaks, because it may be pulled to the side of the casing
by the outward current and. become fastened in the openings. Ob-
servations for velocity can be made as each length of pipe is being
screwed on. Observations made as the pipe is lowered will reveal
breaks in the wiring. If the meter fails to register at least twice as
it is lowered 10 feet, something is wrong.

The following table gives results of a number of complete exami-
nations for leakage. The total underground leakage discovered in
Honolulu to 1925 is approximately 7,750,000 gallons a day, of which
5,900,000 gallons a day has been stopped by suitable repairs. The
conservation effected in thus saving artesian water that would other-

-wise have been wasted by flowing into the sea through underground
passages will be better appreciated if the quantity is compared with
the total quantity of artesian water consumed from the Honolulu
waterworks, which in 1925 averaged 22,000,000 gallons a day.

As most of the artesian water is comparatively noncorrosive, few
leaks originate inside the casing. The coral is the trouble maker, as
it is more or less pervious and being below sea level frequently car-
ries water which is very salty; it is also somewhat soluble and is
easily eroded. Probably the first step toward the formation of a
leak is corrosion of the pipe from the outside, probably by salt water.
As soon as leaks are formed the process changes, and fresh water
under congiderable pressure from inside dissolves and erodes the coral
until the support is gradually removed from around the casing. It
has been noted that the head on a well that is at first only slightly
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defective will drop abruptly later, indicating a large waste of water.
This sudden decrease in head probably indicates the change from a
number of small leaks to a general collapse of the casing, allowing
free flow of the water through large solution passages in the coral.

A leak of another type is that which occurs around the bottom of
an improperly seated casing. A leak of a third type, which is less
common, occurs in a well that is not cased throughout. If the log of
the well being tested is available or even known approximately, the
type of leak can be determined with the current meter. If it is of the
first type mentioned above, a current will be indicated and the velocity
will increase suddenly at a definite depth, always in a pervious
forma,tion, and will not increase below that formation. If the leak
is caused by an improperly seated casing, a current will first be indi-
cated near the bottom of the well, at the top of the aquifer; and the
velocity will at once reach its maximum and will decrease almost to
zero at the bottom.. Leaks of the third type will usually be recog-
nized by a gradual increase in velocity, followed in some wells by a
decrease due to the enlarged cross section that results from caving.

Defective wells in the Honolulu disirict

Static head &feet
above mean sea Leakggg;;)snons g
Well No Depth [Diameter lovel) Remarks
- Gost) | (inches)
Normal « (Observed| m&."ﬁ' 5 %gg’
740 554 22.2 6.4 1 250,000 B Sealed.
850 B4 222 6.2 2% 000 8 Do,
552 20.7 19.2 | 100, 000 Recased.
300 55 29.3 24,0 500,000 |- ... Ohstructed.d
Ml B Fo| Bs| Nacen[g] Ovstrocteds
BB B Eag vl
. obe .
650 ?g 27.5 26.0 50, 000 g od. ~
762 04 27.5 23.6 | 100,000 <) To be recagedis, .
497 7 27.5 91 |ocaeo 600, 000 | Sealed. ’
830 4 2.0 19.3 | 200,000 ) Do
573 754 20.1 1.8 550, 000 | Recased
734 954! 27.1 23.0 | 100,000 *) Do.
gzﬁ 32.0 13.5 650, 000 Do.
8T} 27.0 7 00| Do, "
e 12 30.8 21 0.
765 10 27.6 25,6 Do. .
600 754 30.8 13.3 P Obstructed.«
. &

o Normal head is the head on a near-by well known to be in good condition.

8 The method of estimating leakage from a defective well is based on observed loss of head, depth and
diameter. The water from any leak will be discharging into a ous formation, and the external h
will be virtually sea level. The observed loss of head is then that part of the total head above sea lev
which is lost in aquifer and well casing together. Varym‘% assumptions based on experience are made
gg g;t dxcztxébution of this loss between aquifer and casing. The estimates are regarded as accurate within

it

¢ The meter can not be used because the well has a short length of 6-inch casing at the top.

@ The owner, on being notified to repair his well, engaged a building contractor to dothework. Con
was poured in and bridged at a depth of about 100 feet, or just above the leak. The well at present is
ably leaking to capacity. Will probably cost $5,000 to clean out and recase.

¢ Obstruction is soil and rubbish only.

¥ T'oo small to admit Price meter.

¢ Government well; funds to repair it are now available,

& Owner recased the well without requiring a meter test.

i Rwosed in 1917 before the meter came into use
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METHODS OF REPATRING LEAKY WELLS
RECASING

The older wells are usually lined with well casing, but the most
common practice at present is to use steam pipe both for new jobs
and for recasing, as it is more easily obtained and isbelieved to be of
better quality. Galvanized pipe is now being used to some extent
for recasing, but in the writer’s opinion it is of little additional
value, although it costs more. The sizes of well casings are defined
by giving the outside diameter, whereas the sizes of steam pipe are
defined by giving the inside diameter. The proper sizes to use in
recasing for the more common sizes of original casing are given in
the following table:

Rizes of pipe to be used in recasing wells

[Computed on basis of pipe tables in catalogue of Oil Well Supply Co. All diameters are given in inches]

< Diameter of largest | Diameter of largest
Original casing well casing to fit steam pipe to fit
Actual di-
ameter o ow Remarks
Nommgl deslg- I%- o%t- wu;’_ in'é' gilét- wu‘;’_
nation si side 3 5
In- | Out- ling ling
side | side

12-inch steam pipe.(12.00 [12.75 | 9, 582 [10.000 |10. 911 {10.192 {10.750 {11.721 | Usually necessary to
turn down couplings
on steam pipe.

12-inch casing.__.._[11. 514 |12.000 | 9. 582 [10.000 [10.911 {10.192 [10. 750 [1L 721 | Necessary to turn down
couplings on steam
pipe.

10-inch steam pipe.|10. 192 |10. 76 8.071 | 8.625 | 9.358

10-inch casing.....__| 9.582 (10.000 | 7.528 | 8.000 | 8.788 | 8.071 | 8.625 | 9.358 | Very tight.

8-inch steam pipe..| 8.071 | 8.625 6.065 | 6.625 | 7.358

8- casing._.____ 628 ( 8.000 | 5.672 | 6.000 | 6.664 | 6.065 | 6.625 | 7.358 | Very tight.

6-inch steam pipe_.| 6.063 | 6.625 | 4.696 | 5.000 | 5.521 | 4.026 | 4.500 | 5.001

¢-inch casing.______ 5.672 | 6.000 | 3.733 | 4.000 | 4.521 | 4.026 | 4.500 | 5.081 | Very tight.

Recasing in Hawaii is always done by experienced well drillers
with adequate equipment. It can not be too strongly emphasized
that work of this kind requires experience, skill, and intelligence.
The tools and equipment required are about the same as for drilling,
and include derrick, power plant, either bull wheel or hoisting drums,
walking beam, drills, jars, bailers or sand buckets, swedges, spudding
line and shoe, pipe wrenches, and minor equipment. The power
plant is driven by either steam or gasoline, and must develop enough
power to lift a full string of casing when hanging clear.

After the equipment is assembled on the ground and the derrick
and power plant set up, the first step is to clean out the well casing
to the diameter of the outside of the new pipe. This is usually done
by running a series of swedges (see pl. 8, 4) through the casing,
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starting with one about 2 inches smaller than the desired diameter
and ending with the exact size. These swedges should be used with
jars and a short drill stem or sinker bar, in order to insure removal
if they stick, and should be given an up and down motion as they
are lowered, by use of either the spudding line and shoe or the
walking beam with .or without temper screw. These swedges will
remove scale and also open the pipe to full diameter if it is not too
badly collapsed.

Many of the older wells have been abandoned by their owners and
allowed to stand open for years, and as a result they have had
rubbish of every sort thrown into them. Some wells have been ob-
structed with rock and soil dumped in with the intention of filling
them completely. Several of these wells were known to be defective,
but it was at first believed that it would be very difficult to repair
them. Experience has shown, however, that these plugs or obstruc-
tions were never complete, but at most were only a few feet thick.
The material introduced, whatever its nature, seems to bridge in the
casing.

