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LETTER OF TRANSMITTAL

September 17, 1928,
Dr., Henrv B. Kiimmel, Director,
Department of Conservation and Development,
Trenton, New Jersey.

DEar Sir:

I am transmitting herewith a report on Ground Water Supplies of
the Atlantic City region, prepared by Mr. David . Thompson,
Geologist, United States Geological Survey. The report is based upon
field investigations made during the period of about four years begin-
ning July 1, 1924, by the author working in cooperation with the
Division of Waters in studying the ground water rezources of the State.

This report ig the first of a serious which are being prepared on
gound water conditions in several areas throughout the State where
large supplies of water are being utilized for potable and public use.
The necessity for more accurate knowledge of our water resources,
in order to plan intelligently future water supply developments, amply
justifies these investigations.

T therefore recommend that this report dealing with the Allantic
('itv region be published as a Bulletin of the Department’s reports,
in order that the people of the State may have the benefil of the
information and ecenclusions which the author presents therein.

Respectfully submitted,

Howanrn T. Crrrciirow,
Chief, fHvision of Waters.
Approved for publication,
Hexey B. KUMMEL, Dirveclor.
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Well rig at Atlantic City High School.

NEW JERSEY GEOLOGICAL SURVEY



GROUND WATER SUPPLIES OF THE ATLANTIC CITY
REGION.

By Davm G, Tmosmrsox.

INTRODUCTION.

This report is one of several describing ground-water conditions,
especially with respect to the quantity of water available, in certain
localities in New Jersey where large quantities of ground water are
used. The investigations on which the reports have been based have
been earried on by the New Jersey Depariment of Conservation and
" Development in co-operation with the United States Geological Sur-
vey. The work was done by the writer in consultation with H. T.
Critchlow, Chief of the Division of Waters of the Department of Con-
servation and Development, and O. E. Meinzer, Geologist in' Charge
of the Division of Ground Water of the Geological Survey. He was
assisted at different fimes by Firnest W. Downs, junior engineer of the
Geological Survev, and Henry C. Barksdale, formerly of the Geo-
logical Survey and now assistant hydraulic engineer of the Depart-
ment of Conservation and Development. Numercus analyses of
water were made in the laboratory of the Geological Survey by C. 8.
‘Howard, and W. D. Colling, Chemist in Charge of the Division of
Quality of Water-of the Survey, has offered valuable suggestions.
Other members of the Geological Survey and Department of Con-
servation and Development have also rendered assistance in many
ways, The writer is especially indebted to the late Dr. M. W. Twit-
chell, Assistant State Geologist of New Jersey, for information in
regard to the stratigraphy of the region covered by the present report.

Many persens have assisted by giving freely of information of one
sort or another and to them the writer expresses his appreciation.
He is especially indebted to Commodore Louis Kuehnle, Commis-
sioner in Charge, Mr. Lincoln Van Gilder, Superintendent, and
Mr. Frank Trumbore, Chief Engineer of the Atlantic City Water
Department; to Harry Singley, Chief Engineer of the Ventnor
Water Works; James Bois, of the Margate Water Department; Mr.
Jacob E. Frye, Superintendent of the Longport Water Department;
Mr. Howard Banks, Superintendent of the Wildwood Water Co., and
officials and drillers of the Layne-New York Co., and the Artesian

(1)
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2 ATLANTIC CITY GROUND WATER SUPPLY.

Well Drilling Co. for assistance in making tests or collecting special
data, and to the owners or operators of wells in the region not specifi-
cally mentioned who furnished information in regard to their wells.
The area considered in the report includes the region along the
Atlantic coast from Brigantine to Corson’s Inlet and on the main-
land from Absecon to Somers Point. (See Fig. 1.) Some informa-
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F16. 1.—Map of the Atlantic City region showing location of surface water
and principal well supplies.

tion is also given in regard to conditions along the coast as far south
as Wildwood.
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The report contains the principal results of the investigation
through April 30, 1928, It is believed that the general conditions
affecting the oceurrence of ground water in the region are now well
understood, but some important details remain to be studied further.
The observations are being ‘continued, and it is hoped that later a
report may be prepared containing further data which may lead to
more definite conclusions as to the effect of future increases in pump-
age from wells in the region.

KEY TABLE FOR FIG. 1.

Numbers on inset map of Atlantie City refer to privately owned wells
ag follows:

1. Atlantic City Electric Co. 16. Brighton Hotel
(2 wells) 17. Tis A ;
2. Pennsylvania Railroad 1; El‘t}:]r{no;e I];Iotei{(i]we]ls)
3. Atlantic City Gas Co. « mnickerbocker Hote
4. Bupplee-Wills-Jones Dairy Co. 19. Chalfonte Hotel (2 wells)
. Abbott Dairy Co. 20. Haddon Hall (2 wells—1 not
6. Reading Railroad (abandoned) used)
7. Atlantie City Brewing and Iee Co. 91, Strand Hotel
8. Guarantee Trust Bldg. 22, Bluckstone Hotel (not used)
9. Atlantie City High School 98, 8t. Charles Hotel

10. Chelsea Hotel

D) - 12 1l ler
11. Ambassador Hotel 24, The Breakers Hotel (2 wellg)

12, Ritz-Carlton Hotel 2—' Galen Hall

13, Shelbourne Hotel 20. Royal Palace Hotel

14. Dennis Hotel . 27. American Ice Co.

15. Marlborough-Blenheim Hotel 28. President Hotel (not yet in use)
(2 wells) 29. Citizens Ice Co. (abandoned)
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SEMMARY OF REPORT. 3

SUMMARY OF REPORT.

The present water supply for the Atlantic City region is obtained
from three sources; namely, water from streams on the mainland,
shallow wells on the mainland, and deep wells on the beaches. The
water from the first two sources is used prineipally for part of the
public supply of Atlantic City and for mainland towns between Ab-
secon and Somers Point. The deep wells are used for public supplies
at Brigantine and from Ventnor southward to Wildwood, and for
private supplies for many hotels and industrial plants in Atlantie
City and Ocean City.

The estimated average daily consumption from all souvees iu the
entire region in 1927 was about 22 millien gallons a day. Of this about
30 per cent was from streams, 27 per cent from shallow wells on the
matnland, and 43 per cent from deep wells. In the 10 vears between
1917 and 1927 the consumption from public supplics increased about
7.4 million galtons or 82 per ecent above the consumption in 1917,
Data in regard to prmpage from private wells are not available for the
10-year period, but in three vears, from 1024 to 1927, the average
daily consumption increased about onme million gallons. 1t is esti-
mated that within the next 20 years the average daily consumption
from all sources may increase more than 20 million gallons.

The supply of surface water at present available is insuficient to
meet the expected increase in consumption. To provide for future
needs it will be necessary to go many mnles to streams not now used,
or to develop additional supplies from wells. For several reasons
wells offer the simplest methods of inereasing the supply. Tn many
regions where large quantities of ground water have been developed
the head on the water, as shown by the water level in wells, has
tdropped considerably and in some places the supply has heen preatly
overdrawn. In the Atiantic City region the problem is complicated
by the fact that many of the wells are situated very close to the ocean,
and as shown by experience in other regions along seacoasts there may
be danger that the water-bearing formations will become contami-
nated by salt water. In view of these facts it is advisable to consider
the extent to which additional ground-water supplies can be developed.
It is the purpose of this report to determine the probable effect of
considerable ivcreases in pumpage from the water-bearing formations
and the availability of these formations for future increases in supply.
It is not within the scope of the report, however, to consider the
relative merits of different sources of supply from the standpoeint of
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) ATLANTIC CITY GROUND WATER SUPPLY.

cost, and other iteras which properly should be considered in the final
choice of any one fype of supply.

'The principal method of study has been io determme the effects of
pumpage of given guantities of water upon the water levels in the
wells, and, on the basis of certain principles of hydraulics, to con-
sider the effect that would be produced by further increase in pump-
age. In doing this it bas heen necessary to determine the relative
effects of several factors, which if not correcily understood might lead
to a wrong interpretation of the data obiained. Records were ob-
tained during a period of nearly four years on the water levels in
several observation wells and on the pumpage frem ihe entire area
from day to dey and month to menth; also on the fluctuations of the
water levels in wells during a series of pumping tests of several hours,
The geological conditions were carefnlly studied and fests were made
on samples of sand obtained from wells during the process of drilling
to determine the permeability of the water-bearing formations. Con-
ditions in other Tegions aleng seacoasts were studied and compared
with those in the Atlantic City region to determine whether there i3
any danger that the water-bearing formations may become contami-
nated with salt water {rom the ocean.

In the Atlantic City region ground water of good guality is ob-
tained from two sources. The most productive water-bearing horizon
at present is the Atlantic City 800-foot sand, about 80 feet thick,
which along the beach from Brigantine to Ocean City is reached at a
depth of about Y60 feet and at increasing depths south of Ocean
City until at Wildwood it is about 900 feet below the surface. The
sand rises toward the northwest and on fthe mainland at the Atlantic
City Water Works it is reached at a depth of only 600 feet. The
other water-bearing formation congists of shallow sand beds which
yield potable water only on the mainland wheve they lie within about
950 feet of the surface. In 1927 an average of about 9.5 million
gallons a day was pumped from the 800-foot sand. 1t is the sole
gource of supply for all places along the coast between Brigantine
and Stone Harbor, except Atlantic City, and in that city an average
of more than five million gallons a day is drawn from privately-
owned wells at hotels and industrial plants. For these reasons the
most attention has been devoted to this sand.

The first wells were drilled to the 800-foot sand in 1893, At that
time the wells flowed naturally and the water was under sufficient
pressure to rise 20 or 25 feet above sen level. As the withdrawal of
water has continued the water level in the wells has gradually receded
antil in the summer of 1924 it was below sea level aver a large area,
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SUMMARY OF REPQORT. 7

about 50 feet below sea level in Atlantie City, and nearly 25 feet below
at Longport. By the summer of 1927 it had .dropped to 80 feet below
sea level in Atlantie City and more than 45 feet below sea level at
Longport. 1t is obviously important to determine whether these facts
indicate that the supply is being overdrawn or whether they repre-
sent normal drawdown and indicate that additional sapplies can
safely be developed.

1t was found thai along the beaches the water level in wells which
indicates the head of the water in the 800-foot sand fluctuates con-
tinually in accord with the tide, the amount of fuctuation rauging
from a few inches to about four feet. Furthermore, in Atlantic Clt‘\

» there is a daily fluctuation in head of from about one fo ten feet due to
differences in pumping, and at points close to wells that are pumped
it may be even more. Because of the considerable fluctuation in the
water level in any oue day it is impossible to defermine the nature of
seasonal and annual fluctuations merely by occasional single measure-
ments.  Rather it is necessary to have as nearly a continuous record
as possible to show the highest and lowest points reached during the
year.

The seasonal fluctnations of the head ou the water in the 800-fool
sand in three widely separated localities, generalized to omit daily
fiuctuations, are shown in Fig. 14. (See page 60.) The head in the
three localities shows a typieal seasonal fluctuation, and there is other
evidence that throughout the regien the head fluctuates in much the
same way, It is high in winter and as summer approaches it drops
until a low point generally is reached during the latter part of August
or early part of September. Thereatter the head rises until the highest
point is reached, usually between December and March. A significant
feature is that during the period of investigation, from 1924 to 1927,
inclusive, the head has dropped lower each summer than in the Dre-
ceding summer, and has not risen as high in the winter as in the
previous winter.

To find the cause of the fluctuations of head, comparison was made
with the average daily pumpage by months from the 800-foot sand in
different parts of the Atlantic City region and in the region as a whole,
and with the accumulated departure from normal precipitation in the
southern interior section of New Jersey since 1924. A very close
relation was found to exist between the changes in pumpage and the
thanges in head. The marked decrease in head in spring and summer
coincides with a considerable increase in pumpege, the increase in
head with a great decrease in pumpage. TFurthermore, in accord
with the progressive dcrease in head from year to year there has

NEW JERSEY GEOLOGICAL SURVEY




8 ATLANTIC CITY GROUND WATER SUPPLY.

been a corresponding increase in pumpage. The evidence strongly
supports the conclusion that the head on the water in the 800-foot
sand fluctuates primarily in response to changes in the pumpage,

The fact that the head rises in winter as the pumpage decreases
is believed to indicate that the limit of development of the S00-foot
gand has not vet been reached. To determine the effects of future
increases in pumpage there has been computed the ratio between the
depth to water, or Ioss in head, below the original static level in wells
in Atlantic City and Longport, and the rate of pumping in cerfain
parts of the region for each month from 1924 to 1927, inclusive. As-
suming that future increases in pumpage are distributed as they have
been in the period of observation, an increase of 10 million gallons in
ihe average daily pumpage from the 800-foot sand over that of 1927
may be expected to lower the non-pumping level in wells in Atlantic
City to a depth of about 200 feet below the surface; and for the same
increase the water level in the Longport observation well may drop to a
point abont 100 feet below the surface. The loss in head may be greater
if the increase in pumpage is largely from wells nearer the localities
mentioned, and it may be less if it is ai points farther away than the
centers of increase during the period of observation. Obviously, it
will be inadvisable to undertske to develop the entire future supply
of the region from the 800-foot sand.

In some localities along seacoasts the water-bearing formations
have heen contaminated by salt water as the head has been lowered
by pumping. In Atlantic City several wells have become salty, but it
has heen definitely proved that the salt water has entered the wells
through holes in the casings where they pass through overlying beds
that are contaminated. Contamination of the 800-foot sand thus far
has been prevented by the presence of about 300 feet of nearly im-
pervious clay. Tlowever, there is good reason to believe that the sand
outcrops beneath the ocean and there is opportunity for salt water
to be drawn in, especially in view of the fact that the head of the
water in the bed is many feet below sea level. The relation between
the original head of water in the formation and the level of the ocean,
which has a greater density, indicates that if a state of equilibrium
existed before pumping began, salt water was present in the forma-
tion where it lics at a depth of 1,000 feet or less, probably only a few
miles offshore opposite Aflantic City. The sand lies at a depth of
about 900 feet at Wildwood, and if the conjecture just sfated is -
correct the chloride content of the water there should be higher than
at Aflantic City. There is an actual increase in chloride southward
alang the coast from about 10 parts per million at Atlantic City to
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SUMMARY OF REPORT. )

between 200 and 300 parts per million at Wildwood. 1t is believed,
therefore, that there is danger of contamination of the sand at At-
lantic City although the salt water may still be so far out that it will
not reach the city for many years.

In view of the great depth to which the water would be lowered
by a considerable increase in pumpage from the 800-foot sand and the
possible danger of eontamination of the formation, it is concluded
that no great additional development of the sand should be made and
that other sources should be used so far as possible.

Reliable data in regard to the water-bearing capacity of the shallow
horizons of the mainiand were obtained only in the well field of the
Atlantic City Water Works in Pleasantville. In that vicinity the
materials to a depth of 250 feet are principally sand, but clay is
present from about 15 to 30 feet and 100 to 120 feet below the sur-
face. Logs of wells in other localities do not show the same sequence
of formations as at the water works,

In the well fleld of the Atlantic City Water Works the water is ob-
tained from 32 wells of which about half are 100 feet deep and the other
half about 200 feet deep. The aggregate yield of these weils, when
pumped by suction, is about six million gallons a day, of which prob-
ably more than half comes from the 100-foot wells. Field tests show
that the sands that supply the 100 and 200-fool wells have a much
higher water-bearing capacity than the 800-foot sand, as shown by the
following facts. The maximum loss of head below the original static
level when about three million gallons a day is being pumped from
each of the two shallow horizons is only about 30 feet as compared to a
loss of head of 75 {o 100 feet in the 800-foot.sand in Atlantic City for
a pumpage of 3.5 to 5.0 million gallons a day. The area of influence
of the shallow wells when pumped at the rate indicated is apparently
not much more than a mile in diameter, whereas in the 800-foot sand
the depression of head when pumping at only a slighly higher rate
extends for at least eight miles in all directions from Atlantic City.
The head on the water in the shallow horizons responds quickly to
changes in pumpage; when the wells are shut off the head rises to
the original static level within a few hours, and when they are
pumped a constant pumping level is reached in a short fime. In
contrast to this the head on the water in the 800-foot sand
responds very slowly and a state of equilibrium may not he reached
for many days. :

So little is known of conditions on the mainland, except at the At-
lantic City Water Works, that it is impossible to predict how much
water can he obtained from the shallow horizons. If conditions

NEW JERSEY GEOLOGICAL SURVEY




10 ATLANTIC CITY GROUND WATER SUPPLY.

throughout the region are as favorable as at the water works at least
three times as much wafer as is now developed may he obtained
without causing permanent overdratt. This addifional quantity can-
not safely be obtained in the present well field, for to de so would
produce a considerable lowering of head and might result in the
contamination of the sands by salt water. The danger of contami-
nation of the shallow horizons by salt water iz even miore imminent
than in the case of the 800-foot sand, for the sands are not overlain °
by any widespread protective bed of clay, and there is reason to be-
lieve that salt water may occur only a mile or two from the water
works. For this reason the new wells should be scattered over a large
area and should be situated as far as practicable from any body of
salt water. Tt is believed that a favorable location for the drilling
of additional wells ig around the borders of Absecon Pond, from
which Atlantic City now obtains part of its supply. Conditions in
this locality may be favorable for the percolation of water from the
pond into the water-bearing sands. If go, a large supply would be
assured and some of the flow of the stream that now goes to waste
could be recovered. HHowever, in view of the lack of reliable data
in regard’ to conditions cutside of the present water works well field,
no large development shonld be undertaken without exploratory
drilling and extensive pumping tests.

In view of the expected large increase in consumption of water in
the future, and the fact that the problem of providing for this in-
crease may be of great importance to many communities in a large
area, observations on pumpage and water levels should be continued.

NEW JERSEY GEOLOGICAL SURVEY



N. J. Dept. of Conservation and Development
Bulletin No. 30 PLATE 1.

Absecon Pond, sowrce of part of public acater supply for Atlantic City.

N. J. Dept, of Congervation and Development
Julletin No. 30 PLATE 1I.

.

Weir and gaging station below Absecon dam, maintained by New Jevsey Department
of Conservation and Development and U, 8. Geological Survey to
measure flow of Absecon Creek.
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PRESENT WATER SUPPLIES OF THE REGION. 11

PRESENT WATER SUPPLIES OF THE REGION,

It is not within the scope of this report to make a detailed study of
the water supply situation of the Atlantic City vegiou, but certain
features of the existing supplies may be mentioned briefly.

Atlantic Cily—The present public supply for Atlantic City js
obtained from two sources—wells at the Absecon pumping station on
the mainland! and Absecon Creek. The relative amounts of surface
and ground water used are given on page 18.

The water of Absccon Creek is stored by a dam situated about a
mile west of Absecon. The capacity of the reservoir is aboat 300
miltion gallons, but the reservoir cannot be entirely emptied, and the
usable capacity is only about 250 million gallons. Since December,
1923, measurements have been made of the flow of Absecon Creek.
The average daily flow for the months of maximum and of minimum
discharge, and for the entive year for the vears 1924 to 1927, in-
clusive, is given in the accompanying table.

AVERAGE DAILY FLOW OF ABSECON CREEK ABOVE ABSECON
DAM IN MILLION GALLOXNS.a

Month of Monthof =~ Average
YEAR minimum maximunt for
flow ﬂO“' Year
024 13.9 32.4 25.6
1925 .. 9.7 7.1 15.2
026G ... 12.0 i7.0 17.1
0927 11.9 21.2 18.7

From the figures given it is evident that the summer discharge of
Absecon Creek at present is no more than sufficient to meet the
demand, and in dry years draft must be made oun the storage. In
order to meet the increase in the comsumption in the near future
either greater storage must be provided or a large supply must be de-
veloped from some other source.