The tool that has been used with uniform success in cleaning out
such obstructions is the wash rod or jetting drill, such as is used
for drilling wells and test holes in unconsolidated material. In
cleaning wells a drill with a cutting edge 174 inches in length is
used. This drill is suspended on 1-inch wrought-iron pipe, and the
drill casing is 2-inch pipe. The 2-inch casing is lowered into the
well until it rests on the obstruction. The drill is then introduced,
drilling is started, and the 2-inch casing is made to follow the drill
as closely as possible by turning and driving it. Most of the fine
material will flow out with the wash water, and the drill and casing
will usually go down rapidly. When an obstruction has been drilled
through the drill and casing may be lifted and a new hole started.
Usually the obstruction will fall free after being drilled through
once or twice, but the dislodged material may bridge again farther
down, where the process may have to be repeated. Ultimately such
‘material as has not been washed out will reach the bottom of the
hole, where if necessary it may be drilled up and removed with the
regular well tools. The wash-rod method has been used successfully
to a depth of 300 feet but is not recommended for much greater
depths on account of the weight of the apparatus.

When cleaning is completed the casing is lowered into the well a
joint at a time. It is handled with the so-called elevators, which are
clamped around just below the couplings. The casing already in
the well is supported on clamps. The threads of each joint are
carefully covered with red lead and are screwed up till the ends of
the pipe abut. Usually the bottom end of the string is provided
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with a coupling or a steel shoe. If the string of casmg binds in the
hole it may be driven, either with a maul or by puttmg a wooden
clamp on the strmg of drill tools and driving with the bull wheel.
If the swedgmg is properly done, however, the amount of binding
that will occur is slight unless the hole is crooked. Rarely it mpy be
necessary to drill out caving material that has lodged below the end
of the new string. Turning the string in the hole is often helpful
in passing tight places.

The new casing may stop at or just beyond the end of the old, as
the original hole is reduced here. It is the usual practice to put a
metal clamp around the top of the new casing and to rest it on the
old casing to prevent possible falling after the job is done. There
seems to be little need of any further closing of the small annular
space between the two casings. As the new casing is lowered the
couplings pick up scale and make a tight seal. A thin cement grout
is sometimes poured between the two casings, and. this undoubtedly
helps to form a seal, but numerous wells recased without it have been
perfectly satisfactory for years. The usual test for a satisfactory
recasing is the full recovery of the static head for the particular
locality, and the writer knows of no well recased in the manner
described that did not recover and keep the full head. When a job
is completed it is always advisable to run the sand bucket or even
the drill to make sure that no obstructions are left either in the pipe
or in the open hole in the rock below.

No recased well in Honolulu has continued to leak except where
the new casing did not go deep enough. As a general rule, nothing
smaller than an 8-inch well is considered worth recasing. The
smaller wells should be plugged. In a few places where a small
amount of water was needed for some definite local use, wells as
small as 6 inches have been recased, but this practice is only making
trouble for some one in the future, because special equipment will be
required to explore and repair wells of small diameter.

" PLUGGING OR SEALING

The law of the Territory of Hawaii provides that no well shall
be made inaccessible for inspection unless it has been sealed in a
manner approved by the superintendent of hydrography This law,
as long as funds are available for its énforcement, operates to keep
unskllled malicious, or ignorant persons from obstructing well cas-
ings in an attempt to plug the well, to evade the law, or to do damage
mtentlonally All recent pluggmg jobs have been supervised by the
writér or some other engmeer from the division of hydrography.

The permanent seal is made with concrete, which must be placed
‘#§ a plug several feet thick at the top of the aquifer and in the cap
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of 3-inch dunwp bucket
used in plugging wells

rock. It is obvious, however,
that concrete can not be
poured into a long column of
water, as this would result in
a complete separation of the
aggregate. To avoid this
separation two methods have
been used. In one the con-
crete is let down in bags,
and in the other a bucket
is used that dumps when it
reaches the bottom and re-
leases the concrete in a
mass. The second method
is by far the more satis-
factory. The dump buckets
used are patterned after that
recommended by the United
States Bureau of Mines” but
have been redesigned and
adapted to water-well condi-
tions by A. H. Hobart, an
engineer and well driller in
Honolulu. The most impor-
tant modifications of the
Bureau of Mines pattern are
the use of a square rod at
the top and a lead-filled
cylinder instead of an iron
ball at the bottom. The
square rod has remedied. the
trouble previously encoun-
tered with the umbrella latch,
and the heavy lead cylinder
ingures complete and certain
dumping, as its greater
weight is sufficient to pull
the suspending chain through
material of any sort. Plate
2 shows a dump bucket
of the type originally used;
Figure 4 shows an improved
dump bucket of the most re-
cent pattern, with the square
shaft and extra weight.
?Tough, F, B., Methods of shutting

off water in oil and gas wells: U, 8.
Bur, Mines“Bull, 168, pl. 2, 1918,
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In use, when the bucket is loaded and ready to be lowered, the
total weight is on the plug at the bottom, the rod is up, and the
umbrella latch is disengaged. When the bucket has been lowered to
the bottom and raised slightly, the tools above have forced the
umbrella rod and latch down until the latch has passed the ring at
the top of the bucket yoke and has sprung out. The weight of the
bucket is then on the latch, and there is about 2 feet of slack in the
line to the plug. The concrete flows out as the bucket is slowly
raised. The umbrella latch is the weak point of this device. It
should be as large as possible, should be provided with a strong coil
spring, and should also be easily removable for adjustment and
cleaning. The shell of the bucket may be of fairly light material
and should be at least 2 inches smaller in diameter than the well
casing it is to enter in order to provide enough waterway around the
sides for quick operation. It is most rapidly handled on the sand
line, provided there is sufficient power to 1ift it, but in wells where
there is danger of caving it is advisable never to use any line except
the drill line and to use jars above every tool that is lowered.

A well that has a strong flow, either at the surface or through
subsurface leaks, presents a difficult problem. The concrete will be
washed and separated by the water, no matter how it is put in, unless
the flow is first shut off with other material. The most successful
plugs have been made with iron turnings and filings. These can be
purchased in Honolulu at a low price and are as a rule heavy enough
to stay in the well. Crushed rock has also been used, but is too light
for high velocities.

The method used is to clean out the well and fill from the bottom
with iron turnings, using the dump bucket. These turnings may be
tamped occasionally, either with the weight on'the end of the bucket
or better with a “ sub-end ” or blunt drill on a string of tools. When
the height of material increases at a regular rate as each bucket is
added little tamping is needed, but when there is little or no increase,
as in large cavities, thorough tamping is useful. The turnings shut
off the flow a little at a time and will either plug the well completely
or reduce the flow so much that concrete will set. When the depth
of the leak is known the height at which the water surface should
stand in a sealed well in the area is easily computed. The well
water flows out into salt water that is under sea-level head, and
when a static condition is reached the head above sea level on the
well will be 00244, in which % equals the depth of the leak below
sea level. The theory of-this balance is discussed in the section
headed “ Geology and hydrology.” (See pp. 5-11.) In general, whea'
a leaking well is closed off in the aquifer the water surface will
fall to the level of the ground water in the formation that is car-
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rying the leakage. When it appears from the behavior of the
water surface and from the amount of material placed that the
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Young Street, Honolulu, showing
method of plugging. The upper
ayer of iron turnings was used
in this well but is not required

iron plug is complete the current
meter should be let down into the well,
and if no measurable flow exists it is
safe to put in concrete. This method
has been used to seal wells ranging in
diameter from 4 to 10 inches and in
depth from 200 to 850 feet. It might
not give as good results in other
regions where larger unbalanced pres-
sures exist.
+ The general procedure on a job of
this sort is exemplified by well 34, on
Young Street, Honolulu.  (See fig. 5.)
This well was drilled in 1887 to supply
an ice plant. It was 8 inches in diam-
eter and 497 feet deep and penetrated
the aquifer about 40 feet. It was
found to be defective in 1918, and
readings of static head in 1924 showed
the water surface about 17 feet below
the average for the locality, or only 10
feet above sea level. A test with the
current meter showed a flow of over
600,000 gallons daily through a leak in
the casing about 250 feet below the
surface. The observed velocity below
the leak was more than 5 feet a second.
A local well driller was engaged by
the owners to seal this well, and the .
writer inspected the work throughout.
The well was opened and swedged out,
and the depth was accurately deter-
mined. An attempt was then made to
fill up the water-bearing stratum by
dumping in No. 2 crushed rock, which
runs from half an inch to 114 inches in
diameter. A cubic yard of this rock
was poured. in, but soundings showed
that none of it reached the bottom.
The driller then poured in No. 1 rock,
which runs as large as 214 inches in

diameter; even this material would not, sink but was carried out
through the leak. A cave-in then occurred at a depth of 184 feet,
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due probably to the friction of the large rock. -This was drilled
through with a 2-inch wash-rod outfit, followed by a 6-inch casing,
the cavings being knocked down the well and passing out at‘theleak.
The 6-inch casing was forced down to 205 feet, the cavmg stopped,
and the well was again open.