The water from Absecon Creek Reservoir is carried about two miles
by a 42-inch wood stave conduit fo a small basin at the pumping sta-
tion. This main is old and is soon to be replaced by a new one. The
difference in elevation between the pond and the basin is so small that
the rate of flow is limited by the low head. For a few hours on days

1The Atlantic City pumping station, although located in the northern part
of Pleasantville, iz commonly ealled the Absecon station, and that name will he

used in this report.
aCorrected for changes in stovage from month to month.

7
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12 ATLANTIC C1TY GROUND WATER SUPPLY.

of high consumption the pumpage is actually in excess of the flow
from the pond. During these periods a shortage is prevented only by
draft on the small storage hasin maintained at the pumping station.

The ground-water supply is obtained from 32 wells 100 to 200 feet
deep. The well fleld is described in more detail on pages 121 and 123.
The total vield of the well field is approximately 736 million gallons
a day. : -

Tf the dry-period vield of Absecon Creek be reckoned at 10 million
gallong a day, the total minimum yield of all systems is a little more
r,han 17 million gallons a day. 'The Department of Conservation and
Development has granted the right to divert a total of 20 million
gallons a day of ground water and the construction of mew wells
needed to obtain this amount was begun in the spring of 1928. When
ihis development is completed the total available supply will be about
30 million gallons a day.

Mainland towns—The water supply for the several mainland com-
munities Iying between Absecon and Somers Point, and including
Pleasantville, is furnished by the Atlantic County Water Co. This sup-
ply is obtained in part from a small stream that is dammed at Bar-
gaintown, about three miles southwest of Pleasantville, where a2 pump-
ing plant is located. The capacity of the reservoir is estimated fo be
40 million gallons. Water is also obtained from a well nearer the
center of Somers Point, which is 118 feet deep, 16 inches in diameter
from the top to 80 feet, and 12 inches from 80 to 98 feet. The lower
27 feet is equipped with concrete well screen 1114 inches in outside
diameter. It is equipped with a turbine pump which pumps directly
into the main and which is controlled automatically so that a certain
pressure is maintained. The company also bas a well at the Bar-
gaintown pumping station which is 120 feet deep and six inches in
diameter. Iis yield is smal} and it is used only an hour or two a day.

Ventnor—The Ventnor water supply is obtained from six deep
wells located at the city water works at Cornwall and Winchester
Avenues. The wells are approximately 860 feet deep and range in
diameter from 6 to 12 inches at the top with 414 to 8-inch screens.
Five of the wells are situated in an area of about three acres and the
sixth is severa) hundred feet distant. The wells are pumped by air
lift and discharge by gravity into a covered concrete Teservoir that
has a eapacity of 574,000 gallens. The system has no standpipe and
pressure s maintained by pumping directly into the mains. The peak
consumption during certain hours of the day in the summer is con-
siderably in excess of the pumpage from the wells, and storage must
be drawn upon. -

NEW JERSEY GEOLOGICAL SURVEY
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PRESENT WATER SUPPLIES OF THE REGION. 13

Margate City—The wafer supply for Margate City is obtained
prineipally from two wells. The wells range in depth from 800 io
812 feet, and are equipped with eight-inch screens. They are equipped
with deep-well turbine pumps. Their combined yield is about 1,000
gallons a minute. The pumps are so connected that they can pump
directly into the distribution system. Generally, however, the wafer
is discharged into & concrete reservoir in order to provide aeration fo
remove hydrogen sulphide that is in the wafer. Two old wells,
pureped by air Lift, were in use until 1926, but their yield is so small
that they have practically been abandoned! If the wells were cleaned
out doubtless they would yield more. The councrete reservoir has a
capacity of about 125,000 gailons, and a standpipe has a eapacity of
§3,000 gallons.

Longport—The water supply for Longport is obtained from a
single well in the northern part of the city, This well 15 six inches in
diameter, 835 feet deep, and is pumped by aic lift. Its yield is about
400 gallons & minute. This quantity is considerably in excess ot the
present maximum consumpfion. The well discharges into a concrete
“reservoir having a capacity of 60,000 galions, from which it is puvmped
inte a standpipe having a capucity of 190,000 gallons. The con-
sumption in Longport is not increasing rapidly, and unless the rate
of growth of the city increases the well now in use will doubtless be
sufficient for several years. When more water is needed it is possible
that an old well in the southern part of the city can be cleaned out
at relatively slight expense and a good yield obtained with air lift.

Ocean City.—The public water supply for Ocean City is obtained
from seven wells, the property of the Ocean City Water Service Co.
This company supplies the entire heach extending from the main part
of Ocean City at Egg Harbor Inlet southwestward to Corson’s Inlet,
a distance of more than six miles. The wells range in depth from 825
feet to 840 feet, and in diameter from six to eight inches. One of the
wells is at Third and West Avenue, in the northern part of the city;

four wells are distributed at distances of a few hundred feet around |

the main pumping station at Ninth and Haven Streets; one well js
at Thirty-fifth Street about half way down the beach, and the sixth
well iz at Fifty-fifth Street near the southern end of the island. The
wells at the main pumping station are pumped by air lift into two
nearby reservoirs. The other three are equipped with turbine pumps
with automafic controls which discharge directly into the mains.
The distribution of the wells makes it possible {o maintain proper

pressure in all parts of the city without great loss of head in the mains

such as would resulf if the water had to move from a distant pumping
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14 ATLANTIC CITY GROUND WATER SUPPLY.

station. The capacity of the receiving reservoirs af the main pump-
ing plant is 624,000 gallons, Two standpipes at the plant have a
capacity of 657,000 gallons.

Brigantine Beach.—A new water-supply system was put into service
on Brigantine Beach in April, 1925, The water is obtained from a
well 708 feet deep, which is equipped with a turbine pump that dis-
charges directly into the distributing main. ,

Other municipalitics—~The water supply for the mumnicipalities of
Corson’s Inlet, Sea Isle City, Avalon and Stone Harbor 3s obtained
from deep wells in each of the places named. These wells all go to the
800-foot water sand which is used for the public supplies in the beach
cities from Brigantine te Ocean City. The city of Wildwood obtains
most of its supply from shallow wells on the mainland, but in summer
it gets some water from a well on the beach to the deep horizon just
mentioned and from three other wells on the beach that are about 325
feet deep.

Most of the towns aud cities on the beaches and nearby mainland
north of Brigantine as far as Asbury Park obtain their water supply
from wells. The formations utilized, however, are mostly, if neot all,
different from the shallow horizons used in Pleasantville or the deep
horizon used in Atlantic City and the cifies south therecf. The
present study accordingiy has not been extended north of Brigantine.

Private wells.—In addition to the public supplies a large quantity
of water is obtained in the Atlantic City region from about 35 private
wells that are wmostly from %60 to 840 feet deep. The wells range in
diameter from 6 o 16 inches at the top with sereens 414 to & inches
in diameter. The majorify of the wells are pumped by air 1ift, but
several are pumped by deep well turbine pumps and two by deep well
reciprocating pumps. The location of these wells is showu on Fig. 1.
In addition o the deep wells a few shallow wells, less than 150 feet
deep, are used in the city. Since these wells yield only brackish water,
they have been neglected in the present investigation. Several wells,
mostly not more than 150 to 200 feet deep, are used on the maimland
at induostrial plants in Pleasantville, the Atlantic County Hospital for
Mental Diseases, the County Tuberculosis Hospital and the shore
golf clubs. The total consumption from these shallow wells probably
iz only a few hundred thousand gallons a day.

NEW JERSEY GEOLOGICAL SURVEY
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QUALITY OF PRESENT SUPPLIES.

The mineral quality of the different types of waters used for public
supply in the Atlantie City region are shown by the accompanying
analyses. Sample 1 is representative of the surface water that is used
for the Atlantic City supply. The surface water furnished by the At-
lantic County Water Co. is probably of somewhat similar composition.
"The surface water doubtiess varies slightly in rainy and dry weather.
Samples 2 and 3 are {ypical of the wells of two different depths at the
Atlantic City pumping station at Absecon. The water from other
wells on the mainland not over 200 feet deep is probably somewhat
similar in quality.

ANALYSES OF SURFACE AND GROUND WATERS IN THE
ATLANTIC CITY REGION.

{Analyzed by C. 8. Howard, U. 8. Geologieal Survey. Parts per million.)

1 2 3 4 5
Siliea (S:0:) ... L. 2.0 8.7 12 26 29
Iron (Fe) ........ ........ ......... 05 R .36 11 .38a
Caleinvm (Ca) ... ... ... ....... . i.6 3.0 3.3 12 11
Magnesium (Mg) ..... ... .. ..., i 2.1 1.0 ° 2.0 2.0
Sodinm and potassium (Na + K} .... 4.5 10 6.3 28 26
Bicarbonate radicle {HCOs) ... . ... 1.2 7.3 4.9 83 85
Sulphate radicle (8O0} ... ... ... .. 1.3 7.9 10 15 12
Chloride radicte (CIY .. ... ...... ... . 0.0 15 9.0 11 8.0
Nitrate radicle (NOs) ... ... .. Trace 7.3 Trace Trace race
Total dissolved solids at 180° C. ... .. 24 57 5l 134 129
Total hardness as CaCos (calculated) .. 6.9 18 12 38 36

1. Absecon pond, surface water supply for Atlantie City, collected April 17,
1924,

. Mixed water from three 100-foot wells, Atlantic City pumping station,
collected April 4, 1024,

3. Water from 200-foot well, Atlantic City pumping station, colleeted April

4

[ ]

23, 1H24.

. Water irom 8i0-foot well at Chalfente Hotsl, Atlantic City, collected
February 21, 1924, .

. Water from four wells approximately 340 feet deep at Ocean City Water
Co, pumping station, collected July 9, 1924,

[ |

Samples 4 and 5 are typical of the 800-foot sand that is used for
the public supplies for Ventnor, Margate, Longport and Ocean City
and by private wells in Atlantic City and Ocean City. The maximum
difference for any one constituent in the two samples here given is
only three parts per million, and the difference in total solids is only
five parts. Analyses of samples from other deep wells along the beach
show that the wafer from the 800-foot sand is quite constant as s

alncludes 0.32 p.p.n. in sediment that had settled in sample bottle.
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whole. A sample from the new well to the same horizon at the At-
lantic City Water Works on the mainiand contained only 101 parts
per million of tetal solids and samples from Egg Harbor City and
Hammonton indicate that the total solids in the water from this for-
mation is slightly less at points farther inland. Locally, in wells
along the beach the mineral content of water from the deep horizon
has increased for short periods when salt water has entered corroded
or broken well casings, but afier the trouble has been remedied the
content has decreased to the normal. (See pages 98 and 105.) The
water from the shallower beds along the beach wp te the depths of
200 or 300 feef, s brackish and unfit for domestie use.

As Jong as ordinary care is exercised to protect the wefls from pol-
lution the supplies from both the shallow and deep wells is safe and
satisfactory from the sanitary standpoint. The water from Absecon
Pond, and from the Bargaintown reservoir of the Atlantic County
Water Co., is subject to contamination, but is chlorinated before it is
pumped into the distribution main.

Although the surface water from Absecon Pond as served is entirely
safe for domestic use, it iy generally more or less colored and at ecer-
tain times of the year has a disagreeable ordor and is turbid. The
color is that common to waters that flow from swamps in southern
New Jersey. The odor results from aquatic grewths that develop
in the pond and which it has not been possible to eradicate. The
water frequently becomes turbid when storms wash sand and elay into
the pond. These conditions at times make the water unsatisfactory
for domestic use. The surface water is improved slightly by dilution
with water from the wells at the pumping station. The superior
quality of the water from the 800-foot sand in Atlantic City, so far
as taste and appearances are concerned, has been responsible to a large
extent for the well developments by the hotels. The disagreeable
features of the surface water doubiless could be removed largely by
proper filtration.

For boiler and laundry use there is little preference hetween the
surface water and the well water. The surface water is softer than
any of the well waters, but its desirability for washing is lessened
somewhat by the disagreeable features mentioned. Although the deep
well water is not very hard, some of the hotels use artificial softeners.
It is said that the water from the 800-foot wells scales boilers, but
that the scale may soften and partly be removed by subsequent use of
the Atlantic City public supply. By a judicious alternation of water
from the two sources the hoilers may be kept in good condition. The
city supply used alone tends to corrode boilers. \

NEW JERSEY GEOLOGICAL SURVEY
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CONSUMPTION.

The average daily comsumption from the various public supplies
in the Atlantic City region for the years 1917 to 1927 is given in the
accompanying table (see page 18) compiled from quarterly consump-
tion reports that are filed with the Department of Conservation and
Development. This does not include consumption in the region be-
tween Corson’s Inlet and Wildwood. Statistics for previous years are
not available,

The table shows some irregular variation in the consumption from
year to year, but during the 11-vear period from 1917 to 1927, inclu-
sive, there was an increase in consumption from every system. In
the 11 years the consumption from public supplies in the entire region
increased about 7.4 million gallons and was about 82 per cent above
the total consumption in 19i%. The consumption in 1927 was ac-
tually less than i 1928, because of a decrease in Atlantic City. From
1917 to 1926 the increase was eight million gallons a day, or nearly
90 per cent of the consumption in 191%. The average rate of increase
has been a little more than 0.5 million gallons a vear.

Of the total increase more than 5.5 million gallons has been in
the consumption from the Atlantic City public supply, with only
about 1.8 million distributed among the other public supplies.
The biggest increase in Atlantic City cccurred in 1925, when it was
1.6 million gallons above the consumption of the previous vear, The
greatest percentage of increase between 1917 and 1927 was in Vent-
nor and Margate. In Ventnor {he consumption in 1927 was 2.8 times
that in 1917, and in Margate City it was 6.3 times that in 191%. The
figures reflect the large number of new homes thai have been built
in these places. The irregularties in consumption, with actual de-
crease in some years instead of a progressive increase, may be aseribed
to several causes such as variations in weather conditions or in busi-
ness eonditions which promote or retard home building, and the iu-
stallation of meters. The low consumption in Longport in 1923
apparently was due to inadequate supply.

In addition fo the wafer consumed from public supplies a large
quantity is used from private wells. Dafa upon which to base an
estimate of the consumption from privete wells are unsatisfactory.
Until 1924 practically none of the well owners kept any records of
pumpage. Since that time, at the request of the writer, many have
furnished data based largely on the estimated or tesied yield of ihe
well at the time of completion and an estimate of the number of

2
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CONSUMPTION. 19

hours pumped daily. In some instances the yield was fested many
vears ago, and theve is reason to believe that it i3 now much less, but
accurate data are not available. Tor some wells the yield was not
known aud could not be measured. The writer has endeavared to de-
termine the consumption from ihe deep wells for the years 1924 to
1927, inclusive, by a careful study of all the information at hand.
The results are summarized in the table that follows (esee page 21),
which shows the consumption of wafer in the entire region according
to source. The data are shown graphically, by vears, in Fig. 2. (See
also Fig. 14.) 'The table shows the average daily consumption .for
the month of February, the mouth of August, and the enfire vear.
August 1s usually the month of maximum consemption, and the con-
sumption i February generally is abont as low as ai any other time
daring the year, but in different vears the conditions may differ
slightly.

This table shows a very congiderable difference between the winter
and summer consumption, due, of course, to the fact that the popu-
lation of fhe resorts is very large in summer and dwindles in winter.
The average daily consumption in the region from all sources in
August, 1927, was about 28.5 millon gallons. This was nearly 10
million galloms daily more than in February of the same yvear, and the
Increase was 50 per cent over the February consumption.

T 1924 the average daily consumption throughout the year was
rather equally distributed among the three types of sources, 38 per cent
being surface water, 28 per cent from shallow wells and 34 per-cent
from deep wells. Since 1924 the consumption from deep wells has
increased mare than three million gallons, and in 1927 43 per cent
of the total was obtained from such wells, as corapared fo only 27 per
cent from shallow wells, and 30 per cent from streams. The relative
proportions of averrge dadly consumption just stated are pot main-
tained in the summer months, for while the consumption from sur-
face water and deep wells increases roughly proportionately, there
is no great increase in the consumption from shallow wells. This
18 beeause the Atlantic City Water Works wells are pumped practi-
cally to capacity all the time, in winter and in summer. The increase
in consumption in summer from privately owned deep wells in At-
lantic City is relatively not as great as from the public supplies, and
trom deep wells at the other resorts along the beach (see Fig. 13).
This is because the hotels that have their own wells attract a large
percentage of the winter visitors, and their consumption does not
decrease greatly in winter.
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Unfortunately, no information is available to show the consump-
tion from private wells prior to 1924 so that a comparison of the con-
sumption from al} sources over a period of years cannot be made.
The increase in average daily consumption from all sources between
1924 and 1927 was a little more than seven million gallons. The
greatest increase in draft frem any one source was from the deep
wells drawing on the 800-foot sand. This was due to an increase
of about one million gallons from private wells in Atlantie City, fo a
pumpage of a little more than one million gallons a day from the new
well at the Affantic City Water works, and to an increase of a little
less than a million gallons from public supplies on the beaches.

Tn addition to the consumption in the area between Brigantine and
Ocean City, the average yearly consumption from the 800-foot horizon
at places along the coast southwest of QOcean City (which is not shown
in the table on page 21) is about 400,000 gallons a day, and in summer
it is nearly one million gallons a day. The total maximum dratt on
the formation between Brigantine Beach and Wildwood in the summer
of 192% was more than 13 million gallons a day.

FUTURE TNCREASE IN CONSUMPTION,

An important question in planning the development of a water
supply for any community is the probable rate at which the con-
sumption will increase. The present investigation does not property
include a detailed study of this question, but certain general phases
of it may be considered.

During the 11 years following 1917 the average daily consumption
from public supplies in the region beiween Brigantine ancd Ocean
City increased about 7.5 million gallons, or a gain of about 82 per
cent over the consumption in 1917, If the consumption of the region
were to increase in the geometric ratio of 82 per cent every 10 years,
in 1938 it would be nearly 30 million gallons daily, in 1948 about 54
million gallons daily, and in 1958 nearly 100 million gallons daily.
But if only a uniform increase of 7.5 million gallons in 10 vears were
. maintained, in 1938 it would be only about 24 million gallons, in
1948 about 32 millien gallons, and in 1958 about 39 million
gallons. It is not likely that the higher rate of increase will continue.
The true figures will doubiless be hetween the two estimates, and
nearer the lower than the higher. This does not include consump-
tion from privately owned wells which will also undoubtedly increase.
If thie increased ai the rate of one million gallons in three years, as
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occurred hetween 1924 and 1927, the average daily consumption
from private wells 20 years hence would be about 12 million gatlons,
The grand total from all sonrces in 1948, actording to the minimum
of the above estimates, would be about 44 million gallons daily. I
should be noted that this is the average daily consumption for the
year. The consumption in the summer months, aecording to present
ratios, would probably be between 55 and 60 million gallons daily.

In attempting to answer the question as to what will be the fufure
consumption one is naturally faced with other questions as to the
trend of the future growth of Atlantic City and its neighbors, Tha
nature of real estafe development in the last few years suggest that
the population of the region, and, therefore, the water consmnption
may increase very rapidly, but there are factors that may tend to
prevent such a rapid increase. The most suggestive information so
fur available is the data on annual consumption from the Atlantic
City public supply. The aversge daily consumption in 1900 was
about three million gallons. It gradually rose with certain irregu-
larities to nearly 10 million in 1913, but therveafier dropped each year
until 1916, when it was only 7.3 million. This derease was in part
due termetering and probably in part o stoppage of waste from leaks
in the distribution system. Since 1916 the consumption has rises
again, as shown in the table on page 18, Tn a “Report on increased
water supply for Atlantic City, New Jersev, covering a period of
twenty-five years, 1918-1935,” by Lincoln Van Gilder and T, Chalk-
tey Hation, submitted to the City Conncil December 11, 1909, it was
estimated on the basis of past consumption that the average daily
consumption for 1918 would be 17.177 miltion gallons, and in the
month of maximum consumption it would be 25.686 miilion gallons.
Actually the consumption in 1918 fell far below these estimates, and it
was still much below them in 1927, nine vears later. The estimates for
1335 were 32.078 million gallong daily for the entire vear and 53.090
daily in the month of greatest consumption. To reach this point it
will be necessary for the consumption of the city io be practically
doubled in the eight years following 1927, and this seems very -
Likely,

The average yearly increase in the average daily consumption of At-
lantic City from 1900 to 1927 has been only about 370,000 gallons. In
some years it has been considerably greater as between 1924 and 1925,
but these great increases have generally been offset by smaller increases
in later years. These figures tell only part of the story, for they do
not include data for the npeighboring cities, where some of the greatest
recent development has occurred, nor for the pumpage from private
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wells in the city. The records in regard te consumption {rom these
sources cover too short a period to be of much value m congidering the
future trend of water consumption. However, it is fo be expected
that there will be & wore or less steady, but, perhaps, not very large
increase in water consumption each year due to several factors such
as eloser building up of some parts of the resorts, an increase in the
number of hotels, an increase in industries that are necessary to the
business of the resoris, and a possible natural increase in per capita
consemption. The newer communities doubtless will experience
periods of rapid increage in consumption as they are taken up and
developed in building booms after which the yearly mcrease will not
be so great, The problem is one that deserves study by those con-
cerned with the future development of water sapplies for the shore
cities,

POSSIBLE SOURCES OF FUTURE SUPPLY.

The sonrces that are available for increased supplies in Atlantic
City, like the present sources, may be grouped into three elasses—
streams, wells on the mainland not over 250 or 300 feét deep, and
deep wells reaching about 700 feet on the mainland and 850 feet on the
beaches.

As stated on page 11, the yield of Absecon Creek during recent dry
summers has been barely sufficient fo meet the needs of the Atlantic
City public supply. In the month of lowest flow in 1324 there was an
excess of more than four million gallons a day. This is none oo large
a margin. However, during the other months of the year the excess
was considerably greater, ranging from 8 to 20 million gallons a day.
By enlarging the storage the quantity available in the period of low
flow could be imereased somewhat, Preliminary investigations by
the Atlantie City Water Department show that such enlargement of
the storage is feasible,

No data are available as to the possibility of obtaining any large
additional supply from other streams near Atlantic City, including
the one now used by the Atlantic County Water Co. Probably the addi-
tional quantity that could be developed would not be great encugh to
warrant any large expenditures. An investipation for the city by
Vessrs. Van Gilder and Hatton for Atlantic City shows that & large
¢uantity of surface water, enough for many years, can be obtained
at a greater distance from the city, from either Great Egg Harbor
River and its branches or from Mullica River and ifs branches above

Batsto.
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The relative merits of these several sources of surface water will not
he discussed here. Any project for the development of surface water
supplies  would require the construction of long pipe lines. The
qualtfy of the water would undoubtedly be very good and safe from
the sanitary standpoint. Nevertheless, a filiration system would
probably be required to remove the suspended sediment and the color.

The remaining possible sources are wells to deep horizons on the
beaches and to either. deep or shallow horizons on the mainland.
Shallow horizens on the beaches cannot be used becanse they yield
only salt water. Wells seem to have many advaniages over surface
water. In the first place, there is a very general prejudice among a
large part of the public against surface water and in favor of wells
because of the belief that the water obtained from underground sources
i purer. Urder modern conditions of water works operation this
belief 1s more fancied than real. Nevertheless, it is a psychologieal
factor that often must he reckoned with in obtaining public approval
for a new development. Actually in the Aflantic City region the
mineral content of the well waters is somewhat higher than that of
the surface water, but the difference iz so slight that the matter of
quality need not be considered.

Where the water is obtained from wells increases in consmmption
may be met easily from time to time by adding units of one or more
weills. The wells can be completed and put in serviee in & few weeks
or a few months, depending upon the quantity to be developed. The
cost of new units is comparaiively small and absorbed i a short
period by the retwrn from inereased consumption fhat is commen-
gurate with the increase in the capacity of the system. These con-
ditions are in contrast to the long time required for the completion
of long pipe lines, reservoirs and fitter plants that would be needed
for a surface water supply. With a capacity that would nef all be
used for many years, the liquidation of the cost of such a system
would necessarily be distributed over a long period. For this reason
wells are especially adapted to the needs of the smaller towns,

A ground-water supply also has special advantages from the view-
point of the heach cities and towns because it can be obtained right
in the communities and at practically any point where land is avail-
able for wells. The smaller fowns can hardly afford to instail the long
pipe lines across the meadows that would be required to obiain a sur-
face water supply unless several of them unite on a single project.
If such a project seemed desirable it could, of course, be brought
about hy the formation of either a water district or a stock company.
The factors in favor of ground water are so weighty that there seems
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to be no reason to consider surface water if ground water is available.
Numerous wells to the deep horizon on the beaches and to shallow
horizons on the mainland have proven that ground water of good
quality can he obtained.

There is little doubt that a sufficient number of wells drilled In
Atlantic Clity to a depth of about 800 feet would yield enough water,
pleasing in appearance and taste and thus far superior to the present
supply, to meet the needs of the city for a short time. SBimilarly,
water may be obtained from wells in any of the neighboring iowns
and citics, The easiest and cheapest solution of the problem of addi-
tional water supply for the present wonld seem o be to put down
wells whenever and wherever they are needed. But the question of
paramount importance is, will this be the wisest and most eco-
nomical solution for the future?

The importance of this question—what of the fuiure if the ground
water supply is developed without limit—-is suggested by the experi-
ence of many localities in different parts of the United States. It is
emphasized by the conditions now existing in the Atlantic City region.
The muuicipalities of Ventnor, Margate, Longport, Ocean City and
of smaller places south thereof, as well as many hotels and indusiries
in Atlantic City and Ocean City, all obtain their water from a single
extensive water-bearing bed. As shown on page 129, this is practically
the only source of ground water available in these localifies unless
they go to the mainland. Since the first deep wells were drilled the
static head or water Jevel in the wells when not pumping has been
lowered many feet over a very large area. If there is a large increase
in the draft on this horizon, such as would ocear if the deep-well
water were substituted for the Adlantic Cily surface supply, might
not-the water level be Jowered so far, and the yield of the wells de-
creagse so much that many of them would have to be abandoned and
a surface supply be developed after all? If this were o happen it
might be better and cheaper in the long run to develop a surface water
supply from the very first.

1f investigation shows that is is not wise to draw too heavily on the
deep horizon beneath the beaches there is still the possibility that a
large supply may be obtained from deep or shellow wells on the main-
land. There also is a guestion of the effect of pumping a large quan-
tity of water {rom such wells. It is with these questions of the feasi-
bility, possible results and wisdom of oblaining large supplies from
wells in the Atlantic City region that the present report is concerned.
It deals primarily with the quantity of water that may be drawn
safely from the ground water supply over a long period of time. If
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does not consider the matter of preference of alternative projects from
the standpoint of cost, which is properly the duty of the municipal
authorities in consultation with eompetent engineers.

It may he pointed out that the questions in regard fo the possi-
bility of developing additional water from wells is of Importance not
only to any single town or city where an increase in supply is con-
templated but to all of the neighboring tewns and citics in the region.
There is evidence that a large producing well in the region may not
onty direetly affect other wells within a radius of a few hundred feet,
but it may indirectly affect wells several miles distant. The question
is likewise of importance to owners of private weils. For example, a
great increase in the draft on the deep horizon in either Atlanfic
Uity or Ventnor might cause so great a lowering of the water level in
some of the private welis that it might not he cconomical for them
to continue to pump them. The natural step would be to tarn to the
public supply. But if this increased demand was supplied from the
already overdrawn horizon the problem would still be unsolved. It
Is conceivable that the best solution may be the formation of a water
district which will undertake to develop the water resources available
to the Atlantie City region to the best advantage of all the communi-
tics. Such a district need be established only for the purpose of de-
veloping water supply without any restriction of the autonomy of the
individual municipalities in other matters.

[+]

GEOLOGIC CONDITIONS AFFECTING OCCURRENCE OF
GROUND WATER.

In order that the problems may be hetter understood, there is given
helow a brief resume of the geclogic condifions affecting the occur-
rence of ground water in the Atlantic City region.

The deepest well in the Atlantic City region, drilied in the Atlantic
Ocean about 1.000 feet out on Young’s Ocean Pier at the foof of
Tennessee Avenue, reached a depth of 2,308 feet below the floor of
the pier.® Samples of this well, one of the deepest along the Atlantic
coust, were saved nearty every 10 feet. The following log chows the
significant facts that relate to our present study.

2Annual report of the State Geologist for 1901, pp. 110-117, 1902,
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RECORD OF WELL AT YOUNG'S OCEAN PIER, ATLANTIC CITY.
DriLrep By Uriaa WHITE 18 1901,

Thick-
ness Depth
feet feet  Formation

Floor of pier to mean tide level ........... .. ... g 20
Beach sand ... ... .. e 35 55
Sandy clay ... 15 70 Recent
Sand ... e G 76 and
Dark stiff elay .. ... ... 14 90 | Pleistocene
Heavy gravel with some thin seams of yellow clay. . 36 126
Alternations of light yellow and bright orange and
gravish sands and gravels . ................... 126 292 Cohansey
Brownish and grayish sands with thin clay seams, sand
some lignite . ... ......... ...... e 118 390
Mainty bluish and brownish clays, a bed of coarse
sand at about BEO .. ... ... .. 300 690
Clayey sand .. ... .. ... . ... . ... . ... ... 30 720
Sand and gravel ... ... ... .. ... ... 10 730
Clayey sand .. ... ... ... ... . . . ... . ... 190 740
Coarse gray gravel with moderate supply of water. . 20 760 Kirkwood
Sandy brown elay .. ... ... .. ... ... ... 20 7801 Formation
Dark brown clean sand, some light-colored layers. . 44 820
Light brown clean sand, abundantly water-bearing
from T80 to 8GO (the “S00-foot sand”) ......... 40 860
Tough hard brown eclay . ... . ... ... . ..... 71 931
Clay and sand with shells, sand is largely glauconite 3
(greensand) ... ... .. ... .. 10 941
Sand with a large admixture of greensand, slightly
water-hearitiy ... 9 D50
Sand and clay ... ... 2 952
Hard tough brown clay with comminuted shell. ... 22 974
Olive-colored greensand marl ... ... ... ... 16 990
Brown clay ... ... ... 12 1012
Olive-colored sand and marl, moderately fine. ... ... 42 1054 Preo-
Olive-colored sand and marl, considerably coarser. . 21 1075 ¢ Kirkwoeod
Very clayey olive-colored marl ... ... ... ... .. .. 21 1096
Sand and marl decidedly dark green in color. . ... 24 1120
Davk marly elay ......... ... .. .. ... .. ..., 14 1134
Light or ash-colored clay with much marl and sand, 2 1160
Brown mieaceous elay . ... . ... ... .. ... ... .. 40 1200
Dull yellow sand .. ... .. ... . ... ... 5 1205
(A little water rose to the surface from about
this depth, probably from this stratum.)
Clay ... 10 1215,
Greensand marl or marly clay .............. .. .. 25 1240
Very hard and tough light and dark slate er light Age?
hrown elays ... . ... 200 1440

Yellowish ecaleareous rock somectimes moderately
soft and sometimes quite hard, consists two-thirds

of a nearly equal mixture of greensand and white Vincentown
quartz sand graing and one-third of earbounzte of Sand
lime, the latter the cementing material.. ... .. .. 460 1900
Clay marl, half glauconite at 1913-1923 ... .. .. 40 1940
Clay mixed with a little greensand, thin pebble
Layer at 2000 .. ... ... .. ... ... 70 2010 Pre-
Indurated ash-colored clay “hard almost as rock”. . 60 2070 Vincentown
Clay marl similar to that at 1900 to 1940 feeta. ... 80 2150
Biack or dark micaceous sand clays. . ... .. ... . .. 156 2306

aAlthough the fact is not stated in the log as oviginally published a statement
accompanying it says that “a seant supply” of water was encountered at about
2150 feet.
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Only a few wells reach the greater depths. The formations to a
depth of about 380 to 400 feet consist prineipally of sand and gravel
with some beds of clay. On the beaches the water in these sand and
gravel beds is generally brackish, although in some wells water of
drinkable quality was obtained. However, heavy pumping would
doubtless draw salt water info these wells since there appear to be no
thick continuous clay beds to keep out the nearby ocean water. (See
pages 119 and 129.) Below these sand beds and extending to about
700 feet the material is principally clay. A 10-foot bed of sand at a
depth of about 550 feet is reported in many wells, but it does not
appear o be a good water yielder, for it has not been developed in the
region. The clay bétween about 400 and 700 feet is so thick and con-
glant that it is commeonly called “the great clay bed.”

From about 700 feet 1o 760 feet (780 feet in the Ocean Pier well)
beds of sand, gravel, and clay are reported. These formations ap-
parently are not very regularly distributed. There is quite gen-
erally clay at the base of this part of the section. ‘

From about 760 to 820 feet occurs a wafer-bearing sand that is
utilized by practically all of the deep wells in the Atlantic City
region. In faet, so important is this bed that it has come fo be
known as “the "800-foot sand,” since the average depth to it af Af-
lautic City is about 800 feet. In the present report this sand is called
the 800-foot sand and the Atlaniic City §00-foot sand.

The variation in the depth to the top and botfom of the 800-foot
sand is shown by the following typieal wells: Brigantine, old fown
site, top 728 feet, bottom not reached at 798 feet; 0ld Consumers
Water Co. well No. 1, Aflantic City, top 761, "bottom 844 Dennis
Hotel, Atlantic Qity, top 775, bottom not indicated af 8‘30 Ocean
Pier well, Atlantic City, top 780, bottom 860; Margate City Water
Works well No. 3, top 755, hottom 810; Ocean City, Fiftv-fifth
Street, top 736, bottom 810. South of Ocean City the depth to the
sand increages until at Wildwood the top lies about 387 feet helow
the surface and the bottom 931 feet.?

Below the Atlantic City 800-foot sand no rehaﬂe water-hearing
bed has been developed, and the informaiion afforded by the lew
wells drilled deeper s unfavorable to the helief that good water can
be obtained. In the Ocean Pier well “scant” supplies of water were
reported at depths of about 940, 1,250 and 2,150 feet. The exact
horizons from which the lower two flows came is wncertain, for at the
depths given litile or no sand is reported. Sand is reported at several

ZReport of the State Geologist for 1804, plate opposite page 138 and notes
pages 178-179.
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depths between 900 and 1,200 feet, but it generally appears to be
mixed with clay or greensand marl. With one possible exception the
writer knows of no wells in the Atlantic City region that now draw
from a horizon deeper than the 800-foot sand. This fact in itself i
significant that the beds between 900 and 1,200 feet would not yield
large supplies of water, since several of the carlier wells were drilled
to that depth, but subsequently abandoned or finished fo draw from
the 80G-foot higher horizon. A public or semi-public supply was
obtained from a depth of about 1,100 feef in 1888 and 1889 before
the 800-foot horizon was developed in 1893, but the deeper horizon
has not been used for many vears. An analysis shows that the water
contained 64.334 grains per gallon (approximately 1,100 parfs per
millien}" of total solids and 19.303 grains per million of chioride
(330 parts per million). The mineral coutent of this water is fairly
high, and perhaps this caused the abandonment of the wells,

The 800-foot sand has a great areal extent. It has been identified
in wells along the coast from Brigantine as far south as Wildwood.
Inland it has heen traced for many miles. It gradually rises west-
ward and it or strata closely associated with if come to the surface in
an elongated zone that passes in a southwest-norvtheast direction
through Kirkwood, about 10 miles southeast of Camden. Because
the formation, of which the 800-foot sand is a part, is typically ex-
posed near this town, it is called the Kirkwood formaiion. The area
in which the Kirkwaod formation onfcrops is shown in Fig. 3.

Among the places where the 800-foot sand of Atlantic City has
been tapped inland from the coast are the Atlantic City Water Works
in Pleasantville, where it extends from 600 fo 675 feet, and Xgg
Harbor City, from about 300 to 400 feet. It apparenily has been
reached at Hammonton at a depth of about 300 feet.

4Annnal Report of State Geologist for 1888, pp. 73-T8; for 1889, p. 90, for
1892, pp..276-277, and for 1501, p. 111.
SAnnual report for 1888, p. 25,

NEW JERSEY GEOLOGICAL SURVEY



GEOLOGIC CONDITIONS.

g Gutcro o ; U
&\\\\\\\\ ?(i:kcwonpd f:rmaﬁon E \\S\ 14/
R T
<
z
<

- Mewark %

) ;

>_

vy

z T Trenton M R \\\\*

e

w Fhiladehia \\\\\\ \‘_

1 tHiH Kirkwood \\‘\\\\\\\\\\\\\ 5 p T
———, ; }\\\\\\\\\\\\\\\\ 4 ! <
W \\\\\\\\\ o

\\\\\\ :
\\\\‘. ;
v §\\\ o
\\% :
< \'\\\\\.-\‘ i A . <
by s, i )7 Atlantic City o
3 ; ‘?u.-.‘“ , ':‘__:;,, P Ocean City 4
A “: e S /‘ Bea Isle City =
doeraware ) & avaon <
2 BAY '," Stone Harbor
v '/‘/ Wildwood
O - : : mi‘{oea 2
Lewes

31

Fig. 3.—3Map of New Jersey showing area of outerop of Kirkwood
formation.

NEW JERSEY GEOLOGICAL SURVEY



32 ATLANTIC CITY GROUND WATER SUPPLY.

On the beaches the 800-foot sand is the only water-bearing horizon
of importance. On the mainland, however, water is obtained from
higher sand beds which on the beach yield onty brackish water. The
greatest development of these has been at the Atlantic OCity Water
Works., The log of a iest well drilled there in 1903 is given below.

LOG OF TEST WELL AT ATLANTIC CITY WATER WORKS,
DRILLED IN 1803.6

Thickness Depth

feet feet
Yellow sand aud gravel ... o o 18 18
Blue elay, some STOTES ... ... . i 11 29
Yellow sand, with bark and wood ............ ... . .. .. 6 35
White sand, conrse above, fine below ... ... ... ... ... 20 5h
Yellow sand and gravel, vaeying sizes ... ........ . ... ... 45 100
White and gray elay, some stones ... ... 2G 120
Layers of sand and clay, sand predominating ... ... ... 18 138
White and red sand ... ... ... 10 148
Red sand (water overflowed caging at 12 feet above sea
TEVELD o 10 158
No record .. 10 168
Red sand, finer than water-bearing stratum ... ....... .. 32 200
Gray sand, with some clay seams at 230 to 240 ... ... .. 50 256
Marl e e 30 280
Sandy ClaY e 140 290
Y 7T 2 T O, 2¢ 310
Gray claY .. ... 10 320

This log shows water-bearing sand beds hefween 30 and 100 feet
and between 138 and 230 feet, Beds of clay overlie each of these
sand horizons, which are utilized at the water works by wells that
average some 100 and others 200 feef in depth.

Fxcept af the Atlantic City Water Works, wells on the mainland are
few and widely separated. Several show thick sand and gravel beds
geparated by clay beds, but positive correlation between individual
beds in different wells cannot be made, Tt is impossible to determine,
therefore, whether any given clay bed is of wide horizontal extent.
Tf not, there is a possibility that heavy pumping may result in con-
tamination by salt water. On the other hand, discontinuous clay beds
favor rapid replenishment of the sand layer from the rainfall.

The geologic conditions governing the oceuryence of ground water
in the Atlantic City region is shown by a somewhat generalized section
in Figure 4, which extends from Philadelphia to Atlantic City. The

6Annual report of the State Geologist for 1904, np. 263-204, 1905. In this
log no data are given for the distance between 158 and 168 feet, probably
due to a typographical error in the original.
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direction of dip of the beds is practically parallel to a straight line
drawn between the two cities.