Iron filings and turnings were then placed with a 4—1nch dump
bucket, The well was filled up 51 feet with this material, bringing
the top of the iron above the top of the aquifer. No difficulty was
found in making the iron stay in the hole, but about twice as much
was put in as the computed volume indicated. Probably the hole
had been enlarged by caving in. The static head fell to 5 feet above
sea level and the well meter showed no flow. A concrete cap was
then placed on top of the iron turnings by use of the dump bucket and
was given time to set. The remainder of the well was filled with
stone, sand, etc. The 6-inch temporary casing was withdrawn with-
out dlﬁiculty The total cost of this job was $2 600, of which $950
was due to the cave-in.

A few wells of small diameter having large leaks have required a
heavier material. In these wells the aquifer was”filled with iron
turnings until only a small space remained. The water entering this
confined space had so great a velocity that the turnings would not
settle. The last few feet was then filled with lead shot, which was
heavy enough to stop the flow and to permit concrete to set. Owing
to the high cost of lead every effort should be made to fill with iron
as high as possﬂ)le

"A thin grout is used for the concrete cap because thicker
mixtures will clog the bucket. This grout works well for the first
two buckets, but it piles up in the bottom in a soft semiliquid mass,
and great difficulty has been encountered in dumping other loads,
as the bucket sinks into the soft material already in place. This
difficulty led to the use of precast concrete cores, which are made
about 5 feet long and 2 or 3 inches smaller in diameter than the
hole in which they are placed and have a wire loop at the upper end.
One of these cores is placed after each two buckets of grout. They
are suspended from the sand line with a thin piece of rope yarn,.
which must be just strong enough to carry the weight. The plugs
will settle into the soft grout and the rope yarn can then be broken
by a quick jerk.

‘One essential step in sealing that must be emphasized - is careful
measurement of the depths. The operator must know how much
fill he is getting with each load of material placed and must keep
accurate and complete notes. The “ feel ” of the line is as important-
in sealing as in drilling, and an experienced operator will be able to
tell the height of his plug within an inch or two at any. timé, " .
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Recently two wells that had caved so badly that the dump bucket
could not be used were sealed by first dropping iron turnings through
a 2-inch pipe and then pumping in cement grout.

The cost of sealing varies greatly. Most of the jobs done under
the inspection of the division of hydrography have been done by con-
tract on the basis of a daily rate for furnishing equipment and
crew, and the cost varied with the difficulties encountered. Wells 4
or 6 inches in diameter cost more to seal than larger wells of equal
depth, on account of the small tools and careful handling required.

The methods of recasing and sealing outlined'are those which have
been and are being used with success on the island of Oahu, and
the writer is convinced that they will work anywhere under similar
conditions. There are three essentials for good well work—experi-
ence, intelligence, and money. Good drilling and repairing are not
cheap, and good well men are not to be found everywhere nor made
overnight from unskilled labor. The high value of water in Hawaii
has made it practicable to spend money rather freely on wells, and
wherever the work has been intrusted to competent drillers the re-
- sults have justified the expenditure.

LAWS RELATING TO ARTESIAN WELLS

The law of the Territory of Hawaii that is now in effect in regard’
to artesian wells is given below.

Revised laws of Hawaii, 1925, chapter 291—Artesion wells

Sec. 4500. Defined.—An artesian well, for the purposes of this chapter, is
defined to be an artificial well or shaft which is sunk or driven to an artesian
stratum or basin, and through which water is raised or carried to or above
the surface of the ground by natural pressure or gravity, or through which
water is or may be raised or carried to or above the surface of the ground
by artificial means. (Laws of 1917, chap. 156, sec. 1.}

Sec. 4501. Uncapped and flowing a public nuisence; persons responsible there-
for.—An artesian well which is not capped, cased, equipped, or furnished with
such mechanical appliance as will readily and effectively arrest and prevent
the flow of any water from such well is declared to be a public nuisance. The
owner, tenant, or occupant of the land upon which such a well is situated,
or any person in charge of such a well, who causes, suffers, or permits such
public nuisance, or suffers or permits it to remain or continue, is guilty of a
misdemeanor; and any person owning, possessing or occupying any land upon
which is situated an artesian well, or any person in charge of such a well, who
causes, suffers, or permits the water to unnecessarily flow from such well, or
to go to waste, is guilty of a misdemeanor. (Laws of 1917, chap. 156, sec. 2.)

Sec. 4502. Waste from, defined.—For the purposes of this chapter, waste is
defined to be causing, suffering, or permitting the water in any artesian well
to reach any porous substratum before coming to the surface of the ground,
or to flow from such well upon any land or directly into any stream or other
natural water course or channel or into the sea or any bay, lake, or pond;
or into any street, road, or highway, unless to be used for beneficial purposes;
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provided, that this section shall not be so construed as to prevent the
beneficial use of water by direct flow or from storage reservoirs served by wells
for irrigation, domestic, and other useful purposes, except for driving machin-
ery; provided, however, that water may be used for driving machinery, in
cage it be utilized afterwards for irrigation or other useful purposes. The
extent to which water of any artesian well may be devoted to useful or
beneficial purposes shall be subject to regulation by the superintendent of
hydrography, Division of Hydrography, to such quantities as may be necessary
for the purposes for which the well is used. (Laws of 1917, chap. 156, sec.
3; amended by Laws of 1923, chap. 228, sec. 1.)

Sec. 4508. Inspection of —Every artesian well shall be maintained by the
owner, tenant, or occupant of the land upon which the well is situated or the
person in charge of the well so as to provide access at all times for purposes
of inspection unless the well has been sealed just above the water-bearing
stratum in a manner approved by the superintendent of hydrography. (Laws
- of 1917, chap. 156, sec. 4; amended by Laws of 1928, chap. 228, sec. 2.)

Src. 4504. Drilling, notice of—No artesian well shall be drilled without first
notifying, in writing the superintendent of hydrography, which notice shall
state the exact location of the proposed well, the owner’s name, the well
driller’s name and the proposed use of the water. (Laws of 1923, chap. 228,
sec. 3.)

Sec. 4505. Boring of, record to be kepi and filed—Any person boring, or
causing to be bored, an artesian well shall keep a complete and accurate record
of the depth and thickness of the different strata penetrated, and within ninety
days after the last day of boring shall file the record in the office of the
superintendent of hydrography. (Laws of 1917, chap. 156, sec. 5.)