It will be nofed that because the Atlantic City 300-foot sand rises
westward and for a considerable distance is overlain by the great clay
hed the conditions are favorvable for the develepment of artesian pres-
sure in the horizon. Buch is actually the case, for wherever the for-
mation is struck the water rises in the casing. At Atlantic City it
riges from a depth of about Y50 feet to within less than 100 feet of the
surface and some of the wells originally flowed.

In the left-hand part of Figure 4 are shown three horizons, the
Wenonah sand, the Eaoglishtown sand and the Raritan formation, all
of which are water hearing, The Raritan is one of the best water-
hearing formations in New Jersey, and furpishes large quantities of
water, especially at Camden.? These beds dip eastward, just as does
the Wirkwood, and the question arises as fo whether they are not
available in the Atlantic City region. In the southern part of the
State these formations have heen penctrated only in wells within a
few miles of their outerop, and no wells east of Kirkwood have reached
even the highest or Wenonah sand. The deepest beds penetrated in
the 2,300-foot well af the Ocean Pier in Atlantic City cannot be posi-
tively identified except that they lie below the Vincentown limesand.

It is possible that all three of the water-bearing formations that
are found west of the outcrop of the Kirkwood continue eastward as
far as Atlantic City and would he reached if o well were drilled deep
enough, but there is no information to show how deep it is to any of
them. The Raritan was found at Asbury Park at a depth of about
9G0 feet and the Englishtown at a depth of about 600 feet. The
Raritan is believed to have heen reached at a depth of about 1,500 feet
in a well completed in the summer of 1925 at Lavalette, about eight
miles northeast of Toms River. The faets indicafe that the forma-
tions lie at greater and greater depths ai points farther and farther
south along the coast. The conclusion is that, although water-bearing
heds may lie below a depth of 2,300 feet at Atlantic City the known
condifions are very uncertain. Although it is highly desirable o
know conditions to a greater depth, the cost of drilling a test well
would he very great, and such an undertaking would of necessity be
entirely speculative.

In passing it may be pointed out that, as shown by Figure 4, all
of the ground water of the Atlantic City region, as well as of practi-
ally all of South Jersey, eriginates on the New Jersey coastal plain

"Ground-water conditions in the Carnden arca are discussed in a report by
the writer in preparation.
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or within a mile or two west of Delaware River. Crystalline bedrock,
which is practically impervious, rises from beneath the coastal plain
deposits a short distance west of the river, and extends westward for
many milés. Attention is called to this fact because of a vague notion
of some persons that the water obtained from wells in the Atlantic
City region has moved underground many miles from the mountains
in the interior of Pennsylvania.

THE ATLANTIC CITY 800-FOOT SAND.
GENERAL STATEMENT,

The Atlautic City 800-foot water-bearing sand has vielded uni-
formly good supplies of water both from the standpoint of guality
and quantity, and it is easily available at all places in the Atlantic
City region. For this reason it is naturally one of the first sources
to be considered in any project to develop additional supplies in any
part of the region. Tt is the sole source of supply for Ventnor, Mar-
gate City, Longport, Ocean City and several towns south thereof,
except that the first three have emergency conmections with the At-
lantic City system. In Atlantic City and Ocean City it is ufilized
by 18 hotels and eight or more industrial plants. Because of its present
importance and its probable increasing importance special atfention
has been given to the study of problems relating to its utilization.

The first deep well in Atlantic City seems to have heen completed
in 1887.% This well, drilled for the Consumers’ Water Co., which
then furnished part of the public supply, was 1,150 feet deep and the
water flowed at the surface. There is some question as to from just
what depths the water came, whether from ahout 960 feet or near the
bottom.” Tt seems, however, that the 800-foot horizen, which hag
since become g0 important, passed unnoticed. Likewise, it apparently
attracted no attention in & 1,400-foot well drilled in 1888 or 1889.
Between 1889 and 1892 several wells were drilled which drew upon
the sand beds lying betwen 700 and 780 feet—that is, those either
above the main horizon or only the upper part of it. It was not until
1893 that the 800-foot horizon was developed in Atlantic City and its
value recognized.’® The same vear it was found in Ocean City at a

fAnnual report of the State Geologist for 1888, vp. 73-76, and for 1889, pp.
80-50.

FAunnual reports of State Geologist for 1889, p. 90; for 1%02, p. 277, and for
1901 footnate, p. 113,

10Annual report of Srate Geoolgist for 1893, pp. 3H7-359.
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depth of 753 to 800 feet, and the following year it was found in Wild-
wood at a depth of 887 to 931 feet. The value of the horizon was
soon realized and during the next few years many wells were dritled
to it—two in 1892, five in 1895, six in 1896, only three in 1897 and
one in 1898, but six in 1889 and five in 1500, a tfotal of 28
wells in seven years. Thereafter, except for 1901, when four wells
were drilled, the number of new wells increased more slowly. -In
the 20-vear period from 1901 to 1920, inclusive, the wrifer has a
record of only 16 wells being drilled, whereas from 1921 to 1927 at
least 20 wells were completed to the 800-foot sand.

At least 80 wells have been drilled {o the Aflantic City 800-foot
horizon at one time or another including those at Stone Harbor, Sea
Isle City, Avalon and Wildwood. Only about 55 are now in use and
25 have been abandoned. Of those now in use af least 10 replace
abandoned wells.  Abont 10 of the others are kuown to have been
completely abandoned, bt the history of several others is uncertain.
The location of existing wells drawing from the 800-feot harizon in
the region is shown on Figure 1.

As given on page 20 the total average daily consumption from the
horizon In the region is estimated to have been about 9.5 million
gallons a day in 1927. In the months of high consumption it is esti-
mated that this increased to more than 12 million gallons a day and
in winter 1t dropped to abouf eight million gallons a day.

The first wells that tapped the horizon flowed naturally and rose in
closed pipes as high as 15 feet above the surface (20-25 feet above
mean tide), hut as more wells were drilled and the pumpnge increaged
the head decreased uniil they ceased to flow. In the passing years the
head has continued to drop unitil in the summer of 1927 the water
level in some wells in Atlantie City when not pumping was 85 to 90
feet below the surface and about 100 feet helow the orginal static
level. The decrease in head has ocourred throughout the entire At-
lantic City region, although it is not everywhere ag great. The im-
portant guestions in the consideration of the possibility of deter-
mining additional supplies from the Aflantic City 800-foot horizon

"are: What will happen if more water is pumped from it? Will the
static head decrease further? If so, how much will it decrease? Will
it deerease only when the draft is inereased, or will there be a constant
decrease, perhaps at an accelerated rate, even if there is no increase in
consumption ?
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EFFECT OF PUMPING FROM WELLS.

In order that the reader may more clearly understand the Qiseus-
sion on the later pages as to the effect of pumping in the Aflantic
Uity regions certain facts concerning the hydraulics of wells may be
stated briefy.

The principal factors that determine the quantity of water that
may be drawn from a given formation are three in numher, namely :
the quantity of water available to rechasge the formation ; the area
of the intake zone, and the permeability of the formation. Brief studies
of the first two factors, as they affect the Aflantic ity water-hearing
horizon, show that the opportunity for water to get into the forma-
tion at the outerop is probably in excess of the present consuniption
from it so they need not be considered further. Whether the excess
will maintain a safe margin with increased consumption, say 25 years
hence, cannot be so easily determined. The answer fo this guestion
depends upon data yet to.be obtained in regard to exact regions of
outerop of the formation, stream discharge, evaporation and PETCo-
lation and other factors,

A consideration of the third factor, the permeability of the horizon,
shows that it may play an important part in limiting the maximum
quantity of water that may be obtained in the Atlantic City region. A
large quantity of water is heing drawn from a comparatively smalt
arca through a formation whose pore space is relatively small. It ig
difficult fo get definite information on the permeability of a water-
hearing sand., Samples of the material can be obtained from wallg,
as has been done in the present investigation. (See pages 88 and 96.)
However, in testing material so obtaived it is impossible to Tepro-
duce the same degree of sorting and arrangement of particles as
exisfed under the natural conditious. These factors affoct the porosity
of the mass and may give a permeability considerably different from
the true permeability of the sand in place. Fven if the permeability
could be accurately determined by tests on small samples of material
there would still be uncertainty as to the water-hearing capacity of
the formation, for the permeability may vary greatlv from place to
place, even within a few foet both horizontally and vertically. Varia-
tions in the thickness of the formation constitute another factor of
uncertainty.

The effects produced by pumping a given quantity of water from a
formation obviously are the result of the interaction of all factors ihat
influence the water-bearing capacity. If the effects could be accurately
determined they would afford the best means of determining the
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value of the formation as a source of water supply. However, several
factors are invoived, and it is seldom possible to evaluate them all
accurately. As a result, the water-bearing capacity of a formation
seldom can be determined very closely. In the present investigation
an effort has been made fo obtain as much informalion as possible in
regard to the effect of pumping from the formations under considera-
tion and to draw therefrom conclusions as to the effect of future
increases in pumping.

In an artesian bed like the Aflantic Cify 800-loof water-bearing
sand the level at which the water stands in a well Is dependent
upon the pressure in the bed; in other words, a well is a huge pres-
sure gage. 'The pressuve or pressure head, generally termed simply
the head, is referred to a datum plave, such as the ground surface, sea
level or any arbitrarily chosen level. The water level in a well when not
pumping is generally catled the static head. Theorefically the static
head shows the pressure on the foundation when the water is ai rest.
When the water is in motion some of the pressure is utilized in creating
the flow and in overcoming friction, and the head on the watfer is less
than when it is not moving. Therefore, when water is flowing through
the sand the water level in & well will not be as high as when there is no
flow. Observations show that the water in a formation is practically
never motionless, but always flowing, perhaps only at an imperceptible
rate. Accordingly, a condition of frue static head searcely ever exists.
The difterence in head produced by natural flow unaffected by pump-
ing ordivarily is go slight that static conditions are generally assumed
without introducing any appreciabla error. However, where wells
are so close together that pumping onc lowers the water level in a
neighboring well, the deparfure from the static level in the non-
pumping well may be considerable and may fluctuate rapidly as the
pumping weil ie started and stopped. This condition of a continually
changing head is present in any region where there is much pumping
as in the Atlantic City tegion. It should be understood, therefore,
that when the term “static level” or “static head” is used, it describes
a temporary condition, and that due consideration must be given to
the degree of change in head that may occur in a period of a few
hours, days or months.

Sipce the head on a formation in a locality is indicated only by
the water level in a well, one is inclined to speak of “the water level”
or “static level” in the formation. If the water is under arfesian
pressure these expressions are inaccurate for the formation is satu-
rated with water, and only when a well is drilled into it will the water
rise to & point that indicates the true head on the bed.
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1f the static level in many wells could be connected by a surface,
that surface would show the level to which the water would rise if
wells were drilled at other intermediate points. Such a surface, neces-
sarily an imaginary oune, but, nevertheless, denoting a definite and
twportant condition, is called a piezomefrie surface. In other worils,
the piezometric surface is the surface that everywhere coincides with
the level of head on the water in the formation. Normally in an
artesian horizon where there is no flow the static head is everywhere
equal, hence the piezometric surface is a horizontal plane. If there
is flow from it the static head is lowest at the point or zone where
the water emerges from the horizon and it increases toward the intake
area. The piezometric surface accordingly slopes toward the locality
of discharge and may be either 2 plane surface or an uneven surface,
depending upon the conditions of discharge. ~

When the pumping of & well is begun the water level or head imme-
diately drops. The drop is at first rapid, but becomes slower and slower.
until finally there is no farther apparent drop. The fime required
to reach the point of stability is generally, at least, several hours, and
may he even days or weeks. At the same time the head in the sand
around the well drops; the lowering is greatest in the pumping weli
and decreages in amount at points farther and farther away from it.
The piezometric surface showing the head during pumping is ap-
proximately that of an inverted cone, the apex of which is at the
pumping well.  However, insteed of the profile of the cone being
straight from the apex to the base, it is convex upward, being nearly
vertical at the well and away from it changing gradually, nnfil at a
great distance it becomes nearly horizontal. Theoretically, there is
some decrease in head below its original static position for a very great
distance from the pumping well, at least to a place where the area
of outcrop affords sufficient recharge to balance the quantity pumped
from the well. Actually the loss of head becomes practically negli-
gibile within a few hundred or few thousand feet of the pumping well.
Near the well water is being drawn in from all directions, and the
shape of the piezometric surface is somewhat cireular, For this reason
the avea in which there is an observable lowering in head is often
called the circle of influence of the pumping well.

Within certain limits the vield of the well is in direct ratic to the
lowering of the water level (generally spoken of as the drawdown).
For example, if the drawdown is 10-feet when the well yields 100 gal-
lons a minute, to get 200 gallons a minute it will be necessary to lower
the water 20 feet. When the rate of pumping in the well is increased
the limiting circle of influence.is enlarged and thé shape of the cone
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is changed. When several wells are pumped the ensuing conditions
are somewhat comparable to these when only one is pumped, except
that they become more and more complicated as cach well is added.

When two or more wells are pumped their cones of influence will
overlap if they are near encugh to each other, and the shape of the
piezometric surface will become very uneven. When the circles of in-
fluence do averlap the yield of the wells resulting from a given draw-
down decreases and the wells are said to interfere with each other.

The principles just stated, namely, that the yield of a formation
varies approximately as the lowering of head in the pumping wells, and
that an overlapping of the cones of influence causes interference or
decreased vield of a given lowering of head, are of great significance.
Stated in a different manner, they mean that if more water is to be
obtained from existing wells the water level in them must be lowered,
ot if it is to be obtained from new wells whose cones of influence over-
lap those of the pre-existing wells, there will be a lowering of head
in the old wells.

Some idea as to the shape of the aren of influence carried by the
pumping of several wells may be obtained by applying the graphic
method of showing the direction of movement of water foward wells
which is described by Slichter.!' Two sets of conditions may be as-
sumed-—first, when the static head is equal throughout a large area,
and second, where there is a constant movement of the ground water
in a general! direction, it being assumed in each case that the permea-
bility and poresity of the water-bearing bed are everywhere the same.
Considering the first condition, if a single well is pumped the water
moves toward it from all directions, and the lines of flow are straight
Jines radiafing from the well. If two wells are pumped at the same
rate, and each is situated well within the circle of influence of the
other, each can no longer draw equally from all directions. The
lines of flow will be approximately ag shown in Figure 5, A, in which
it is assumed that the wells are each pumping the same quantity. The
area of influence for the two wells must be somewhat larger than for
only one well. The direction of flow into three and four wells situ-
ated along a straight line, each pumping the same quantity of water,
ig also shown in Figare 5. If additional wells are pumped the con-
ditions will approximately reproduce those shown in the diagrams
for three or four wells, depending upon whether an edd or even num-
ber of wells are in operation. When an odd number of wells, for ex-
_ample five, are pumping, the area of influence of the center well will

118lichter, . 8., Theoretical investigation of the motion of ground waters:
U. 8. Geol. Survey Nineteenth Ann. Rept, Pt. 2, pp. 368-369,
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Fig. 5—~Diagrams showing lines of flaw for 2, 3 and 4 pumping wells.

be wedge-shaped on either side of the line of wells, and symmetrieal to
a line at right angles to them. The areas of influence of the welle
adjoining the center well wilt also be somewhat wedge-shaped, but
their axes will extend ouf diagonally from the line of the wells, If
an even number of wells are pumped the areas of influence of all the
tuner wells extend out diagonally, as when four wells are pumped.

When a single well is pumped the decrease in bead is the same at all
points along a circle having a given radius from the well, because
the water is moving at the same rate past all poinis on the circle.
When several wells in a line are pumped, as shown in Figure 5, O, if
the rate of puraping is the game from all wells, the watler entering
the inner wells must move faster than that reaching the two at either
end of the line. Therefore, the decrease in head at a given distance
from a well in the center of the section must be greater than at the
same distance from the ‘ontermost wells.

When there is a movement of the water in & general direction, as
in the Ailantic City 800-foof sand, the direction of the flow will be
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much the same ag has just been described, but there will be some
modifications. When a single well is pumped, as a result of the lower-
ing of the head in it, water will move in from all directions as in the
first case described above; but the cone of influence will not extend
so far dowsn the dip and the inflow from that direction will be less
than from the opposite direction. At some distance down the gradient
from the well the general direction of flow will be resumed. When
several wells in a line at right angles to the direction of original flow
are pumped the general conditions will be the same as for the cases
described above except that they create & barrier, as it were, which
stops the normal movement down the dip in the well zone. If the
original gradient of the piezometric surface is sufficient, water from
the upstream side will move around either end of the well zone and
thence back to wells in the inner part of the well line. But if the
gradient is not sufficient the direction of flow on the downstream side
may be completely reversed for a long distance from the well.

When the wells are not situated in a sbraight line bat irregularly
distributed, and the rate of pumping is unequal, as in Atlantic City,
the conditions are obviously quite complicated. However, the above
facts are significant in showing the effect of pumping many wells in
single area. They are especially applicable to conditions in the At-
lantic City region where many of the wells are arranged approxi-
mately in a line at right augles fo the dip of the water-bearing for-
mation. Some of the wells in the city are located northwest of the
main line of the wells on the beach. (See ¥ig. 1.} These wells
doubtless capture most of the water that is moving directly down the
dip in the city. A large part of the water that reaches the wells
nearer the beach, for example, in the vicinity of the Traymore and
the Chalfonte Hotels, st come either by a circuitous eourse around
the ends of the long zone of beach wells or it must be drawn Jandward
from bheneath the ocean.

OBSERVATIONS ON PUMPING WELLS IN THE ATLANTIC
CiTY REGION.

Gleneral Statement—In the present investigation cfforts were made
to determine some of the effects of pumping from. the 800-foot horizon
by tests on individual wells. The conditiens of the tests have not been
entirely suitable, for generally some one or two factors could not be
sufficiently controlled to make the results conclusive beyond any
doubt, but certain valuable observations have been made. The results
of some of the tests are described below.
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Temporary installation of water-level recorder on new well of Atlantic
City Electrie Co., May., 192},
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At the outset great difficulty was encountered in obtaining any
accurate data on the depth to water. Most of the wells are pumped
by air liff and covered so tightly that it was impossible to zel a meas-
uring tape in them. Very few well owners had given any thought to
fluctuations of the water level in their wells. The only definite in-
formation they had was the depth to water when the wells were com-
pleted, or, perhaps, cleaned out at periods ranging from a few months
to 10 or 20 years prior fo the time of the writer’s visit. Some reported
that the depth to water was greater in summer thau in ‘winter, and
there was a fluctuation with the tide which ranged from a few inches
to several feet. Others stoutly maintained that the water level was
constant practically all the time, that their starting pressure was
always the same. Some engineers said their wells were affected by
neighboring wells, whereas others insisted the pumping of nearby
wells had no effect, even where there was good reason to suspect some
interference. The most generally conceded fact was that the static
water level was considerably lower in most places than when the wells
were first drilled.

After some study it was found that the depth to water ‘could be
determined within a foot or two by means of the gtarting pressure
and shut-in pressure according to methods deseribed elsewhere pro-
vided the air-Jift installation was made in a cerfain way. Observa-
tions were thereafter made on a number of wells by this method.

It was also found possible to measure with a steel tape wells which
bad fivst been reported as tightly closed. As the work progressed
several new wells were drilled, and it was possible to make obscrva-
tions on these wells especially during the preliminary tests of the
wells.

Atlantic City Flectric Oo. Wells—The first observations of value
were obfained in May, 1924, when & walerdevel recorder was in-
stalled on a newly-drilled well (No. 1, Fig. 1) through the courtesy
of Mr, C. T. Birney, chief engineer of the Atlantic City Eleetric Co.
and of the Layne-New York Co. The fluctration obtajned from this
recorder, plotted on a reduced seale, is shown in Figure 6.

The well is about 275 feet from the company’s old well which was
still in use. During the period of observation the old well, the yield
of which 1s estimated at 330 gallons a minute, was alternately pumped
for a few hours and shut off for a few hours. Tt was immediately
apparent that the new well was within the circle of influence of the
old. It was found that the water level started to move up or down
within about 2 minute and a half from fthe time the pump was stopped
or started. The downward movement continued as long as pumping

NEW JERSEY GEOLOGICAL SURVEY




ATLANTIC CITY GROUND WATER SUPPLY.

44

N FEET

DEFTH  TO WATER BELOW TOP OF CASNG

34

35

6

57

38

33

40

<+

42

4%

o

M e
| ——_

ﬁ—ﬂzi‘:b—

pu—r

oy =i el

T-ad
P ek
Pt

_ :_ E/ |
i 1% il

2z 23 24 F49) 26 27 8 73 30
AN

31

4

3
SUNE

4

5

S

Fra. 6.—Graph showing fluctuation of water level in rnew well at Atlantic City Flectric Company, May 21 to June 7, 1924,
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continued, and the water continued to rise as long as there was no
pumping—that is, a condition of stability was not reached, and evi-
dently would not be reached for some time.

During the period of observation the average water level rose several
feet. The reason for this was not defermined. It may have been due
to one or a combination of two or more of the following conditions:
less pumping of the old well, less pumping from the horizon as a
whole; storms which may have produced high tides which in turn
raised the average water level of the well. During the period of ob-
servation the maximum difference of the water level was nearly eight
feet, and frequently the water rose or fell three feet in as many hours.

Margate Cily Wells—On August 28, 1924, frequent measurements
at intervals of 5 to 15 minutes were made on a well at the
Chalfonte Hotel and on a newly-completed well at the Margate City
water works. These were made on the same day to determine whether
there was any general fluctuations throughout the entire area. The
fluctuation in the Margate well is shown in Figure 7.

The obgervation well is about 100 feet from the nearest of two wells
that were pumped several hours each day. The combined yield of
the two wells is probably not more than 200 to 250 gallons a minufe.
The times of pumping are clearly shown by the marked drop in eurve,
In this test the wells were pumped long enough for a stable condition
to be reached, since the line becomes essentially horizontal. In fact
a very slight rise was observed. This came while the tide was rising,
and, doubtless, was due to the effect of it. It would bave been de-
sirable to have continued the pumping for at least another twelve
hours to see if on the next low tide the water level went still lower.

The total fluctuation in the new well during the test was approxi-
mately five feet.

Chalfonte Hatel Well.—The Chalfonte Hotel well (No. 19, Fig. 1)
is one of several wells situated with a few hundred to a thousand feet
of each other. A second well at the Chalfonte is only 60 feet dis-
tant; a well at Haddon Hall is about 400 feet distant; one at the
Strand Hotel less than 100 fariher, and one at the Knickerbocker
Hotel is about 700 feet distant. The Chalfonte well was pumped at
irregular intervals as were ail the others. The depth to water in the
Chalfonte well was measured with a steel tape both when it was pump-
ing and when it was at rest. The fluctuation of the water level during
the test is shown on Figure 8.

The time when the Chalfonte well was started and stopped is
clearly shown by the sharp drops and rises in the line. As the pump-
ing or the period of rest continued the rate of drop or rise decreased
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Fio. B.—Graph showing fluctuation of water level in well at Chalfonte
Hotel, August 28, 1924,

and the line began to eurve toward the horizontal, but as in the Elec-

‘tric Company well it never reached a point of stability. Numerous

irregularities are shown in the curve. Some of these of small magni-
tude, for example about 5 ». M., appear to be due to variations in the
speed of the air compressor, but the major fluctuations are doubtless
due to the starting or stopping of neighboring wells.

The highest point reached during successive periods of rest was two
to three feet lower during midday than during the morning and even-
ing. Observations on the starting pressure before and after the test
show that the level was still higher during the very early morning
und late evening. This is shown in Figure 9, on which are plotted
the depths to water each time the well was started after a period of
rest. It was thought at first that this variation in the so-called static
level might be due to the effect of the tide,.but this is disproved by the
plotting of the predicted times of high and low tide. The interval
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between sucecessive high tides as recorded by the Coast and Geodetic
Survey was about 13 hours, whereas the interval of the highest
water in the well was approximately 24 hours. Furthermore, the
maximum observed range in the tide was only 3.2 feet, whereas in
the well it was about 7.5 feet. As shown by observations at Longport
(see page 57) the fluctuations of the water level in the 800-foot sand
due 1o the tide is less than the range of the tide. It therefore appears
quite conclusive that part of the fluctuation between the high and low
static levels in the Chalfonte well on August 28 were not wholly due
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Fre. 9. —Graph showing depth to water in Chalfonte Hotel well at times of
starting pump; hours of pumping from wells at Chalfonte and
Knickerbocker Hotels, and fluctuation of tide, August 27 to 29,
1924.

to the tide. Nevertheless, the high points doubtless were higher and
the low points lower than they would have been if the fide had been
in the opposite phase.

Subsequent observations of the starting pressure taken daily for
geveral months at the Chalfonte Hotel and at the Hotel Brighton,
show that during the day the water level is gemerally from two to
seven feet lower in midday or late afternoon than it is in the period

’
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from midnight to 6 or 7 A. 3. This lowering of the static water level
during the day is explainable by the fact that the pumping from many
wells in the city is heaviest at that time and lightest af night. Dur-
ing the night the periods of rest are longer and the periods of pump-
ing shorter than during the day.

Guarantee Trust Building Well—TIvidence obtained in other tests
suggests that the piezometric surface, which represenis the hydrostatic
pressure on the formation, drops throughout a large part of the city
during the day, except where it is affected divectly by the stopping
of wells that are pumping. This fact is indicated by the movement
of the water level in a well (No. 8, Fig. 1} at the Guarantee Trust
Building. On December 17th, 1924, measurements of the depths to
water were made every 15 minutes from 8:45 a. 3. to 5:30 7. 3L
This well is about 1,500 feet {from ihe nearest wells that were pumped
on the day of the iest. The water level dropped continuously from
8:45 4, ». until 4:30 £, . After 4:30 it Tose ag long as the measure-
ments were continued. The rate of drop during the day was some-
what irregular, with a noticeable slackening in the rate especially
between 12 and 1 p. M., when several wells doubtiess were shut off.
The total drop was almost two feet. The period during which ob-
served lowering occurred was fully seven and three-quarter hours, or
fully ap hour longer than the interval between high and low tide. Fur-
thermore, on the day of the ohservations high tide occurred at about 11
A, M. and low tide at about 6 r. 3r. There is little doubt that at least
part of the lowering was due to the effect of pumping in the eity.

Ritz-Carlton, smbassador, and Chelsen Hotel Wells.—Valuable in-
formation was obtained during the test on January 20, 1825, of a
new well (No. 12, Fig 1) at the Ritz-Carlton Hotel, when frequent
measurements were made on 3 well (No. 11) at the Ambassador Hotel,
and on a well {No. 10) af the Chelsea Hotel, 5360 fect and 585 feet,
respectively, {rom the Ritz well. The movement of the water level
in the wells is shown on Figure 10. The data at this locality are es-
pecially valuable, because the observation wells were farther from
other working wells, about 3,200 feet southwest, than any to be found
elsewhere in-the city.

The Ambassador well was shut down for the entire period of the
test as well as for two hours previous. The Chelsea well was shut
down az long as possible, but it was necessary to pump it for two
periods, and the well then could not be measured. It was not possible
to measure the depth to water in the Ritz well. The static level
before pumping was about 43 feet below the top of the casing and

4
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FiG. 10.—Graph showing fluctuation of water level in wells at Ambassador and
Chelsea hotels during pumping test of new well at Ritz-Carlton
Hotel, January 20, 1925,

the pumping level was estimated to be little more than 91 feet below
the same reference point. During the test the yield of the Ritz well,
measured by an orifice, ranged from 655 to 730 gallons a minute, but
during most of the fime it was between 660 and 695 gallons a minute.

The most striking feature of these graphs is that the water level
in the two observation wells dropped as long as the test lasted, nearly
eight hours; and as soon as the Ritz well stopped pumping the water
level in the other wells rose continually except for short periods, when
the Chelsea well was pumped. The rate of drop in the Ambassador
well was slightly accelerated when the Chelsea well began pumping
and the water rose abouf a foot in 20 minutes when that well stopped,
but thereafter the downward movement began again. The latter half
of the pumping test coineided with a falling tide in the ocean, and
some of the lowering may have been due to this. However, during
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the test a heavy storm with easterly winds developed, and the after-
noon low tide level of the day was more than a feot higher than the
early morning low level. The effect due to tide would probably
be not more than one to one and a half feet, Incidentally, as shown
by Figures 12 and 13, the static water level in the entire region at the
time of this test was about as high as at any iime In many meonths.

Pumping of the Ritz well caused an ebserved lowering of about 11
feet of the water level in the Ambassador well and of nearly nine feet
in the Chelsea well. It would have been quite desirable to continue
the test for at least another 12 hours to see if the level in these wells
continued to drop, but this was not possible.  Pumping of the Chelsea
well affected the water level in the Ambassador well only about a foot.
This slight effect is apparently due partly to the fact that the Chelsea
well does not yield nearly as much water as the Ritz well did during
the test, and partly because the pumping of the Ritz well had al-
ready caused such a lowering of the water level in the Ambassador
well that the Chelsea well had relatively little effect on it. Subse-
quent measurements when the Ritz well wag not pumping showed
that the Chelsea well alene caused a lowering of two to two and one-
half feet in the Ambassador well, or nearly twice as much as when the
two wells were operating. The effect of the Ritz well on ihe other
two under ordinary conditions of operation is probably not as great
as described, becavse the rate of pumping is only about 500 gallons a
minute, and pumping doubtless dees not continue for so long at a
single stretch as during the test.

An attempt has been made to determine the radius of the cone of
influence of the Ritz well during the test by means of formule given
by Turneaure and Russell.” The calculations give a radius of approxi-
mately 3,000 feet when pumping 700 gallons a minute, There is,

however, a guestion as to whether the Turneaure and Russell formula,

can be correctly applied fo pumping tests in the Atlantic City region
where the temporary static head iz many feet below the original or
true static head and the head is also affected by many pumping wells.

This problem requires further study before definite conclugions can

be reached. .
1t both the Ambassador and Chelsea wells had been pumping dur-
ing the test the radius of the circle of influence undoubtedly would
have been somewhat greater, and the combined area of influence of
these three wells would overlap the circle of influence of the nearest
wells in the central part of the city, Judging from the data obtained

12Turneanre, ¥. .. and Russell, H. 1., 'ublie Water Supplies; John Wiley

& Sons, 1924, pp. 254-265.
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in the test at the Ritz there is no area in the city where the static
head is not affected more or less directly by the pumping of wells in
other parts of the city.

Ventnor Wells.—On January 15, 1925, a test similar to that at the
Ritz was made on wells at the Ventnor Wafer Works, with somewhat
similar results. One well, No. 5, was pumped at a rate of about 600
gallons per minute, and measurements were made on two wells, Nos,
4 and 6, at distances of approximately 260 and 380 feet, rospectively,
from it. The Muctuations of the water level in the observation wells
is shown in Figure 11.

As in the Ritz test the water level in the observation wells con-
tinned to drop as long as No. 5 was pumped. Also, as at the Ritz, low
tide occurred near the end of the tesf. There is some reason to belicve
that if the test had been prolonged the level in the observation wells
would have dropped further during the succeeding period of tow tide.
The toial decrease in head in the nearest well, No. 4, was ahout 14 feet,
and in No. 6 about 11 faet.

Significance of Observations—The tests described above show cer-
fain facts. All the wells measured during the tests are affected by
neighboring wells. The observed decrease in head in observation wells
due to the pumping of neighboring wells has ranged from a foot or
two, where the distance to the neavest wells was as much as a thousand
feet, to maximum of 14 feet where the wells were only 280 feet apart.
The decrease in head varies according to the quantity of water pumped.
Since the area of influence of single wells extends a thousand feef or
more, and since practically all of the wells in the city are within a few
hundred feet of one or more neighboring wells, the problem of deter-
mining the effect of individual wells becomes quite complicated. In
a locality where several wells are within a few hundred feet of each
other there must be several interfering areas of influence. Actually,
as shown on page ¥2, the pumping of =0 mwany wells in the eity has
created an immense area of depression of the head on the formation.

Wherever tests have been made the water level in the observation
wells has continued to drop as long as pumping continued, although
the rate of puraping was practically constant. Unforfunately in some
of the most important tests it was impossible to measure the water
level in the pumping well, and it is not certain whether the waler
level also continued to drop in them. Any further lowering of the
water level, if it occurred, would likely be so small that it might be
detected only by very careful measurements covering a considerable
period. There is abundant evidence that when one or more wells are
pumped the head does not immediately become adjusted to the pump-
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Fr16. 11.—Graph showing fluctuation of water level in wells Nos, 4 and 6 at
Ventnor Water Works during pumning of well No. §, January 15, 1925.

ing conditions, but that there is a considerable lag. If the rate of
pumping during the tests had been greater it is probable that the time
required to reach a stable condition would have been much longer
than for the rate that actually obtained. The lag in the lowering of the
head when a well is pumped is a condition that has been observed in
many tests and in different formations in other regions, so that it
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seems to be a characteristic of water-bearing formations under arte-
sian pressure. The teasons for this lag are not fully known, but they
are believed to be due in large part to the phenomena of compressi-
bility and elasticity of the water-bearing strata.l?

There is good evidence that the so-called static head on the Atlantic
City 800-foot sand in different parts of the region rises and falls each
day from one o several feet as the pumpage decreases or increases.
One of the important results of the observations on individual wells,
therefore, has heen to show that a true static head in the region does
not exist in the sense that the water reaches a stationary level when
pumping is stopped. A single measurement has definite value only
in so far as information i¥ available as to the length of time elapsing
after the well was pumped previous to the time of measurement, as to
whether near-by wells were in operation or idle, and as to whether
the tide was high or low.

SEASONAL FLUCTUATIONS OF HEAD IN WELLS.

Observations in Atlantic Cily—An important phhse of the inves-
tigation in the Atlantie City region hag been the making of observa-
tions in regard to seasonal fluctuations of the head on the 800-foot
sand. It was first thought that occasional measurements at intervals
of a few weeks on favorably situated wells would be sufficient to show
any seasonal trend in the static head on the formation that might
occur. However, the results of the tests described above showed that
there might be a difference of several Teet in the water level at differ-
ent times of any day. If, then, the fluctuations due to differences in
seasonal pumpage were not great, it might not be possible to distin-
guish them from the daily fluctuations.

Preliminary observations at the Chalfonte Hotel showed that the
static water level, and, accordingly, the starting pressure, was higher
in the early morning hours than during the day. Beginning on July
96, 1924, the engineer on duty recorded the pressure each day when
he started the pump between 3 4. M. and 7 A. ». Beginning on Janu-
ary 8, 1924, in order to obtain a more satisfactory record the pressure
was read, not only at the early morning start, but each time the well
was started and also the shut-in pressure was read cach time it was
shut down. Similar observations on the starting pressure and shut-in
pressure on the Brighton Hotel well were begun on January 28, 1925.

13Meinzer, 0. E., Compressibility and elasticity of artesian aquifers: Econo-
mic Geology, vol. 23, No. 3, pp. 263-201, 1928,
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The observations on these two wells are shown graphically up to
December 31, 1925, in Figure 12. Only the starting pressnre is shown
for the Chalfonte, for the record of shut-in pressure during the period
covered by the graph is incomplete. The single line for the Chalfonte
pressure from July 26, 1924, to January 8, 1925, represents a single
reading taken betwen 3 and 7 4. u. each morning, when the water
level was presumably as high as at any time during the day. The
double lines in all other parts of the diagram shows the highest and
lowest starting or shut-in pressure, as the case may be, for each day.
The depth to water for a given pressure is shown at the left of the
graph.

The graph shows considerable variation in the water level from
day io day, due in part to the variable conditions of pumping near-by
wells. With several welle to be considered, it is evident that a con-
siderable variety of possible conditions may he obtained. The varia-
tions also may be caused in part by the changing effect of the fide. A
:further reason for the variation in water level from day to day is that
the consumption undoubtedly varies from day to day.

In addition to the observaiions on the wells at the Chalfonte and
Brighton Hotels valuable observations covering from a few days to
several months have been made on several other wells in Atlantic City,
These include the operation of an automatic water-level recorder on a
well at the Atlantic City High School {No. 9, Fig. 1) for several weeks
in the summer of 1925; regular daily readings on static and shut-in
pressure on a well at Galen Iall (No. 25) since July, 1926, and the
operation of an automatic recorder on an abandoned well of the Citi-
zens lee Co., on Baltic Avenue near Massachusctts Avenue, from Jan-
nary 17, 1428, on, These ohservations show fluctuations from month
to month that are essentially similar fo those observed in the Chal-
fonte and Brighton Hotels. Curves showing the fluctuation of water
level in wells in Atlantic City from February, 1924, to April, 1928,
inclusive, are shown in Figure 14. No one record is complete for the
entire period, so the curves are a composite, based largely on the pres-
sure records of the wells at the hofels mentioned. The depth to water
at a given time, as shown by the curves, is that existing in the area
of heaviest pumping in the ecity, and, therefore, represents approxi-
mately the lowest head in the entire Atlantic City region. The sig-
nificance of these curves is discussed on pages 59 and 67.

Observations on Longport Well—In the latter part of August, 1924,
through the courtesy of the horough officials, an automatic water-level
recorder was installed on a well belonging to the Boroiigh of Long-
port. The well is located in the south end of the town near Four-
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teenth Avenue, and is about a mile from the nearest pumping well at
the borough water works at Thirty-first Avenue. The well is one of
the oldest in the region, having been drilled in 1895. It had been
pumped with a suction pump until the summer of 1924, when the
water level dropped so low that suction could not be maintained, and
the well was temporarily abandoned. A recorder has been maintained
on the well continuocusly sinee the date stated, but because of trouble
with the mechanism the record is incomplete for certain periods, es-
pecially prior to April 1, 1925,

The records from this well show a rise and fall twice each day.
These fluctuations agree with the tide in several ways, and there is
little doubt that they are dirvectly due to the tide.  The periods of
rise and fall are practically that of the ocean tide, The amount of
fluctuation is a little more than half that of the tide and ranges {rom
about one to three feet, depending upon tide conditions. The daily
fluctuation is greatest during spring tides and least during neap tides.
Generally, every other low is lower and every other high higher than
the alternate lows and highs, just as with the ocean tide. The record
from thiz well shows many features of scientific interest which need
not he described here.4 _

The charts show no evidence that the well is directly affected by
pumping of the nearest wells. The record.of the Longport well, there-
fore, 13 especially important. However, in order to determine as far
a8 possible the extent of fluctuations not due to tides, it is necessary
to eliminate the tidal fluctuations as far as possible. This has heen
accomplished partly by computing for each day the mean of the two
high and two low levels. The results for 1924 and 1925 are shown
graphically in Figure 13. Circles show the mean water level where
the record is complete for only & single day, or prior to August 24,
1924, individual measurements with steel tape, corrected so far as
possible for tide.

"The water levcl shows many sharp ups and downs which are due
principally to irregular fluctuations in the mean-tide level. This is
readily shown by a comparison of it with the mean-tide level at the
Steel Pier in Atlantic City, which is the average of the two high tides
and two low tides recorded by the United States Coast and Geodetic
Survey tide gage. The sharp peaks and trough of the two curves
are found to coincide in a remarkable manner, although they do not
always agree. The fluctuations in the mean-tide level, as is well

H8ome of these featurcs are discussed by Schureman, Paul, Tides in wells:
Geographical Review, vol. 16, pp. 479-483, 1926; and Meinzer, 0. F., Comproes-

sibility and eclasticity of artesiam aquifers: Heonomic Gecelogy, vol. 23, pp.
273-274.
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known, are due principally to weather conditious, easterly winds blow-
ing water in and causing the mean-tide level to be higher and westerly
winds having the opposite effect. The range of these irregularities in
the well line is about .55 of that in the tide line. By the use of this
ratio, and determining the departure of the tide line from the mean-
tide level, it has been possible to eliminaie a large part of the irregu-
larity when shown in Figure 13, but certain miner irregularities stiil
persist. The corrected line, with these minor irregularifies clini-
nated, is shown as the second line on Figure 14.