Skc. 4508. Violations; penallies—Any person violating any of the provisions
of this chapter shall be guilty of a misdemeanor and shall, for each offense,
upon conviction thereof, be fined not more than fifty dollars; and where con-
tinuance of waste, as defined in this chapter, is under immediate control, each
day’s continuance of the same, after written notice from the superintendent
of hydrography, shall constitute a separate offense; provided, however, that
when the continuance of the waste is not under immediate control, as where
recasing or sealing is necessary, each day’s continuance of the same shall
constitute a separate offense after sixty days have elapsed from the time of
receiving written notice to prevent waste from the superintendent of hydrog-
raphy. (Laws of 1917, chap. 156, sec. 6; amended by Laws of 1923, chap.
298, sec. 4.) ’

Seo. 4507. Inspection of by police and superintendent of hydrography.—For
the more effectual carrying out of the provisions of this chapter, the high
sheriff and deputy high sheriff, the sheriff and deputy sheriff of any county or
city and county, all police officers, and any authorized representative of any
city or county or city and county or of the superintendent of hydrography
may at all times enter without warrant the premises where an artesian well
is situated or whereon or wherein artesian water is used in order to procure
such information or for such other purposes as may be necessary. (Laws of
1917, chap. 156, sec. 7.) '

Sec. 4508. Appeals from decisions of superiniendent of hydrography.—Any
person, firm, copartnership, or ‘corporation adversely affected thereby may
appeal to the board -of appeals from any ruling of the superintendent of
hydrography regulating the flow, manner of sealing, or manner of repairing
of any artesian well by filing in writing a notice of appeal within ten days
after the date of the ruling with the superintendent. The appeal shall be



94 CONTRIBUTIONS T0O HYDROLOGY OF UNITED STATES, 1627

heard by the attorney general, :the commissioner of public lands, and the
superintendent of public works, sitting together, who, while so sitting together,
for the purposes of this chapter, shall constitute a board of appeals. The
vote of one member of this board, disapproving the ruling appealed from,
shall operate to sustain the appeal and abrogate the ruling. (Laws of 1923,
chap. 228, sec. 5.)

SEc. 4509. -Partial invalidity; effect of—If any sectian, subgection, sentence,
clause, or phrase of this chapter, iz for any reason held to be unconstitutional,
that decision shall not affect the validity of the remaining portions of this
chapter. The legislature declares that it would have passed this chapter, and
each section subsection, sentence, clause, and phrase thereof, irrespective of the
fact that any one or more other sections, subsections, sentences, clauses or
phrases be declared unconstitutional. - (Laws of 1917, chap. 156, sec. 9.)

Act 120, Session Laws, 1925

AN ACT To amend chapter 291 of the Revised laws of Hawalii, 19%5, relating to artesian
© wells

SecTioN 1. Chapter 291 of the Revised laws of Hawail, 1925, is heteby
amended by adding thereto a new section to be known as section 45064, to
read as foliows:

“ Sre. 4506A. Person may relieve himself of liability—Any person owning
an artesian well may relieve himself of further responsibility therefor by
transferring to the county or city and county in which it is situated said well
and the exclusive right to develop the artesian water on or under any property
owned by him in the district in which such well is situated and the right
to enter said preperty for the purpose of capping or plugging such well. It shall
be the duty of the county or city and county to accept such well and such right
and to cap or properly plug such well. The said@ county or city and county
shall have the right to use the well and to lay and maintain pipes to draw
water therefrom, provided that such use and the laying and maintenance of such
pipes be made in such manner as to cause a minimum inconvenience to the
person owning said well before its transfer as provided herein.” '

Sec. 2. This act shall take effect upon its approval.

Approved April 28, 1925,

THE AU DEEP-WELL CURRENT METER AND ITS USE
IN THE ROSWELL ARTESIAN BASIN, NEW MEXICO

By ALBERT G. me.ﬁ:n
DESCRIPTION OF THE METER AND AGCESSORIES

In view of the renewed interest in the conservation of artesian
water, the United States Geological Survey has long realized the
need for an instrument by which leakage in artesian wells might
be detected, the location of the leak determined, and the quantity of
leakage measured The Price current meter, whlch is used by the
Geological Survey in gaging streams, was constructed for use in
surface streams. Although it has given valuable results as used
in exploring artesian wells in-Hawaii, it is not properly designed for-
most effective use in wells. ~{See p.'12.)" In an endeavor to over-
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come the limitations of the Price meter and of other current. meters
made for measuring surface streams, Mr. Carl H. Au, technician, of
the Geological Survey, designed and constructed a new meter that
has. proved to be adapted for use in. wells and is now being used
suceessfully by the writer in an investigation of the Roswell artesian
basin in the. Pecos Valley of New Mexicg,,

The principles invelved in the use of the apparatus for the deterr
mination of leakage are very simple. The fundamental hydraulic
expression is ¢g=aw, an equation in which ¢ equals the guantity of
water per unit of time, ¢ equals the cross-section area, and ¢ equals
the velocity of the water passing the section. It is apparent that a
given quantity of water flowing from a pipe in a given unit of time
has a certain mean velocity. .Any increase in the quantity of water
dlscharged per unit of time from the pipe must be due to an in-
_erease in the mean velocity of the water. The water passing up-
ward in an artesian well that is.in good eondition has a compara-
tively uniform velocity at all points where the well casing is of the
same nominal diameter, although minor variations are caused by
slight irregularities in the cross-section area of the casing. Should a
leak occur in the casing the velocity of the water above this point
will be decreased because a part of the flow will be leaving' the cas-
ing and wasting into a permeable stratum that is not filled Wlth
water or that contains water under low head.

- The current meter is-used:to determine variations in veloclty at
different depths in an artesian well and:thereby to locate under-
ground leaks from the well. The same principle is involved in the
exploration of the uncased lower part of the -well to determine
whether the casing has been inserted to a sufficient depth to prevent
waste of water from the well ‘into a permeable' .stratum that con-
tains water under low head..

. The Au deep-well current meter is essentmlly a turbine wheel
mounted within a cylindrical brass case, which is suspended in a 3-
inch pipe and is lowered-into the well and removed from the well
by means of a cable and reel. (See pls. 8, B, and 4.) Near the lower
end of the brass meter case, on the msuie, is mounted a pomted bear-
ing upon which the wheel revolves. This pointed bearing is pro-
vided with a mavable nut which is turned up when the meter is not
in, use, thereby removing the turbine wheel from the bearing. and
preventing it from being damaged. At the upper end of the brass
cylinder there is a removable frame which supports a single or a
pentapoint commutator head like those used in the. Price current
meter. These commutator heads are interchangeable, and either may
be used according to the velocity of the water in the well. The vanes
of ‘the turbine wheel are made of aluminum ; their shape is shown in
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Plate 3, B. The lower bearing of the wheel is a pivot cup of hard
steel, and the upper shaft is made of unhardened tool steel. The
upper shaft is drilled and tapped to accommodate the standard
Price cam and worm screw to be used with the single and pentapoint
heads, respectively. The turbine wheel revolves very freely, as is
indicated by the fact that at s velocity of about & Test per second It . per_secon
Totates three times as fast as the cups on a Price current meter.’

The cylindrical brass case that contains the working parts is sup-
ported in the upper end of the 3-inch iron pipe by means of a 1}-inch ~
cap screw which pmJects inside the pipe about three-eighths of an

inch. A brass spring clip, which is fastened by means of a cap
screw to one arm of the cage at the top of the pipe, rests upon
the commutator head and holds the meter in place. One arm of
the cage at the top of the pipe is movable around a bolt at its upper
end and has a slot near its lower end, so that by merely loosening
the cap screw in the slot the arm may be swung to ome side and
after removing the spring clip the meter may be readlly taken out
for cleaning or mspectwn , :

The 3-inch pipe in which the meter is placed (see pl. 4, A) is
made in two 4-foot sections which can be connected by means of a
standard collar. In flowing wells with small head one section fur-
nishes sufficient weight to carry the meter to the bottom of the
hole. In addition to furnishing the necessary weight and protect-
ing the meter, the pipe also prevents the meter from being carried
outside of the well casing when passing a large leak. A four-
fingered cage of spring brass is fastened near the lower end of the
pipe to assist in keeping the pipe centered and in passing minor
irregularities in the'casing or in the uncased hole. Pieces of scale
are sometimes scraped from the well casing by the meter pipe, and
pebbles may be jarred loose in the uncased portion of the hole. To
prevent this material from obstructing the meter, screens are pro-
vided for use in the ends of the pipe. (See pl. 8, B.) Whenever
the screens are used a correction must be applied to the recorded
velocity to reduce it to the normal velocity for unobstructed flow. .

The rest of the equipment (see pl. 4) consists of a reel upon which
is wound the +%-inch wire cable used for lowering the meter into
the well, an odometer for measuring the depth of the meter in the
well, a reel for the stranded insulated electric wire cable, and minor
accessories.

The odometer consists of a grooved brass wheel, the circum-
ference of which is 2 feet. Two pins are fastened upon the spokes
of the wheel, and at every half revolution one of them trips a count-
ing device, thereby recording the number of feet that the meter has
been lowered into the well. In removing the meter from a well the
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operation of the counter reverses so that it is possible to know at all
times the depth of the meter in the well.

The electric circuit of the equipment is simple. The wire cable is
used for one side of the circuit, and the insulated electric wire, wound
on a separate reel, is attached to the meter commutator head and
forms the other side. A small dry-cell battery and a 75-ohm head.
phoene are used in a manner similar to that with an ordinary current
meter. The revolutions of the turbine wheel are timed with a stop
watch.

The ‘cable reel and the odometer shown in Plate 4 are those orig-
inally used by Van Orstrand in his measurements of deep-well tem-
peratures.® They became available for this investigation because an
improved set of apparatus is now used by Van Orstrand.? .

The examination for leakage of an average artesian well 1,000 feet
in depth requires almost a day’s time, using the equipment that has
been described. If the well has an elbow and discharge pipe, these
must be removed so that the meter can be inserted in the well. In
removing the meter from the well two men.are required to operate
the main cable reel and one man to operate the reel upon which the
insulated electric cable is wound. Although the apparatus is some-
what bulky it can readily be completely disassembled and packed into
a Ford car for transportation from well to well.

Just before this paper was sent to press a small automobile truck
was purchased and the main reel was permanently mounted on it, as
is shown in Plate 5. The old cable was replaced with a new one that
has the insulated electric wire on the inside of it, and thus the extra
reel for the electric wire is no longer needed. The new cable is one-
fourth inch in diameter and consists of six strands of seven wires
each surrounding the insulated wire. These improverhents promise
to save much labor and to expedite the work. Itisnot yet known how
long the insulation will last when the cable is used in this way.

RATING THE METER

The Au deep-well current meter is rated by inserting it in a well,
measuring the stream that flows from the well with an ordinary cur-
rent meter or by some other method, and timing the revolutions of
the turbine wheel. If the diameter of the casing and the discharge
of the well are known, the mean velocity of the water can readily be
computed and be correlated with the number of revolutions of the
turbine wheel per second. Wells with different rates of discharge
and different sizes of casing are tested in this manner, and from the

8 Van Orstrand, C. E., Temperature measurements: West Virginia Geol. Survey County
Repts., Barbour and Upshur Counties and western portion of Randolph County, pp. 4748,
pls. 51, 52, 1918,
®Van Orstrand, C. E., Apparatus for the measurement of temyperatures in deep wells by
means ¢f maximum thermometers Econ. Geology, vol. 19, pp. 229248, April-May, 1924,

95221°—28——3
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information obtained velocity curves are drawn and a rating table is
computed. Although it is known that the velocity of water issuing
from a pipe is not uniform throughout the cross section, the meter
records showed that the difference between the velocity at the center
of the casing and that at the side is negligible. This is due to the-
fact that the variations in velocity throughout the cross section are
more or less equalized by the frictional resistance that the 3-inch
meter pipe offers to the water passing through the meter.

INTERPRETING THE METER READINGS

In exploring a well the meter is let down a little at a time, and
velocity observations are made at regular intervals to determine
when a leak is passed. In a nonflowing well no current will be noted
until a leak is encountered, whereas in a flowing well a leak is indi-
cated by an increase in velocity. If a water-bearing stratum that
supplies water to the well is passed the speed of the turbine wheel
will decrease. After the meter has passed below the end of the cas-
ing variations in the velocity will occur, owing to the irregularities
in the size of the uncased hole. As long as no consistent change is
noted these variations are disregarded.

The leaks usually occurring in wells may be classified as of four
general types:

1. General disintegration of casing producing innumerable holes.—
This condition is indicated by a gradual increase in velocity in both
flowing and nonflowing wells.

2. One or more large leaks—Such leaks are indicated by an abrupt
appearance of current in nonflowing wells and an abrupt increase in
its velocity in flowing wells.

8. Improperly seated casing.—In nonflowing wells movement of
the water begins to be recorded at the end of the casing near the top
of the aquifer, reaches its maximum velocity immediately, and de-
creases as the water-bearing strata are passed and the bottom of
the hole is reached. In flowing wells an increase in velocity occurs
in like manner, followed by a decrease.

4. Insujficient casing.~—In nonflowing wells movement of the water
begins to be recorded after the meter has passed the end of the casing,
reaches its maximum velocity as the meter passes through the upper-
most water-bearing stratum, and then decreases until the bottom of
the hole is reached. In flowing wells there is likewise an increase
in velocity after the meter has passed the end of the casing until the
first water-bearing stratum is reached, then a decrease below the
last water-bearing stratum to the bottom of the hole.

In the inspection of a well in which the diameter of the casing has
been reduced or in which the uncased portion of the hole has not been
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drilled with thesame size bit throughout it is possible that an in-
crease in velocity due merely to a reduction in section may be inter-
preted erroneously as an indication of a leak, This mistake can be
‘avoided by computlng the dlscharge at the point where the diameter
of the casing is known, using the velocity indicated by the meter
at that point, and then making a like computation for the point
where the velocity increased, using the next smaller regular size of
hole or casing. Should the discharge as computed for the two points
agree within fairly close limits it is reasonably certain that the in-
crease in velocity is caused by a reduction in section. A condition
such as this is shown in the tests of wells 2 and 3 given herewith.

TESTS OF SPECIMEN WELLS

- Results of tests made on several wells in the Roswell artesian basin,
i Chaves and Eddy Counties, N. Mex., are given below.

Well 1 is an 8-inch well that yields a ﬂow of sulphur water. The
casmg was covered with a slimy growth of algee. Only 20 gallons
a-minute was flowing from the well casing, and at a short distance
from the well water was issuing from a hole in the ground.

Record of velocity in well 1

Depth Velocity Depth Velocdty Depth

Velocity

(feet per (feet pe (fest per (feet per

(feet) second) (feet) second) (toet) d sscond) second)
0.10 2.48
.29 2.24
.35 2.46
.46 2,46
.81 2.30
.82 2.46
.81 2.46
. 23 1 g
.89 .04
.89 .00

1.00

A study of the velocities show two major leaks, one at a depth of
less than 15 feet and another between 600 and 625 feet. The water
represented by the increase in velocity above the 15-foot level was
issuing from the hole in the ground, while the water passing out at
the lower leaks was wasting into a deeper permeable stratum. The
meter passed the water-bearing strata between 810 and 818 feet, as
is shown by the decrease in velocity. The end of the casing was at.
696 feet, and the drop in velocity at 700 feet was doubtless caused by
an enlargement of the hole due to eddy currents created as the water
passed through the cap rock into the casing. It will be noticed that
there was an increase in velocity between the 100-foot and 200-foot
levels. This is undoubtedly caused by the coridition of the casing

and is disregarded, as the velocity again drops to its former rate.
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At the time of the inspection 20 gallons per minute was flowing from
the well and 120 gallons per minute from the hole in the ground.
It is conservatively estimated that if this well were put in good
condition its flow at the surface would be increased to 400 gallons
per minute.

Well 2 is an 8-inch well drilled in 1911. It yields salty water.
At the time that it was inspected no water was flowing from the cas-
ing, but 1,000 gallons per minute was issuing from a hole around
the casing.