Atlantic City Water Works 600-foot Well—A water-level recorder
has been maintained over a well about 600 feet deep at the Aflantic
City Water Works on the mainland, which has shown the flucination
of head on the 800-foot sand at that locality. The sand at that place
lies about 600 feet below the surface, so that the well presumably
only enters the top part of the sand. The well is about 650 feet from
the 675-foot well at the water works that is pamped almost con-
stantly. The curve shows minor fluctuations each duy, mostly from
less than an inch up fo three or four inches, which are presumably
due to the tide. The fluctuation of the water level day by day from
March 26 to December 31, 1925, is shown graphically in Figure 17,
and the generalized curve for March 26, 1924, to April 30, 1928, is
- shown on Figure 14.

SIGNIFICANCE OF SEASONAL FI;UCTUATIONS OF HEAD.

In order to study the nature of the seasonal fluctuations in the head
on the water in the 800-foot sand, the curves of the watler level in
the Longport well, the Atlantic City Water Works 600-foot well, and
of the pumping level and non-pumping level in Atlantic City as de-
termined from two hotel wells, for 1924 to 1927, inclusive, have
been plotted together on the same diagram, Figure 14. For further
comparison there is shown on the same diagram the pumpage from
the 800-foot sand in the area between Brigantine and the southern end
of Ocean City, including the Atlantic City Water Works well on the
mainland, and the accumulated departure from normal precipitation
in the southern interior section of New Jersey since January 1, 1924

The pumpage is shown for three sections of the region separately,
namely, for the well at the Atlantic City Water Works in Pleasant-
ville, for the private wells in Atlantic City and a single well af Brig-
antine Beach, and for the public and private wells in the strefch from
‘Ventnor to the southern end of Ogcean City. The total for the whole
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area is also shown. The puwpage from the wells of public supplies is
lavgely metered and daily records are kept for each supply, so that the
data are rather accurate. The figures for pumpage from private wells
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are to a large extent only estimates and much less accurate than those
for the public supplies. Only one private supply is metered. Prior
to July 1, 1926, daily records were available of the pumpage from one
to four wells, and after ihat date such records were obtained from 15
to 18 of the private wells. With this information, and with some
knowledge of the character of general fluctuations of use of water from
the other wells, an estimate was made of the average daily consump-
tion by months from each of the 28 private wells in Atlantic City.
and four private wells in Ocean City. For most of the wells it was
not possible to measure the yield, and the assumed yield is generally
that reported from a test at the time of completion or when the well
was ‘cleaned, in most cases several years prior to 1924, With the re-
cession of the water level during the period elapsed since those tests
were made the yields have presumably declined. Therefore, the esti-
mated consumption from private wells is probably too high. Fue-
thermore, since the water level is much lower in summer than in
winfer, the consumption in summer is probably relatively more in
error in being too high. The departures from normal precipitaiion are
based on records of the United States Weather Bureau for the so-called
“southern interior section” of New Jersey.!”

The curves of water-level movement in Figure 14 show {wo
significant fenfures. There is a very distinet seasonal fluctuation
—a decrease in head in summer and an increase in winfer—
and there has been a progressive lowering of the head in suc-
cessive years. The corves for the water levels in the obhservation
wells in the three widely-separated localities—Aflantic City, Pleasant-
ville and Longport—are very similar except for minor details, Ob-
_servations on several other wells for shorter periods of a few weeks fo
a few months show similar trends. There is much evidence that the
major scasonal fluctuations occur over a large area and that they are
due to the same cause.

The most evident cause of the seasonal fluctuation on head, as well
as of the permanent decrease in head from vear to year, is changes in’
the rate of pumping. The decrease in head from winter to summer is
concurrent with a considerable increase in pumpage from the wells
in the region. Furthermore, there has been an iucrease in the average
daily pumpage in each successive winter and summer. This is just
what is to be expected from a consideration of the principles of hy-
draulic flow involved in the movement of underground water, for, as

1570, 8. Weather Bur. (limatological Data, New Jersey section, for years
1924 to 1927, inclusive. Certain errors in the published records have been cor-

rected in Figure 14 in consultation with G. Harold Noyes. meteorologist in
charge of New Jersey section.
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has already been stated on page 39, the head on the water in a water-
bearing sand decreases approximately as the rate of movement of the
water increases.

In seeking other possible explanations as to the cause of the fluctu-
ations of the static head on the 800-foot sand variations in the pre-
cipitation must be considered. Since the head on the formation in
the Atlantic region is dependent largely upon the elevation to which
the water fills the formation at its outerop, a change in the elevation
of the water table at the outerop might produce a change in the head
elsewhere in the formation. To consider the possible effect of changes
in Tainfall from month to month, comparison may be made with the
monthly departures from the normal precipitation in the “southern
interior section” of New Jersey, as shown in Figure 14

The “southern interior section,” as used hy the Weather Bureau,
includes all of the coastal plain seetion of New Jersey, which is that
part of the State that lies south and east of a line drawn between
Metuchen and Trenton; but it dees not include the several stations
directly on the coasi, including Atlantic City. The records of the
southern interior section have been used, rather than those of the
coast section, becanse fluctuations in rainfall could produce a direct
effect on the head in the 800-foot sand at Atlantic City only through
changes in the water level in the outerop area. Rainfall m the At-
lantic City region cannot reach the 800-foot sand because the 300 {feet
or more of clay overlying the sand prevents percolation to it.

Tn Figure 14 positive departures from the normal precipitation,
representing excessive precipitation, are plotted up, and.pegative de-
partures, representing deficient precipitation, are plotted down from
a line that represents the theoretical total normal precipitation since
January 1, 1924. Tt is assumed that the precipitation condifions at
that time were normal.  Actually this may not have been true. The
value of the diagram, however, lies in the fact that it shows the con-
ditions at a given time in the period shown as compared to some other
time. It shows that the precipitation was above normal in nearly
every month from January 1, 1924, to July 1 of the same year.
Thereafter, with some minor variations, the precipitation was notably
below normal for two years, until July 1, 1926. During the next six
months there was 1ot much departure from normal, but from January
1 to July 1, 1927, it was notably below normal. In the last six months
of 1927 the precipitation was sufficiently above normal to more than
offeet the deficiency in the first half of the year. In the whole period
from January 1, 1924, to December 31, 1927, however, there was a
net deficiency of ahout eight inches.
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The trend of the curve for departure from normal precipitation,
with a downward trend from June, 1924, reaching a maximum in
June, 1927, suggests that the progressive decrease in the head on the
800-foot sand has been due to a deficiency in rainfall. However, a
close examination of the data shown on Figure 14 leads the writer
to conclude that, although it is entirely probable that some of the
loss in head is due to deficient rainfall, the loss due to such condition
13 only a small part of the total loss in head.

If the head on the 800-foot sand fluctuated entirely in accord with
the departures from precipitation the water level lines in Figure 14
should show a trend similar to that of the accumulated departure
lire. It is true that at certain times the direction of the lines is the
same, but there are radical differences at critical times. For example,
the water level dropped from February to August, in 1924, although
there was an increasing excess in precipitation through June. Al-
though there was an increasing deficiency of tainfall from October,
1924, to June, 1925, inclusive, except for a slight excess during Janu-
ary, the water level either arose or was approximately stationary at a
high level through March. And despite 2 considerable excess of pre-
cipitation in July, 1925, the static head continued to drop through
that month. - Thereafter, there was an almost continuous progressive
deficiency until June, 1926, but during part of this period the water
level rose. The theory may be advanced that the high and low points
in the water level curves do not coincide exactly with similar points
in the precipitation curve because of a lag in the response of the
ground-water head to the rainfall. If this were true, it is to be ex-
pected that the same lag would be evident after each marked departure
from the normal condition. A study of the diagram shows very ob-
viously that there is no such relation.

1f the net decline in the water level from 1924 to 1927, 20 to 25
feet along the beach, is considered to be due to deficient precipitation,
it is then a logical conclusion that the decline of 30 to 60 feet below
the original static head between Longport and Atlantic City prior to
1924 must also have been due to the same cause. This decline has
been more or less gradual throughout the period, but there is no evi-
dence of a progressive deficiency in rainfall throughout the entire
period.

I deficient rainfall has produced the loss of head in the AHantie
City region amounting to 20 to 25 feet, it seems that there should
have been an equivalent lowering of head in the outcrop area. No
data are available showing fluctuations in the water table in the’ out-
crop area of the Kirkwood formation. However, if there_had been

\
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any such great drop in the water level in wells in the outcrop area, as
just stated, it seems certain that the fact would have received wide
comment. There has been no indication of such a condition in south-
ern New Jersey. As indicative of the probable effect on the water
table, of the deficient rainfall in southern New Jersey, certain obser-
vations in the northern part of the coastal plane may be cited. Since
August, 1923, records of the movement of the water level from a shal-
low well in the outerop area of the Raritan formation near Runyon
have been obiained by an automatie recorder, and some 20 wells in
an area of about 25 square miles have been measured periodically
about once a month. ‘The depth of the wells range from about 5 feet
to 50 feet, and they are located in a variety of topographic situations.
Taking into consideration the geologic conditions, it is believed that
the fluctuations of the water table in the Kirkwood outcrop area
directly up the dip from Atlantic City will not be greatly different
from those in the Runyon area. The water level in the wells in the
Runyon area shows more or less response to-precipitation, rising after
rains and dropping during the intervals,befween rains. But in the
summer months there is some departure from this rule for the water
level drops more or less continually except after unusually heavy
rains. In this respect the water table curve iz somewhat similar to
that of the head in the Atlantic City region. The summer drop in
the shallow wells, however, is due principally to an increase in the
evaporation over that of the colder months.

Although the water table in the wells in the Eunyon region in sum-
mer shows a trend similar to that of the head in the Atlantic City
region there is this difference. The maximum difference in the water
level in different wells in the Runyon region between January, 1924,
and January, 1926, was about 7.5 feet, and in most of the wells it was
only two or three feet; whereas in the same period the difference in
head in observation wells in the Atlantic City'regiou was about 30 to 40

.feet. The greatest difference in the low level of the summer of 1924
and that of 1925 in any of the Runyon area wells was only about four
feet, and for most of the wells it was less than 2.5 feet—the water
in 1925 being lower. In the wells in the Atlantic City region for
the same period the difference was about 10 feet. Iven if the fluctu-
ation of the water table in the outcrop area of the Kirkwood forma-
tion were as great as the maximum fluctuation in the Runyon area the
fluctuations of head on the 800-foot sand during the same period were
so much greater that they cannot be attributed solely to fluctu-
ations at the outcrop based on excesses or deficiencies in the precipita-
tion. Fach winter the water level in the Runyon wells has come back
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to practically the same level, and only in the different summer seagons
has there been any great difference in the water level. The lowest
level was reached in 1925, and the summer levels of 1926 and 1927
were congiderably above that of 1925,

It is believed that s given fluctuation in the water table at the out-
crop will not produce as great a fluctuation in the head in the Atlantic
City region. For reasons given on page 113 it is believed that the 800-
foot sand has a more or less free outlet beneath the ocean. This heing

‘the case, the static head at the outlet is practically constant, and a

¢hange in head at the ouferop will produce no noticeable change in the
suboceanic outlet. At places between the outerop and the outlet the
change in head would bear a relation to the change at the outcrop
somewhat in proportion to its distance from the two end points. Con-
sidering the greatest possible distance from the outerop of the Kirk-
wood formation teo its suboceanic outlet (see pages 30 and 113}, it ap-
pears thai the fluctuation in head at Atlantic City could be no more
than two-thirds that occurring in the outcrop area. Assuming that the
deficiency in precipitation may have caused some of the excess lowering
of head; the data presented suggest that only two or three feet at the
most, or not more than a third of the decline in 1924-1925 could have
been due directly to this eanse. It may be pointed out, in this con-
nection, that if & deficiency of rainfail of only aboub eight inches—
the net deficiency from January 1, 1924, to December 31, 1927—has
been sufficient to cause & loss of head of 20 to 25 feet in the Atlantic
City region, the recharge capacity of the intake area of the 800-foot
sand must be extremely limited. If this is true, with future increases
in consumption the head may be expected to decline at an increas-
ingly rapid rate, and there is no possibility of developing additional
snpplies without causing an overdraft on the formation.

The close agreement between the major fluctuations of the head on
the 800-foot sand and of the pumpage from the sand has already been
pointed out. That the head over a large area is affected by local
changes in the draft is shown by certain details of the curves. The
fluctuation of the water level in observation wells in Atlantic City has
been greater than in the area between Ventnor and Ocean City, but
the fluctuation in pumpage has been much less. It appears, there-
fore, that some of the very considerable increase in pumpage in sum-
mer in the Ventnor-Ocean City area is responsible for some of the loss
of head in Atlantic City. This is consistent with the principles of
hydraulics thaf govern the flow of ground water, for an increase in
flow to the wells in the Ventnor-Ocean City area would lower the

5
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head between Aflantic City and Ventnor. This would decrease the
gradient toward wells in Atlantic City and reduce the yield of the
wells,  To maintain the gradient necessary o produce a given flow
to the Atlantic Cify wells a still further lowering of head wounld be
necessary.

The pumpage from the 675-foot well at the Atlantic City Water
Works has been nearly constant, but it has been slightly lower in suc-
cessive summers as a result of a decrease in the rate of vield. (See
Figs. 14 and 18, and pages 86 and 87.) In spifc of the fact that less
water was pumped each year, there has been a loss of head in the 600-
foot observation well amounting to about eight feet hetween Septem-
ber, 1923, and Septernber, 1927, This is attributed to the increase in
pumpage in Atlantic City or the Veutnor-Ocean City area. There
was an cven greater decline in head, about 10 feet, between May 1 and
September 1, 1925, but a large part of this is believed fo be due to the
- fact that the 675-foot well was first put into operation about May 22,
and there was a lag of several weeks before a stable pumping condi-
tion was reached. That such a lag probably occurred is shown by the
following conditions. On March 22, 1926, the 673-foot well was shut
down and was not started again until abont May 15, when it was
operated for one day. Thereafter, it was not operated until the latter
part of June. Jrom the time the well was shut off in March the water
rose steadily until the middle of May. During this period the pump-
age in the Ventnor-Ocean City area was practically uniform and in
Aflantic City it increased slightly. Therefore, the rise in the 600-
foot well cannot be attributed to changing conditions elsewhere, but
nyust have resulted from a lag in adjustment to stable conditions after
the 675-foot well was shut down. There is other evidence of a lag in
adjustment fo changes in pumping conditions. For example, the
highest or lowest level in the seasonal movement of water level in the
several observation wells generally is not reached until some days
after the corresponding points in consumption. The explanation of
this phenomenon is suggested on page 84.

In August, 1927, the average daily eonsumption from wells in the
area between Ventnor and Ocean City was less than it was the preced-
ing month. In spite of this fact the water level in the Longport well
continued to drop throughout the month and reached its Jow point
after September 1. Alternative explanations of this condition are
either that there was congiderable lag in the movement of the water
level after the maximum pumpage was reached, or else the increase
in pumpage from wells in Atlantic City during August was effective
in lowering the head as far away as Longport. A third pessibility is
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that on certain days in August, especially near the end of the month,
pumpage may have reached a maximum for the season, and this was
sufficient to cause a continual lowering of head, even though on other
days the pumpage may have been so low—because of rain or cool
weather—to make the avernge for the entire month less than that of
Angust.

In the latier part of March and during April, 1927, there was a
rather sharp drop in the head in the wells in Atlantic City and the
Tongport well. This, apparently, was due to a considerable increase
in pumpage in Atlantic City. Most of the increase was from a single
well, which was put into service with a yield of about 700,000 gallons
a day. Tt is noteworthy that the head declined in the Longport well
about as much as in the Atlantic City wells, although the increase in
pumpage in the Ventnor-Ocean City region was not nearly as great
as in Atlantic City. On the other hand, in May, 1927, the curves for
the wells in both regions became flatter. This evidently was due to a
reduction in pumpage from certain wells in Atlantic City. The
pumpage in the Ventnor-Ocean City area increased more in May than
in April, and yet the.increase was not sufficient to offset the effect of
the decrease in pumpage in Atlantic City. In the latter part of Feb-
ruary and early part of March, 1928, there was a sudden rise of about
five feet in the water level in the wells in Atlantic City. Thigs ap-
parently was due to the fact that belween February 7 and March 17
the well previously referred to, which usually was pumped at a rate
of about 700,000 gallons a day, was ‘shut down. The decrease in
pumpage was reflected by a slight rise in the water level in the Long-
port well. It is noteworthy that the rise of the water level in the
Atlantic City wells was about the same as the drop iu the sume wells
in March and April, 192%, when the same well was started. 4

It is apparent from the facts just cited that the pumpage from the
800-foot sand in any one sceiion of the Atlantic City region produces
changes in the head on the water in the sand. When the change in
pumpage is considerable, the charge in head may be sufficient to he
noticed over & large area. However, since the water level in the 600-
foot well at the Atlantic City Water Works did not show as great
changes in head as in the other parts of the region, it appears that the
local distribution of dralt may have some influence in defermining
the extent to which the effect of pumping is felt in different direc-
tions. The evidence as a whele indicates, however, that changes in
pumpage, and not fluctuations in precipitation, are the principal cause
of changes in the head on the water.
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REGIONAL EFFECTS OF PUMPING.

Original static head—1In order to appreciate the significance of
the present conditions of the static head on the water in the Atlantic
City 800-foot horizon it is mecessary to know what the original static
head was before pumping was begun in the region.

The first wells, two in number, that are definitely known to have
drawn from the 800-foot horizon were drilled in 1893.% No infor-
mation is available as to the head in the one of these drilled at At-
lantic City. In the other, at Ocean City, the water rose in the casing
15 feet above the surface. No data as to the static head are available
for the single well drilled to the 800-foot horizon in Atlantic City in
1894, Tt is reported that this well “flowed” seven feet above the sur-
face at the rate of 40 gallons a minute.!™ This probably means that
the top of the casing was seven feet above the surface and not that a
stream spouted seven feet into the air. If the water were confined
in a pipe it would have risen several feet higher., Mz. Scott Price has
informed the writer that the head on a well drilled at Brigantine in
1895 was so great that the water rose into a tank 14 feet above the
surface at the old railroad station. In a well at Longport, completed
in the same vear, the water rose 14 feet above the ground, which is
reported to have been about two feet above high tide (probably at
least five feet above mean sea level}.’® In the following vear the
water in a well drilled to the '800-foot horizon at Sea Isle City rose
14 feet above the surface.” 1In the published reports the statement
that the water rose to a certain height above the surface appears to
mean that it rose and stood at the elevation given in a pipe that ex-
tended still higher, o that there was no flow. The figures given,
therefore, represent the frue static head. In all of these wells, for
which definite information is given, the original head was 14 or 15
feet above the surface. If the ground level was only five feet above
mean sea level the head was fully 20 feet above sea level. The surface
elevation may have been a few feet higher, but probably no more than
10 feet above sea level. The wells mentioned are scattered at inter-
vals along a stretch of coast of about 25 miles and at the completion
of drilling were not near any pumping wells. It is therefore reason-
able to believe that the original static head on the 800-foot sand in the
Aflantic City region was between 20 feet and 25 feet above mean sea

t6Annual report of the Stuate Geolozist for 1893, pp. 397-309.
1TAnnual report of the State Geologist for 1894, p. 180.
18Annual report of the State (Geologist for 1895, pp. 83-84.
19Anpual report of the State Geologist for 1896, pp. 175-176.
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.

level.  As a result of the rapid development of the horizon in the next
few years the head decreased over the entire area so that data from
later wells are not indicative of the. true head.

No data are available as to the original head on the 8$00-foot sand
on the mainland in the vicinity of Absecon and Pleasantville. Prior
to 1924 only one well was drilled to the Atlantic City 800-foot horizon
on the mainland, that being completed in 1899 at the Atlantic County
Hospital at Smith’s Landing.?® The water rose in-the well to within
17 feet of the surface, the elevation of which is reported to be 30 feet.
The static level was therefore about 13 feet above sea level. This is
not as high a8 reported at the beach wells originally, but it may be due
In part to an error in reporting the altitude which is donbtless only
approximate, and in part to the fact that pumping had been going on
in the region for several years and the head on the formation had been
lowered considerably in Atlantic City. Wor example, the water in
wells drilled at Atlantic City and Sea Isle City in 1899 barely rose to
the surface, showing a loss of head of about 15 fect.2! Conceivably,
there may have been likewise some lowering of the head on the main-
land by this time. .

Since the head on the formation is due to the greater.elevation of
the formation at its intake many miles west of the coast, the original
head ought to have been greater and greater at points farther and
farther west. Therefore, the head on the mainland must have been
fully as great and even a little greater than in the heach wells. In
wells at Egg Harbor, which are believed to have reached the horizon,
the water stood within a foot or two of the surface in 1897. The ele-
vation of the wells is reported as 50 feet above sea level, but from the
topographic map it is estimated to be only about 35 fect above sea
level. At Hammonton, at a surface elevation of 120 feet, in 1902 the
head in a horizon that is helieved to be the same as the 800-foot
sand was about 30 feet below the surface or about 90 {eet above sea
level. At Winslow Junction the water level stood about 86 feet above
sea level in 1916.

On the basis of the data given abave, the gradient of the head
appears to have been about five feet per mile between Hammonton and
Egg Harbor City, but only about one fcot per mile between Fag Tar-
bor and Atlantie City. It must not be supposed that there wis 4
sudden change in the gradient at Egg Harbor City, but this apparent
change is due only to the fact that data are available at the points
mentioned. Doubtless there was a gradual change over a considerable
area. The original head near the coast possibly was affected by rela-

20Annual report of the State Geologist for 1809, pp. 104-105.
21Tdem, pp. 106-109.
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tions between salt and fresh water in the hovizon off shore as shown on
page 115 in the discussions of salt-water problems. These statements
in this paragraph are based on the assumption that the data given for
places on the mainland represent the original head. Tt will be noted,
however, that ihey show conditions at different dates, all of which
are some years later than the date when pumping of the 800-foot sand
" had begun. 1t is possible that the head at Egg Harbor City in 1897
had been reduced as a result of pumping in Atlantic City, and this
might account for the apparent diffcrence in gradient northwest of
Egz Harbor City and sontheast thereof. However, unless the 300-
foot sand is a very poor water-bearing sand, it hardly seems possible
that the pumpage in Atlantic City in 1897, doubtless much less than
at present, would cause any great lowering of head some 18 miles from
the city.

Present conditions—Bearing in mind the results of the observa-
tions described in the previous pages consideration may now be given
to the effects of pnmping throughout the entire region.

On the hasis of the data thai were collected i 1924 a profile was
drawn showing the piezometric surface from Brigantine Beach south-
westward to Corson’s Inlet. This is reprodnced in Figure 15, A.
This line shows the static water level in existing wells, and between
them it shows appreximately the level to which the water would rise
if wells were drilled. '

Necessarily the profile is only approximate. As shown by the ob-
servations at several points the so-called static level, even several
hours after a well has stopped pumping, is slowly rising or falling,
and the difference from day to day or week to week may be several feef.
It was not possible to get ohservations on some of the wells during the
late summer when the head was lowest, and the only available meas-
urements were on dates considerably earlier or later. In order to
make these comparable to late summer measurements some allowance
was made for the change in water level during ihe infervening inter-
vals in accordance with observations on other wells.  Observations
in 1928 showed that the profile then had mmuch the same outline, but
throughout its length it was from a few feet fo 20 feet further below
sea level in different places. ,

There is no means of determining just what the lead is at localities
some distance from pumping wells, Doubtless the water level imme-
diately surrounding wells that are pumped frequenily is not quite as
high as some distance from them—that is, the cone of depression of
the head is perhaps never completely climinated before the well is
started again. However, after a study of the data ohtained in geveral
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tests, it is the belief of the writer that the difference in the statie
level at points midway between two observation wells, for example,
is not very different from the average of the head in the two wells.
This, of course, depends upen conditions in each locality. Confirma-
tion of this opinion was obtained in 1925 when a well was drilled at
the Atlantic City High School, and the depth to water was found to
be about as would be expected irom the profile, allowing for the dif-
fenence in water level in the entire region between 1924 and 1925.

Figure 15, A, shows that since the first wells were drilled the static
head has been lowered more or less over a very large area. The
greatest lowering has been in Atlantic City, where, as shown by the
table ou page 27, the pumping is heaviest. The foliowing data give
some idea as to the extent of this decrease in head.

The lowest static observed in the present investigation was
about 90 feet below the top of the casing or 80 feet below
mean sea level in wells in Atlantic City. Northeast of At-
lantic City the only well known definitely to reach the Aflantie
City 800-foot horizon is at Brigantine. Measurements on an
old well made for the writer in August, 1924, through the courtesy
of Mr. H. 1. Raton, engineer for the Jsland Development Co., showed
a depth to water of abont 28 feet below the top of the casing. In
April, 1925, the depth to water in a new well was 26 feef below the
top of the casing or about 16 feet below sea level. Presumably dur-
ing the summer the water level was several feet lower. The profile
northeast of the Brigantine well is necessarily hypothetical, being
drawn mainly by connecting the levels in that well with the level in
the Royal Palace well. Actually the piezomefric surface probably
is not a straight line, but rises in a curve, the slope of which becomes
more gradual at peints farther and farther from the area of heavy
pumping. Therefore, the slope of the profile is probably not as steep
as shown, and the area of influence extends tarther northeast than
shown.

The following rather meager data relate to the water level in wells
along the coast southwest of the Fifty-fifth Street well in Ocean City.
Mr. Warren Smith, Superintendent of the Ocean City Water Co., and
also in charge of the Corson’s Inlet Water Co., states that the well af
Corsow’s Inlet flowed until the summer of 1924, when it became
necessary to use a pump. The static water level doubtless was only
a few feet below the surface. Further south, at Sea Isle City, the
water level in two wells drawing on the 800-foot sand was 7.5 feet
below the surface on November 7, 1923, and it was at abont the same
depth in wells at Avalon in October of the same year. A. H. Van de

NEW JERSEY GEOLOGICAL SURVEY



REGIONAL EFFECTS OF PUMPING. 73

Pol, Superintendent of the Stone Barbor Water Department, reports
a measurement of 32 feet to water below the top of the casing ir
Auvgust, 1923. The reference point is six o eight feet above the
general land surface, and probably at least 12 to 15 feet abave
sea level, 50 the corrected depth was between 13 and 20 feet below
mean sea level. On March 5, 1926, it was 12 feet below the top of
the casing and probably about at mean sea level. In a well at Pine
and Holly Beach Avenues, in Wildwood, the depth to water in the
tall of 1924 is reported fo have been 10 feet below the surface. When
the well was completed in 1894 the water rose seven feet above the
surface,® or to an elevation of about 15 feet ahove “tide level.”
In the fall of 1925 the water stosd at the surface, or not more than
8 or 10 feet above sea level, in 4 new well drilled {o the Atlantic City
800-feot sand in Wildweod Crest, about twoe miles farther southwest.
On April 25, 1928, the water level in this well was four feet below the
surface.

The observations show that the head on the 800-foot sand has de-
clined whorever wells have been pumped. The minimum decline, at
Wildwood, has been some 10 or 13 feet considering the winter level,
and probably at least 10 fect greater in summer. The greatest depres-
gioh has occurred hetween Atlantic City and Qcean City., There is
little doubt that this is due to heavy pumping in this area. Whether
the effect of pumping of the wells in Atlantic City alone would cange
the depression o extend as far as Wildwood is uncertain. However,
pumping in the city doubtless has an indirect effect in that it causes
the depression to be so extensive. In winter the Wildwood wells are
not pumped and the consumption from the wells south of Ocean City
is very small. 1t therefors seems likely that some of the depression
even so far soufbeast as Wildwood is due to pumpage {arther north-
east. The hydranlic profile appavently arises more rapidly from At-
lantic Oity northeastward than it does southwestward. This is to be
expected, since pumping at each well field southwest from the city
towers the head a liftle move than if there were no pumping there,
whereas in the opposite direction there has been no pumping.

Until & well was drilled to the Atlantic City 800-foot water-bearing
horizon at the Atlantie City Water Works jn DPleasantville, in April,
1925, no data were available as fo the extent of the lowering of the
static head in that direction. When that weil was completed the
water stood 9.5 feet below the fop of the casing or 3.9 feet helow mean
sea level referred to a datum used by the city water department. It

Y2Annual report of State Geol;gist {or 1894, n. 159. In one place it is steted

that water flowed “seven feet ahove the surface,” and in another that “the
water flows over the surface, and will rise above it seven feet.”
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has wot yet been possible to correlate this datum with the United
States Coast and Geodetic Survey datum at the Absecon lighthouse,
buf there is prebably not much difference between the twe. The fluctu-
ation of the water level in this well, as obiained by ihe automatic
recorder, 15 shown on Figure 14.

In Figure 15, B, an attempt has been made to determine graphi-
cally the extent of the area in which the head in the Ailantic iCty
water horizen has been depressed at right angles to the coast. The
prefile of the piezomefric surface as it was in April and May, 1925,
has heen drawn as a practically straighi line from a well on the west
side of Aflantic City through the Atlantic City Water Works well.
Actually, the curve doubiless hecomes flatter af points farther and
farther from the city, so that the area of depression probably extends
somewhat farther than shown. As shown by Figure 15, B, the head
has been lowered somewhat below Its original position at least some 10
miles inland.

There seems o he no reason why the head should not be depressed
for some distance beneath the sea, just as it is inland. The distance
to which the arca of depression will extend seaward probably will not
be as great as in the opposite direction, because the original piezo-
metric surface sloped seaward. However, as indicated in Figure 15, B,
it seems likely that the area of depression extends at least six or seven
miles out beneath the ocean.

Bate of lowering of stalie head.—Information in regard to the rate
of lowering of the static head in the past is obtained partly from the
annual reports of the State Geologist and partly from dafa obtained
in the present investigation. The information available must be con-
sidered in the light of the observations described on pages 42 and 59,
which show that the measurements en the static level may differ by az
much as 10 to 20 feet at ditferent times in the year, and in different
wells by several feet, even at the same fime, depending upen whether
the obiservation well is near or far from pumping wells.

As shown in the discussion on page 68, the original static head on
the Atlantic City 800-foot horizon was sufficient {o cause the water
to rise at least 14 or 135 feet above the surface or between 20 and 25
feet above mehn sea level. It evidently began to decrease soon after
the first wells were drilled in 1893, In 1895 the water in a well at
the old Atlantic City Cooling Co’s plant rose only 9.5 feet above the
surface, whereag in the same yvear at Brigantine, some distanee from
the area of pumping, it rose 14 feet?® In 1896 the water level at
Haddon Hall rose six feet above the surface. By 1859 the head

23Annual veport of the State Geslogist for 18905, p. 82, and information
furnished hy Mr. Scott Price.
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had dropped so that the water barely rose to the surface in three wells
in different parts of the ¢ity.** By this time the head seems to have
been reduced over a large area. A new well at Qcean City overflowed,
- but in one at Sea Isle City the water rose only to within one foot of
the surface® In 1901 the static level on the 800-foot horizon in
Young’s Ocean Pier well is reported as about 10 feet above tide level. -
Affer 1901 few records of value have been published,

The trend of the decline in head is well shown by the following
data. Mr. Scott Price, formerly chief engineer of Haddon Wall,
states that when the first well was drilled at that hotel in 1896 the
water rose about six fect above the surface. The well was pumped
entirely by a suction pump. At times during the summer of 1901 the
water level fell to 30 feet when pumping 230 gallons a minate. Tn
June, 1904, it was necessary to install an air lift for pumping when
the water level was low in the summer. The suction pump, however,
was used in winter until January, 1909, when the water level had
dropped so low that it could no longer be used. Further data are not
available for Haddon Hall until 1924, but in 1913 the depth to water
i a new well at the Chalfonte Hotel, across the street, was 39 feet.
In February, 1923, the writer obtained a measurement on the Chal-
fonte well of about 50 feet to water. During the year from July,
1924, to Hebruary, 1925, inclusive, the highest water level in the
Chalfonte well during periods of rest at different times of the year
ranged from about 45 to 65 feet below the surface. {See pages 54 and
55 and Fig. 12.) In the late summer of 1925 it dropped to 76 feet, or
11 feet lower than at any time during the previous summer. Obser-
vations are not available for 1926 and 1927, but by comparison with
the movernent of the water level in the well at another hotel in the
summer of 1927 the water was probably about 90 feet below the sur-
face.

‘The history of pumping in other parts of the region has heen some-
what similar, except that different stages were reached at earlier or
later dates, according as to whether there was much pumping in the
vicinity. Ior example, at Longport the water level rose 14 feet above
the surface when the first well was drilled in 1895. When another
well was drilled in 1911 the water rose to within a fow feet of the
surface. 1t was possible to use direct suction pumps on both of these
wells until 1924, when the water level fell below the limit of suction.
As late a3 March, 1926, the water level was still within the limit of
suction lifts at points from Corson’s Inlet sonthwestward. However,

2tAnnual report of the State Geologist for 1599, p. 102.
25Idem, p. 109,
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76 ATLANTIC CITY GROUND WATER SUPPLY.

in the summer of 1923 at Stone Harbor, where the consumption is
greater, it would probably have been impossible fo use suction pumps.

The rate of lowering of the waler level in wells at Haddon Hail
and Chalfonte Hotel, and the well at Longport from 1893 to April,
1928, is shown graphically in Figure 16. The exact trend between
the few scattered dates prior to 1924 is uncertain, but it seems certain
that the head has dropped much more rapidly since that date than
hefore it.

PROBABLE FUTURE LOSS OF HEAD.

The history of pumping in the region shows that there has been a
more or less continual lowering of the water level, but it does not
show whether it has been at a uniform rate from year to year, or
whether it has been greater in some years than in others. From a
study of the available data it appears that if the curve of lowering
were definitely known it would be somewhat irregular, but in general
it would show the water to have gone down in accordance with in-
crease in consumption. In years when the increase was great the
lowering doubtless was more rapid than in other years. In other
words, the water level in the whole region appears to fluctuate with
changes in the pumpage from the formation, much in the same way
that the pumping level in a well fluctnates with the rate of pumping.
If this theory is correct, a further lowering of the head on the horizon
may be expected whenever there is an increase in the pumpage. 1f
there is any definite mathematical relation hetween the rate of pumpage
and the regional static head, it may be possible to determine rather
closely the effect of a given increase in the pumpage. In an effort to
determine whether any such exists the following analysis may he made.

1If all of the water drawn from the 800-foot sand were pumped from
a single large well it is probable that the head would fluctuate essen-
tially directly with changes in the rate of pumping. A consideration
of the principles of hydranlies involved leads to the helief that, if
changes in pumpage were distribuied equally among all wells, in a
given observation well the head would vary practically directly as
the rate of pumping. This condition does not held in the Atlantic
City region. For example, in the Ventnor-Ocean City area the con-
sumption in summer is from 3 to 3.5 million gallons more than the
consumption in winter, whereas in the Atlantic City-Brigantine area
it is only from 1.5 to 2 million gallons a day more. Also, from time
to time, a sudden draft is begun in a single locality when a new well
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is put into service. For these reasous it is impossible to determine
accurately any exact relation between changes in pumpage and changes
in head in the region. Nevertheless, certain relations have been
discovered which may be of value in determining the effects of future
inecreases in pumpage.

For each mouth for which data ave available there has been calcu-
lated the vatio between the depth fo water below the original statie
level in the Longport observation well and the rate of pumping in the
entire region and in the Ventnor-Ocean City area. Similarly, there
hins been computed the ratio between the depth to water below the
original static head, when pumping, in observation wells in Atlantic
City, and the rate of pumping both in the entire region and in the
more restricted Atlantic City-Brigantine area, The data in regard
to water level are based on the compesite curve of the pumping level
for wells in Atlantic City shown in Figure 14, The values for the
depth to water used in the computatious is that at the end of each
month. A different value might have been used by taking the average
between the level at the beginnirg and end of the month. This would
have given different actual values, bub the relative results would have
bsen essentially the same. The depth to water at the end of each
month has been used, because if there is any lag in adjustment of
water level to pumping conditions—and there is good evidence of
this—the water level at that time is more nearly in adjustment than
earlier in the mouth. 'The base data and resulting caleulations are
given in the accompanying tables. To simplify the headings algebraic
notation has been used, and the gymbols are explained in footnotes ap-
pended to the fables.

RELATION BETWEEN DEPTH TO WATER, BRLOW ORIGINAL
STATIC LEVEL, IN LONGPORT OBSERVATION WELL, AND
AVERAGE DAILY PUMPAGE FROM 800-FOOT SAND IN
ENTIRE ATLANTIC CITY REGION AND VENTNOR-

OQCEAN CITY REGION, 19241027,

MONTH ey elh
al), LIoN o a0 Q:
1924

May ..... ................. 800 ©%.058 5.0 1.55G 1.3
June ... L. 35,0 6.702 5.2 2.136 16.4
July oo 305 8.906 1.4 4027 0.8
August ... 42.0 q.502 4.4 4,474 0.4
Septomber ... 20.5 T.746 3.1 2 925 135
Eetober .. 36.5 6.058 4.0 1.728 21.1
November ... ... ... 35.0 5.309 6.6 1.394 25.1
December . ... 4.5 +£.869 7.1 1.107 31.2
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RELATION BETWEEN DEPTH TO WATER AND AVERAGE
DAILY PUMPAGHE—Centinged.
MONTH elh ey
aly Lle} 1 acy: e

1995 2 Q b, Q
Janwary ... 340 4. 817 7.1 1.077 31.6
February .. ... . .. .. . 34.0 0.103 G.o 1.086 31.3
Mareh ... ... .. ... .. 34.0 5.440 6.2 1.133 31.8
April oo 35.0 5. 865 6.0 1.398 25.0
May ..o 37.0 7.201 5.1 1.84% 20.0
June oo 43.5 9.529 4.6 3.612 12.0
July oo 48.0 10.509 4.6 4.323 11.1
August ... a1.6 11.293 4.6 1.582 11,2
September .. ... ... 49.0 9.167 5.3 2,503 16.9
Qctober ... ., . . .. .. 44.0 7.386 GO 1.760 25,0
November ...... .. .. ... .. . 42.0 G.801 G.2 1.485 28.3
December ... ... .. ... 41.5 6.421, G.5 1.485 7.9

1926
Fanuary ... 41.0 6.561 6.2 1.528 Hi 8
Februavy .. ... ..., .. .. .. .. 41.0 . 636G §.2 1.468 27.9
Mareh 41.0 6.692 6.1 1.495 27.4
April oo 42.0 5.729 7.3 1.699 24.7
May ... 43.5 6.654 6.5 2,436 17.5
June o0 47.5 9777 4.9 3.302 14.0
July oo 52.5 10.958 4.8 4.302 12.2
August ... 55.5 11.754 4.7 4. 787 11.8
SBeptember ... .. ..., ... ] 52.5 10,415 5.0 3.5660 114.8
October ..., ... ... ... . .. 49.5 8.681 5.7 2.15G 23.0
November 48.0 7.82¢ 6.1 1.751 27.4
December ... .. ... 147.5 7.592 6.3 1.728 27.5

1927
Jamary ... 47.0 7.829 6.0 1.710 27.5
February ... ... ... ... .. 47.0 7.907 5.9 1.623 29.0
Maveh ... 48.0 8.120 5.9 1.691 28.4
April ..o 53.0 9,044 5.9 1.917 27.6
May ... 4.0 9.375 h.8 2.453 220
June ... M5 10.510 5.7 3.0676 16.2
July oo 683.5 12.014 5.3 4. 706 15.2
Aungust ... G5.5 12 412 5.3 4.775 13.%
September ... L. G62.5 10.950 5.7 3.846 16.3
October ... ... .. L . 57.5 9,192 6.3 2. 3% 240
November ... ... .. ... .. 55.5 8.302 6.6 2.036 27.3
December ... ... .. .. ... 53.5 8.081 6.6 1.917 27.0

aDy=Depth to water. in feet, below ostimated original statie lovel in T.ong-
port observation well, This is depth to water below top of casing
plus five feet.

bh=Average daily pumpage from S00-foot sand, in millien gallons a day. in

entire Atlantic City region (not including area from Corson Inlet to

. Wildwood) .

el

=Loss of head, in Longport well, for a pumpage of one million gallons

(621 day, assuming loss to be due to pumping in the entire region.

dQ=Tumpage in area from Ventnor to Occan City, inclusive.

eIy
——=L.oss of Twead in Longport well for pumpnge of one million gallons a day.
£ assuming loss to be due to pumpage from Ventnor-Ocean City area

only.
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RELATION BETWEEN DEPTH TO WATER, WHEN NOT PUMPING,
BELOW ORIGINAL STATIC HEAD, IN OBSERVATION WELLS

IN ATLANTIC CITY AND AVERAGE DAILY PUMPAGE
FROM 800-FOOT SAND IN ENTIRE REGION AND IN
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PROBABLE FUTURE LOSS OF HEAD. . 81

RELATION BETWEEN DEPTH TO WATER AND AVERAGE
DAILY PUMPAGE—Continued.

aDe=Depth to water not when pumping, in feet below estimated original statie
level, in observation wells in Atlaptiec City. This is depth to water
below top of casing plus 10 feet.

b(h=Average daily pumpage from 800-foot sand in million gallons a day ia
entire Atlantie City region (not including area from Corsen Inlet
to Wildwood).