Record of velocilty in well 2

Velocity Velocity Velocity Velocity
Depth feot por Depth (feot, per Depth (foet Depth
per (feet
(feet) (second) (feet) second) (feet) second) (feet) secozﬁie)r
0 6.37 6.20
[} 6.37 6.20
[} 6.20 6.37
1.24 5.86 6,37
6. 54 6.37 6.88
6.71 6,54 6, 54
6.71 6.37 7.05
6.54 16,20 12.65
6. 54 6.20 13.16
6.37 6. 54 11.87
6.71 6.37 11.87
6.71 6.03 11.87
6.88 6.37 13.33

A marked increase in velocity occurred between the depths of
38 and 42 feet. A computation of the discharge at the 42-foot level,
using the area of an 8-inch casing, showed a discharge of about 1,000
gallons per minute. This corresponds to the discharge from the hole
around the casing and indicates that practically all the water was
finding its way to the surface through the hole. During the examina-
tion of the well it was interesting to note that whenever the meter
passed the 42-foot level about 400 to 500 gallons per minute flowed
out of the casing, probably because the meter would temporarily
span the leak and partly close it. Minor variations in velocity were
noted from the 55-foot level to the 725-foot level, but the average
was consistently the same, showing that there was no other leak. A
marked increase occurred between 752 and 763 feet, a depth at which
according to the driller’s log, the well had been reduced to 6 inches
in diameter by means of a perforated liner. As a means of check-
ing this the following computations were made:

8-inch portion:
Cross-section area of casing, 0.35 square foot.
Velocity at 725-foot level, 6.54 feet per second.
Discharge, 0.35X6.54=2.29 second-feet.

6-inch portion:
Cross-section area of casing, 0.19 square foot.
Velocity at 763-foot level, 12.65 feet per second.
Discharge, 0.19X12.65=2.40 second-feet.
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Thus the computed 'discharges check within 0.11 second-foot, or 50
gallons per minute, which is as near as could reasonably be expected.
The recorded log gives the bottom of the liner at a. depth of 917 feet.
It will be noted that from 922 to 945 feet the velocity decreases almost:
to zero, showing that this is the horizon of the principal water-bear-
ing strata. Only a little water enters the well from lower levels.

Well 3 at the time the examination was made had been only
recently completed, and therefore accurate information was available
concerning the size and depth of the hole and the casing that was
inserted. The well was drilled 10 inches in diameter to a depth of
304 feet, and 10-inch casing was set to this depth. Drilling was con-
tinued with an 8-inch bit to a depth of 710 feet, and the hole was
then reamed 10 inches in diameter to 650 feet. Before the hole was
reamed the water level in the well was several feet below the ground
surface, but after reaming the well flowed several hundred gallons
per minute. As the depth of the hole had not been changed and
no additional casing had been set, it is believed that the flow was
caused by the reamings filling the interstices of open strata into
which the artesian water was leaking. A study of the logs of other
wells in this vicinity also indicates that there was insufficient casing
in the well. To determine the location of the open strata and the
approximate amount of the leakage the well was examined with the

meter.
Record of velocity in well 3

Velocity Velocity Velocity Velocity
Depth Depth Depth Depth

feet per feet per (feet per (feet per

(feet) (seconltlig (feet) (seeon%) (feet) seconlgﬁ (feet) second)
1.38 1.64 4,25
1.42 2.08 “3.92
1.46 2.08 1.54
.82 3.05 .25
.82 2.62 .00

.88 4.80

The observations to a depth of 285 feet were within the cased part
of the hole. Below the end of the casing the velocity decreased,
doubtless because the uncased hole was somewhat larger than the
10-inch casing. The velocity remained comparatively uniform from
320 to 520 feet, indicating that the size of the uncased hole remained
fairly uniform and that there was no appreciable leakage. From
520 to 625 feet, however, there was in general a progressive increase
in velocity until at 625 feet it was nearly twice that in the cased part
of the hole and about three times that in the part between 320 and
520 feet. As this part of the hole was drilled to the same diameter
as the uncased hole above 520 feet, the increase in velocity was almost
certainly due to water wasting into permeable strata between 520 and

+



32 CONTRIBUTIONS TO HYDROLOGY OF UNITED STATES, 1027

625 feet. The increase in velocity between 625 'and 650 feet was evi-
dently caused by a reduction in the diameter 6f the hole to 8 inches.

Computations checking this interpretation of the velocity rea;dmg'S‘
are as follows: . .

Cross-section area of 10-inch casing, 0.54 séuére foot.
Average veloeity in casing, 1.40 feet per second. ’
Flow in casing, 0.54X1.40=0.76 second-foot, or 340 gallons per minuyte.

The hole below the casing to 650 feet was reamed to a diameter of
10 inches, but it had evidently been enlarged by erosion and caving.
A coeflicient was applied to express this enlargement and also other-
differences that may exist between the character of the flow in the’
cased and uncased parts of the hole.

The average velocity between 320 and 520 feet was about 0.85 foot
per second. If the flow remained the same, as is altogether prbbablé,
the coeflicient to be applied is the ratio of the two velocities—that i s,

" 1.40--0.85=1.65.

Using this coefficient, the flow below the leak near the bottom of
-the 10-inch hole (625 feet), is computed as 054><2 62X1.65—=2.83'
- second-feet.

At the depth of 650 feet the hole was reduced to a diameter (_).f‘Sv
inches. Using the same coefficient the flow at this level is com-
puted as 0.35X4.80X1.65=2.77 second-feet. B

The computed flows agree within 0.44 second-foot, which is as near
as can be expected in view of the fact that the enlargement of the
hole is doubtless irregular, differing with the character of the strata
penetrated and with the original diameter. The velocity decreased
at or above the 675-foot Iével and continued to decrease.to the_ bot-
tom, indicating the passing of the water-bearing strata. . :

It is estimated that with proper casing the dlscharge of this. Wellt
rcould be increased from 340 to 800 or 900 gallons per minute. -



QUALITY OF WATER OF COLORADO RIVER IN 1925-1926
. By W. D. Coruins and C. S. Howarp

SAMPLES

Most of the analyses given in this repert represent composites of
daily samples collected by the observers at United States Geological
Survey gaging stations on Colorado River at Grand Canyon and
Topock, Ariz. These stations are operated under the direction of
W. E. Dickinson, district engineer of the Geological Survey at
Tucson, Ariz., who personally collected some of the samples at other
points and arranged for the collection of others.

At Grand Canyon samples from August 18, 1925, to September 30,
1926, were taken by B. S. Barnes; from October 25, 1925, to Sep-
tember 3, 1926, by D. H. Barber; and from September 4 to
September 30, 1926, by Kenneth C. McCarter. At Topock samples
from August 14,1925, to July 13, 1926, .were taken by James E.
Klohr; from July 14 to July 27, 1926, by Kenneth C. McCarter;
and from July 28 to September 30, 1926, by James E. Klohr.
The samples for the single composite from Yuma were taken by
P. J. Prestén, superintendent of the irrigation project of the United
States Bureau of Reclamation at Yuma. Other samples were taken
by D. A. Dudley in connection with measurements of discharge at
points in the river system. - The points at which samples were taken
are shown in Figure 6.

All the shmples were collected in 4-ounce bottles, which were sent
to the laboratory in Washington for analysis. For the composites a
single bottle. was.filled each day, and the date and point of collection
were marked on the bottle. Every effort was made to take samples

that .would. truly represent the river water as to its content of dis- ..

solved mineral matter. Single samples for analysis consisted of °

four or eight bottles eollected at one time. The continuity of col-
lection, of samples and the completeness of the analyses make, the
mformatlon n t;hlS report more comprehenswe thsm that. given in
previous reports

‘1 Forbes, R.H, "The river irrigating waters of Arizona, their character and effects: Arizons Axt Exper.
Sta. Byll. 44, 1902 Stabler, Herman, Some stream waters of the western United States, with chapters
on sediment ‘cafried by the Rio Grande and the industrial application of water analyses: U. 8. Geol.”

Sutvey Water- SuppIy Paper274,1011, Scofield, C. 8., Salt cqpfent of,cplqmdo Rlver Eng. News Reomd. RS

vOL..97, Jp: 131-142, 192.; :
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34 CONTRIBUTIONS TO HYDROLOGY OF UNITED STATES, 1927
METHODS OF ANALYSIS

C. S. Howard made all the analyses by the methods regularly used
in the United States Geological Survey, which agree essentially with
those recommended in “Standard methods of water analysis”
published by the American Public Health Association.

The 4-ounce samples were allowed to stand in the laboratory till
the suspended matter settled, leaving the liquid above apparently
free from even traces of silt. Composite samples for 7-day periods
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were collected in flasks by drawing the clear liquid from the individual
bottles through a siphon, without disturbing the sediment.

A sample of 5 cubic centimeters was taken from each small bottle
for a chloride determination, but the results are not given in the table.
They served as a check on the result obtained in the examination of
the composite.

In the early part of the work the silt was washed from all the
bottles of a set into an evaporating dish, which was placed on the
steam bath. After the residue was dry it was heated in the oven at
180° C. for one or two hours. This heating made no significant change
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in the weight of the residue, and later the heating in the oven was
discontinued. For most of the samples the weight of the suspended
material in each bottle was found after drying on the steam bath.
Correction was made for the weight of the soluble salts in the original
water (usually 5 to 8 cubic centimeters) transferred from the bofitle
to the evaporating dish with the silt. The silt was washed from the
bottle into the dish with distilled water. The quantities of silt re-
ported in the table for composite samples are nearly all averages of the
determinations for the daily samples.

A sample of 500 cubic centimeters of the clear composite was evapo-
rated to dryness in platinum, and the residue was weighed after heating
12 or 18 hours at 180° C. Silica was determined, and the filtrate was
divided into two parts. Iron was precipitated from one part and
determined colorimetrically as thiocyanate, calcium was deter-
mined by titration of the oxalate with permanganate, and magnesium
was weighed as pyrophosphate. From the other part sulphate was
precipitated and weighed as barium sulphate, the mixed chlorides
were weighed, and for most of the samples potassium was determined
by weighing the platinum resulting from reduction of the potassium
platinic chloride. If potassium was not determined, the total weight
of mixed chlorides was calculated to sodium. Bicarbonate, chloride,
and nitrate were determined by standard methods. No carbonate
was found in any sample.

The percentage error of each analysis was calculated by dividing
the difference between the sums of the equivalents of the bases and
acids by the total sum. The calculations showed all the analyses to
be well within the limits that are found for careful analytical work.

The weight reported as “residue on evaporation” is consistently
higher than the sum of the determined constituents. This difference
is commonly found in the analysis of waters that carry comparatively
large quantities of calcium and sulphate.

COMPOSITION OF WATER OF COLORADO RIVER
AND TRIBUTARIES

The accompanying table gives all the individual analyses made for
this report and two averages for Colorado River at Grand Canyon,
which are shown with some of the analyses in Plate 6. The dates show
the number of daily samples in each composite. Samples were collected
each day at Grand Canyon and at Topock, but some samples were
lost in’ transit. A few that contained hydrogen sulphide when re-
ceived were rejected, because the hydrogen sulphide suggested
decomposition of sulphate and possible change in the bi¢arbonate.
The results for dissolved solids are sums of the constituents deter-
mined, with the bicarbonate divided by 2.03 to obtain the equivalent
carbonate. The total hardness is the calcium carbonate equivalent
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to the calcium and magnesium together. . The moncarbonate -hard-
ness is the total hardness minus the quantity of calciuh carbonate
equivalent to the bicarbonate. The mean discharge is that' for the
7-day period represented by each analysis for Grand Canyon and
Topock. The quantity of dissolved solids in tons per day is obtained
by multiplying the dissolved solids in parts per million by.the dis-
charge in second-feet and the factor 0.002697. In other publications
the quantity of dissolved material in the river has been calculated
from the results of determinations of the residue on evaporatien,
which is always greater than the anhydrous dissolved mineral matter.

Anaslysis 65 in the table, which is shown as diagram 7 of Plate 6,
is the average of the 51 analyses for Colorado River at Grand Canyon
from Qctober 9, 1925, to September 30, 1926. Analysis 65 and dia-
gram 7 represent accurately the composition of water that would be
contained in a vessel or reservoir that had received equal quantities
of water from the river each day of the period covered by the analyses.

Analysis 66 is a weighted average of analyses 14 to 64. The quan-
tities of the different constituents in each .analysis were multiplied
by the mean discharge for the period represented by the analysis.
The sum of the 51 products for each constituent was divided by the
sum of the discharges to obtain the weighted average given as
analysis 66. This analysis and diagram 8 represent approximately
the composition of water that would be found “in*‘a reservoir con-
taining all the water that had reached Granid Canyon during the
period considered, after thorough mixing in the reservoir. This
shows obviously better water than. that represéntéd by analysis 65
and diagram 7, because at times of high discharge the river carries
the least amount of dissolved solids. In analysis 65 and diagram 7
the waters represented by diagrams 5 and 6 have equal weight;
in analysis 66 and diagram 8 the water represented by diagram 6 has
over three times the weight of that represented by diagram 5, . Be-
cause the composite samples for analysis were made from equal
daily samples, the analyses themselves do not represent accurately
the water that would be found in a reservoir containing the whole
flow of the river for the period covered by an individual analysis.
The error due to this effect is not great, but its tendency is to make
analysis 66 and diagram 8 show more dissolved mineral matter than
would be found in the water of a reservoir storing the whole flow of
the river for a year.

The analyses for Topock show -the water to have about the same
content of dissolved mineral matter there as at Grand Canyon.
‘This is brought out in Figure 7, which shows the dissolved mineral
matter at Grand Canyon and Topock, with the discharge at Grand
Canyon. The discharge at Topock is so near that at Grand Canyon
that it is omitted to avoid confusion. The dissolyed mineral matter
shown in Figure 7 is not the residue on evaporation, but the sum of
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!
the determined comstituents with the bicarbonate calculated to
carbonate. L
Of the 137 analyses in the ta$le, 113 represent samples from Grand
Canyon and Topock. The samples from other points have only the
value of occasional samples and can not serve for calculation of the
quantities of material carried: by the river. Consideration of the
discharge at the time of collec(;ion in comparison with the discharge
throughout the year will give some basis for an opinion as to whether
a given analysis may represent average or extreme concentration of
dissolved mineral matter. ~

SUSPENDED MATTER

The figures given for suspemied matter are accurate for the samples
as received. The samples werp, however, taken without any special
precautions to make them represent accurately the silt being carried
by the river. It is possible, t?lerefore, that the use of these results
in computations may lead to lincorrect conclusions. Work on the
silt problem, which is still unddr way, may make it possible to use the
results published in this paper] either with or without corrections, as
a reliable basis for ca;lculatiom?.
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GROUND WATER IN THE ORDOVICIAN ROCKS NEAR
WOODSTOCK, VIRGINIA

By Georee M. HaLL

IN TRODUCTION

Woodstock the county seat of Shenandosh County, Va., is one of
the, many prosperous towns in the Valley of Virginia. It is situated
on the Southern Railway about 30 miles south-southwest of Win-
chester, at an altitude of 820 feet above sea level. The population
of the town is 1,580, a,ccording to the United States Census of 1920.
The position of the town is shown in Plate 7. The main highway in
the valley passes through Woodstock, and the tourist traffic is heavy
Many automobilists use this route to and from the South and in
local tours to the scenic attractions of the area. - Numerous pic-
turesque caverns occur in the limestone of the area and are visited
‘by thousands annually. The Valley of Virginia was a battle ground
‘throughout the Civil War and contains many famous spots where
*bhe‘ conflicting forces clashed.

The ‘surrounding region is a rich agricultural country devoted
largely to orchards and dairy farms, and it annually produces large
and valuablé crops "Most of the busmess for a radiusg of a dozen
miles or more is transacted in Woodstock, making the town pros-
perous. The town is essentially a residential and merchandising
commumty and not an industrial center. The creamery of the Cha-
pin-Sack Corporatmn‘ and a flour mill -are the only important
industrial plants in Woodstock.

The United States Geological Survey has received numerous in-
quiries concerning the occurrence of water in the Cambrian and Ordo-
vician limestones of the Valley of Virginia. Small supplies suffi-
cient for an ordinary farm are usually available at relatively shallow
sdepths, and a few wells yield large quantities, but in many places
supplies adequate for industrial or municipal purposes are difficult
o obtain. The question is frequently asked whether deep wells will
‘yield large supplies! Recently the Chapin-Sacks Corporation drilled
a well at Woodstock to a depth of 1,550 feet and encountered no
water below the 250-foot level. The mformatlon obtained from this
T

e,

. : ‘Now operated by Southarn Darries (Inc,). - "
. j 4:551 ! .‘
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deep well, together with other data collected during two brief
visits—one in July and the other in October, 1924—form the basis
for this brief contribution. This deep well afforded a valuable op-
portunity to study the possibility of obtaining water supplies from
considerable depths. The results of this study are applicable not
only to the immediate vicinity of Woodstock but in some degree
to other parts of the Valley of Virginia. Only a few analyses of
water from the Ordovician rocks in these valleys have heretofore
been published, and therefore six samples were taken and analyzed
in the laboratory of the Geological Survey. (See pp. 63-65.)

The writer acknowledges the kindness of Mr. J. B. Eckhardt,
formerly manager of the Chapin-Sacks Corporation, and of Mr.
Harvey Kessler, manager of the Woodstock Creamery, and is appre-
ciative of the valuable information supplied by Mr. William J.
Gochenour, driller of the deep well,

CLIMATE AND ITS EFFECT ON THE WATER TABLE

The climate of Woodstock is relatively mild, and usually 180 days
or more intervenes between the last killing frost in spring and the
first in autumn. The mean annual temperature is 53.4° F.; tem-
peratures of more than 100° or less than 0° are uncommon. The
mean annual precipitation during a period of 27 years, from 1897 to
1923, was 33.55 inches. There is considerable variation from year
to year in the amount of precipitation, as is shown in Figure 8.
The maximum during the period was 44.37 inches, in 1901, and the
minimum was 25.19 inches, in 1914. During the 10 years ending
1923 the average annual precipitation was lower than that of the
preceding decade. As shown in Figure 9, the summer months May
to August have an excess over the remainder of the year, and each
month of that period averages more than any one of the remaining
eight months. The three years 1921 to 1923 were relatively dry,
with an average precipitation of only 27.44 inches, or 6.11 inches
below the annual mean. As shown in Plate 8, during this period
only 9 of the 36 months had an excess of precipitation over the
monthly average for the period from 1897 to 1923, and 16 months
had a total precipitation of less than 2 inches. This unprecedented
period of drought resulted in a small discharge of the streams and in
a low level of the water table.

The deficiency in precipitation in these three years amounted to
more than 18 per cent of the annual mean, and many of the wells
and springs failed. During this period the 185-foot drilled well
in the Gravely orchard, west of Woodstock, in which the water
usually stands within 40 feet of the top, went dry, apparently indi-
cating a drop of as much as 140 feet in the water table. The water
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in the dug well on Spring Street, which now overflows and is reported
to have overflowed for a number of years prior to the dry summer
of 1923, dropped to a level 40 feet below the surface. This very con-
siderable drop in the level of the water table caused the failure of
many wells that had been considered permanent, and a serious water
shortage resulted in both town and country.

The first six months of 1924 were decidedly wetter than the three
preceding ‘years, and a precipitation of 26.01 inches was recorded
-for that period, compared with 27.44 inches for all of 1923. At the
beginning of the winter of 1923-24 the level of the water in the wells
rose. By the end of July, 1924, the water table was not only back
at its normal level but was slightly higher than normal. Numerous
small hillside springs that had been dry began to flow. According
to local observers these springs flow only in wet years. The Gravely
orchard well and the dug well in Spring Street completely recovered.

On the writer’s second visit to the region, October 10-12, 1924,
although the rainfall in July and August had been only 1.90 and 2.65
inches, respectively, the Spring Street well was still overflowing at
apparently the same rate as in July, and there was no reported short-
age of water, although the temporary springs mentioned above had
ceased to flow. Apparently the heavy rains of the first half of
1924 had raised the water table and had completely replenished the
ground-water supply, so that the deficient rainfall of July and
August had no serious effect.

STREAMS

The region is drained by the North Fork of Shenandoah River.
With the exception of this river and a few tributaries that rise in
the mountains to the west and flow across the valley the region is
almost without streams. In a few places, however, large springs form
branches that join the larger streams. Most of the run-off drains
into sink holes, which are very numerous, and thus a large part of
the precipitation becomes ground water. Most of the sink holes
are dry throughout the year or hold water for only a few hours after
a storm, but some always contain water, and these form the only
ponds in the region.

The North Fork of the Shenandoah ﬂows northeastward through
the valley in a series of deeply intrenched meandefs to meet the
South Fork at the north end of Massanutten Mountain. It is a fast-
flowing stream that is used to generate electric power. ‘The river
flows within a mile of Woodstock but is not visible from.the town.
To appreciate the full beauty of this stream one must see it from
Massanutten Mountain,
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A gaging station was maintained from 1899 to 1906 by the Unitec!
States Geological Survey on the North Fork of the Shenandoah at .
point near Riverton, about 25 miles below Woodstock. The maxi-
mum discharge recorded? at this station is 21,680 cubic feet &
second, in April, 1901, and the minimum 90 cubic feet a second, in
August, 1900, and October, 1904. Passage Creek and several other
tributaries enter the river between Woodstock and Riverton.

Analyses? were made of a series of samples of water taken from
the Shenandoah at Millville, W. Va., in 10-day periods extending
from September 12, 1906, to September 9, 1907. The average of
these analyses is given below:

Analysis of Shenandoah River water

[Mean of series of samples September 12, 1906, to September 9, 1907. Parts per million]

Turbidity. 31
Suspended matter. 39
Coefficient of fineness 1.64
Total iron .9
Silica 15
Iron .08
Calcium 32
Magnesium 8.2
Sodium and potassium 6.7
Carbonate radicle 1.3
Bicarbonate radicle 132
Sulphate radicle. 6.2
Nitrate radicle 2.6
Chloride radicle. 3
Total dissolved solids 140

Although Millville is more than 50 miles downstream from Wood-
stock and is below the junction of the North and South Forks, the
figures are doubtless representative of the North Fork, because both
forks of the river flow almost continuously over rocks like those
surrounding Woodstock.

SURFACE FEATURES

The Woodstock area is in the Appalachian Valley province. The
large expanse of valley which lies between the Blue Ridge and the
Appalachian Valley Ridges and which is commonly called the Valley
of Virginia extends in a general northeasterly direction from the
southern to the northern boundary of the State, a distance of more
than 300 miles, and ranges in width from 115 to 20 miles. At
Potomac River the floor of the valley is less than 500 feet above sea

1 Stevens, G. C., Surface water supply of Virginia: Virginia Geol. Survey Bull. 10, 1916.
2 Dole, R. B., Quality of surface waters in the United States, Part I: U. S, Geol. Survey
Water-Supply Paper 236, 1909,
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level, but in the southern part of the State it is much higher and
reaches in places 2,500 feet. From Harrisonburg to Strasburg, a
distance of 45 miles, the valley is divided lengthwise into two parts
by Massanutten Mountain. The town of Woodstock is situated in
the part that lies northwest of this mountain and is drained by the
North Fork of Shenandoah River. This part of the Valley of Vir-
ginia is called the Shenandoah Valley.

From the lookout tower on Massanutten Mountain, just east of
Woodstock, an excellent view of the physical features of the vicinity
can be obtained. The tower is easily accessible, as a fair automobile
road ascends the mountain and passes within 200 yards of it. From
this vantage point on clear days the Blue Ridge and North Mountains
are distinctly visible, and the observer can see for miles up and down
the valley. The tower not only affords a magnificent view of the
mountains and of the beautiful valley through which the North Fork
of the Shenandoah flows but is also an excellent place to get a general
idea of the physiography and the geology of the region.

In a general view the bounding mountains rise to a common level,
which represents an ancient erosion surface. In addition to this
upper surface of erosion several others can be discerned at succes-
sively lower altitudes. These were produced as the region was up-
lifted step by step and the streams cut deeper after each uplift. In
a recent report Stose * has applied the name Summit peneplain to the
highest erosion surface and the names Upland, Intermediate, and
Valley Floor.peneplains to the successively lower ones. He also
describes a former flood plain of the 