<Da

—T.0s8 of head in wells in Atlantie City for a pumpage of one million

(O gallons a day assuming loss to be due to pumping in the entire region.

AQs=Average daily pumpage from 800-foot sand in million gallons o day, from
wells in Atlantie City and Brigantine only.

el
—=Toss of head in wells in Atlantie City for pumpage of oue million gal-
Q: lons a day from Atlantic City-Brigantine area only.

The ratic of the rate of pumping divided by the'depth to water
below original static level(—%-) is in a way comparable to the specific

capacity of a well, for it is the quantity of water obtained by lowering
the hend one foot. Of course, since the water is not all coming from
the observation well—and none of it is obtained from the Longport
well--the comparison is only a general one.

The ratio wonld have a maximum value if all the water came from
one well—that i, if the ratio actually were the specific capacity. 1t
would have a very small value if the observation well in which the
head were defermined were situated at a very great distance from the
pumping wells. Obviously, the value of the ratio will depend in part
on the situation of the observation well with respect to the centers of
pumping. The ratio of the depth to water divided by the rate ot
pumping gives the number of feet that the water must be lowered to
produce one million gallons a day. It would have a maximum value
i the water were all pumped from a single well and the loss in head
were measured in that well; and its value would be very small when
based on loss of head in a well at a great distance from the pumping
wells.

The ratios given in the two tables show considerable range, not only
for the values for different sets of conditions, but even for the same set.
of conditions in the same month. For example, the ratio of the depth
to water in the Longport well to the average daily pumpage from the

area between Ventnor and Ocean City in the first table) has a

o
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82 ATLANTIC CITY GROUND WATER SUPPLY.

range between 8.3 {August, 1924) and 26.9 (January, 1925). At first
glance there appears to be no relation between given depths to water
and given rates of pumping. For example, in June, 1925, when the
water level was 30 feet below the original static level, the rate of
pumping wag 2.136 million gallons a day, whereas in April, 1925,
with the water at the same level, the rate of pumping was only 1.398
million gallons a day. Kven more striking is the difference in the
pumping rate i June, 1926, and December of the same year, when
the depth to water was 42.5 feet. In June the pumpage was 3.392
million gallons & day or nearly twice that in December, when it was
only 1.728 million gallons a day. Considering these facts, are the
ratios of any value?

A study of the tables shows that in general the value for g— de-

creases during the spring and summer, and increases during the fall
and winter. In other words, in the latter part of the summer the
loss in head required to produce a given quantity of water is less than
that required in winter. For example, in July, 1925, the loss in head
for each million gallons was only 9.9 feet, whereas in January of the
game year it was 26.% feet. This seems to be a very unusual condi-
tion, especially considering the fact that the head on the water de-
creases considerably in summer.

The explanation of this condition is better understood if the
monthly data are plotted, using the depths to water and rate of
pumping as co-ordinates, and drawing a curve that connects the points
in chronological order. Such a curve, for the relation between depth
tc water in the Longport well and the pumpage in the Ventnor-Ocean
City area, is shown in Figure 17. In this curve the direction of pro--
gression is shown by arrows. At the beginning or end of certain
vears the points are g0 erowded that one or more have been omitted.
If the average depth to water during each month had heen used in-
sfead of the depth at the end of the month most of the points would
be sitnated differently, and the shape of the curve would be altered
slightly, but it would be of the same general type.

The curve shows two significant features. The first is the shape of
the curve for individnal years.” The line for the months after August
rises toward the starting point for the year, but for a given rate of
pumpage it lies at a lower point than for the same pumpage in the
first half of the year. Thig type of curve indicates the condifion
known as hysteresis, which is a “lagging of one of two related phe-
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Fi1a. 17.—Graph showing relation between depth to water, below original static
Ievel, in Longport observation well, and average daily pumpage
from Ventnor-Ocean City area, by successive months, May, 1924,
to December, 1927, inclusive,

nomena behind the other®® The condition of hysteresis in the curve
i Figure 17 indicates conclusively a lag in the movement of water
level following changes in pumpage which has already been suggested
from other observations (see pages 53 and 66). It shows that as the
pumpage incresses in the spring and summer months the head does
not fall as rapidly as wonld be expected if the law of direct relation
rate of flow and head held without modification. On the other hand,
when the pumpage decreases rapidly in the fall, the head does not
vise as rapidly as it'should. If the average pumping rate during the
mionth of maximum consumption were maintained long enough the
water level would drop lower than it does. Mowever, the maximum
rate is reached generally in the later part of August or fore part of
September, and innuediately thereatter there is u very great decrease
in pumpage. So great is the decrease, in fact, that the head eannot
respond as rapidly. In winter, generally from December to Maveh,

26Century dictionary.
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there is not much change in pumpage, and the head has a chance fo
“catch up” and reach a coudition where it is more in the proper posi-
tion corresponding to the existing rate of pumping. During the other
months of the year the head that would correspond to a given rate of
pumpage, if stable conditions were reached, would be skown by a line
drawn approximafely half way between the two lines of the curve for
each year.

It is noteworthy that studies of the elasticity and compressibility of
sands and clays by Terzaghi have shown a condition of hysteresis or
lag in the adjustment of the material to change in pressure.*” This
fact favors the suggesiion on page 34 that the lag in the adjustment
of the head in the 800-foot sand iz presumably related to the phe-
nomena of elasticity and compression of the water-bearing material.

The sceond significant feature of the curve shown in Figure 17 is
the fact that each.year the head has dropped to Jower and lower levels
for a given rate of pumping in the Ventnor-Ocean City region. The
data given in the table on pages 78 and ¥9 show that if the pumpage
from the entire region is considered, instead of that from the more
restricted region, the same condition is found. In other words, in
so far as the Longpert well is concerned, the lowering of head in
that well, vesulting from an increase in a unit quantity of water
pumped, is increasing from vear to year. The reason for this is not
fully known, but it appears that it may be due to one or more of
several possible factors. Couceivably it may be due to a loss of head
in the outcrop area resulting from deficient precipitation; to a re-
duction in the porosity, and hence permeability of the water-hearing
sand as a result of withdrawl of water from sforage and subsequent
compression of the sand; or to an increase in pumpage near the ob-
servation well relatively greater than that in other parts of the region.
In the years covered by the record there has been an unusual increase
in the consumption from the 300-foot sand at the Margate City Water
Works, and it is believed that this may be largely vesponsible for the
increasing loss in head. The data in the table on piges 80 and 81 in re-
gard to the observation wells in Atlantic City do not show such definite

evidence of a progressive increase in loss of head per unit quantity ot
Dy

: Dy
water pumped. In fact, at certain times the ratic — and
1 3

irregularly. This is probably because there have been sudden changes

vary

21Terzaghi, Charles, Principles of goil mechanies: Eng. News-Record. vol. 95,
pp. T43-T44, and 987, 1925; Principles of final soil classification: Mass. Inst.
Technology Publications, vol. 63, py. 41-53, 19097,
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in the pumpage in Aflantic ity resulting from the starting of new
wells or shutting down of wells for long periods.

Bearing in mind the factors described above, which affect the ratio
between the loss of head in the observation wells and the pumpage in
different parts of the Atlantic City region, the results in the tables
may be applied to defermine approximately the effect of fuoture in-

D2

crease 1n pumpage.  Using the winter values of a— it appears that if
1

" future increases are distributed in the region as they have been during

the period of observation the loss of head in Atlantic City will be

some 10 o 12 feef for each inecrease of one million gallons a day. If .

the pumpage in winter, which in 1927 was about eight million gallons
a day, is increased by 10 million gallons, the non-pumping level in

the abservation wells in Atlantic City may be expeeted to be lowered

to a depth hetween 180 and 220 feet Lelow the original static level
or 170 to 210 feef below the surface of the ground. The level in
pumping wells will be 25 to 50 feet or more lower, depending upon
the rate of pumping. If the greater part of the increase in pumpage
ocenrs within Atlantic City the loss in head will be even greatfer, and
1f it occurs largely in more distant parts of the region it will be less. -

The loss in'head in the Longport well per million gallons per day
of pumpage in the entire region in winter months has ranged between
gix and seven feet. Accordingly, assuming the pumpage to change
proportionately in all parts of the area as it has done between 1924

and 1927, an inecrease of 10 million gallons a day {o a total of 18.

million gallong would lower the head in that well to a point from
110 to 125 feet below the original static level or 100 to 115 feet below
the surface. The true figure likewise may be greater or less than
that stated, depending upon whether the greater part of the increase
takes place near the observation wells or at a distance of several miles
from them.

It the maximum rate of 18 million gallons a day is maintained for
only a month or two in the summer, the loss in head probably will not
he as great as indicated in the above estimates hecause of the lag in
the change of head. '

It canmot be expecied that the estimates given aliove will be verified
within the limits given, for too many factors are involved concerning
which our knowledge is quite uncertain. It is believed, however, that
the estimates are of considerable value in indicating the magnitude
of the loss in head that may result from an increase in pumpage of
10 million gallons a day, or other quantities in proportion. They are
of especial significance in considering the possibility of developing
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future public supplies from the 800-foot sand. According to esti-
mates on page 22 the increase in consumption from all public sup-
plies in the region in the next 20 vears may be expected fo be af least
20 million gallons. _Tf thig were all developed from the 800-foot sand,
the head would be lowered several hundred feef below the surface. In
fact, it might be drawn down to such a great depth that the cost of
pumping would become probibitive if the wells were not in the mean-
time contaminated by salt watet.

EFFECTS OF FURTHER LOSS OF HEAD.

{f consumption from the 800-foot sand continues to increage and
the head o decrease the final effects will be several. Prohably the
first noticeable effect will be a decrease in the yield of wells. This
has already occurred fo some extent, but methods of tesfing the yield
in most cases have heen so crude that the decrease has not been evi-
dent. The ability of a well to yield a given quantity of water may
not he impaired, bub the yield with the original equipment will
decrease. In order to maintain the original yield it will be necessary
to lower the cylinder if the pump is of the reciprocating type, or the
bowls if it is of the turbine type, or to increase the length of the air
pipe and compressor capacity if air lift is wsed. In any case, more
power will be required fo obtain a given quantity of water and the
pumping cost will increase. If the water level i3 lowered far enough,
and no other factor places a limit on pumping, it is probable that
eventuslly a further increase in the draft in the herizon would he
prohibited by the rising cost of pumping the water to the surface.

The decrease in the yield of a well as the head decreases is well
iltustrated by the resnlts of rather accurate observations on the new
well drilled at the Atlantic City Water Works in April, 1923, which
draws on the Aflantic City 800-foot water-bearing horizon. When
the well was tested on May 13, 1923, by the drilling contractor, the
vield as measured by an orifice was 1,050 gallons a minute. Buabse-
quently the orifice was checked with a pitometer and the discharge
was measured af intervals of about a mounth by one or the other of the
two methods. The results computed to a aniform speed of pumping
ave shown graphically in Figure 18, The graph also shows the fluctua-
tions of the water in an old well nearby, 600 feet deep (see page 59).
The fluctuations in water level are due largely fo fluctuations in the
draft from the formation in Atlantic City and other coast towns {see
pages 66 and 67). Although there are minor irregularities, it is appar-
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Discharge of 675-foat well at Atlantic City Water Weorks, May 13th.

192

3.

PLATE VI.

Rate of discharge 1.050 gallons a minute.
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Fre. 18~—Discharge of 675400t well at Atlantic City Water Works and
fiuctuation of water level in old 600-foot well

ent that the vield of the wells clianges with the head in the formation,
déclining when the head becomes less, and increasing if the head in-
creases. At its lowest the yield was 930 gallons a minute, a decrease
of 11 per cent from the original vield. On December 4, 1925, the
vield was 970 gallons a minute, or about eight per cent less than the
original yvield. The pnmp installations have been changed slightly
since then so that conditions are not entirely comparable, but the
yield-on January 18, 1926, was practically the same, 974 gallons a
minute. On March 5, 1926, however, it was & litile lower, 958 gallons
& minute at 1,163 revolutions a minute. During the summer of 1927
the yield decreased still further, and in August it was only about 850
gallons a minute,

As ancther illustration of the effect of a decline in the static head
the experience of a well owner in Atlantic City may be cited. When
a new well was completed in April, 1924, the depth to water was
about 40 feef. Tquipment was ordered to set the pump at a depth of
about 50 feet. The pump was not installed until the latter part of
the summer. When first started no water counld he obtained, but
hetter snccess was had after the pump was primed. The static water
level at thaf time was about 50 feet from the surface and the pump-
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58 ATLANTIC CITY GROUND WATER SUPPLY.

ing level must have been considerably lower. Thus the pump was
undoubtetdly operating with a suction lift instead of being submerged
as it shonld be to obtain the geratesi effictency. In the spring of 1925
the -pump was lowered to 5 feet from the surface, but difficulty in
obtaining water occurred during the following summer. Since ob-
servations elsewhere in the city showed the static level then to be about
78 feet below the surface, the pumping level in the well doubtless was
so low that the suction could not be maintained.

Several of the turbine puraps in wells in Atlantic City are set only
100 feet below the surface with 10 to 20 feet of suction pipe below the
pump bowls. If the decline in head in the next few years is com-
parable to that in 1925 the water will dvop below the limit of suction
lift, and the pumps become useless. The difficulty can be remedied
by lowering the pump bowls to a greater depth if the casing is large
enough to receive them. Because of the possibility of a considerable
lowering in head it is desirable, when drilling a new well, that the
upper casing be of large enough diameter to receive the pump bowls
to a depth of at least 125 or 150 feet. The pump need not be set so
low at first, as the loss in head in pumping through the greater length
of pipe would unnecessarily increase the cost of pumping the water.
In several wells that are pumped by air 1ift it has already been neces-
sary to increase the length of the air pipe, bui this is done compara-~
tively easily.

A factor which may cause a serjous frouble before the pumping cost
hecomes excessive is the possible invasion of salt water, This sub-
ject is discussed on pages 112 and 119,

TESTS ON SAND SAMPLES.

Morve than twenty-five samples vf sand have been obfained from
wells drilled between 1923 and 1926 to the Atlantie City 800-foot
horizon, and fests have been made on them by Dr. Norah D. Stearns
in the hvdrolagie laboratory of the United States Geological Survey.
The tests that are of special value iu the present investigation include
the determination of the mechanical compaosition, poresity and per-
meability.®®

28T he metliods used are deseribed in a veport by Nerah 1. Stearns, Labora-

tory tests of physieal preperties of water-bearing materials: U. 8. Geol. Survey
Water-Supply Paper 596-F, 1027,
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92 ATLANTIC CITY GROUND WATER SUPPLY.

The “coefficient of permeability” is defined as the number of gallons
of water & day at 60° ¥, that is conducted laterally through each mile
of the water-bearing bed under investigation, measared at right angles
to the direction of flow for each foot of thickness of the bed and for
each foot per mile of hydraulic gradient.® Having the coefficient of
permeability, and other requisite data as to the femperature of the
water and thickness of the water-bearing bed, there may be deter-
mined the head necessary fo yield a given guantity of water or con-
versely the amount of water that can be obtained with a given head.
Certain practical difficulfies are encountered which in the present
stage of the work make it impossible to consider the resulfs conclusive.
For example, the thickness of the bed may vary from place fo place,
and the factor of thickness cannet be determined accurately. Fur-
thermore, as shown by samples already tested, the permeability of
the sand in different parts of a water-bearing bed varies considerably,
even in the same well, so that it may be quite difficult to properly
evaluate this factor. Another probable cause of error is the impos-
sibility of getting a sample into the testing equipment just as it was
in the sand bed.

In drilling the sand is washed out of the well. If the rotary hy-
draulic process is used it is mixed with thick mud. If the jef process
is used the mud is not so thick. In either case, in order o obiain a
sample of the sand the mud is washed out by the driller. It is im-
possitde to wash out all of the mud used in drilling withort also
washing away some of the finer sand. The npward current in the well
during drilling may not be strong enough to earry to the surface any
coarse sand or gravel when it is struck. Therefore, the sample may
be finer than the water-bearing bed as a whole. 1t is & well known fact
that, other conditions being the same, the greater the variation in the
size of material the less is its permeshility, and the more uniform
its size the greater the permeability. SBince the coarser materials may
remain in the weil and the fine be washed out with the mud, the sam-
ples obtained probably show permeabilities higher than the permea-
bility of the formation wnderground. Despite these difficultics, it is
believed that the tests of samples are of some value in showing the
relative quantities of water than can be obtained from different for-
mations.

At shown by the table {see pages 89 and 91) therve is a considerable
range in the coefficient of permeability of the samples tested-—from 616
to 10,464, The coefficient of permeability of sample No. 111 i 5o much
higher than that of anv other sample that is believed not a true sample

285tearns, N_m'ah )., op. ¢, p. 148
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of the sand. It may have been washed an undue amount. 1t is there-
fore not considered in the following discussion. Tests were made on
four pairs of samples of the same material (Nos. 316 and 317, 318 and
319, 340 and 341, 342 and 344). In one sample of each pair the mud
nsed in drilling was washed by the driller and the other was washed
more carefully in the laboratory. The method used by the driller was to
turn a stream of water from a hose inte a bucket, stir the sand, and
let the fine material flow over the top. By this method some of the
fine sand, and perhaps even some of the coarse, was washed out. In
the lahoratory the sample was stirred in water, it was allowed to settle,
and the water carrying the fine material was carefully decanted. This
process was repeated many times. JIn the samples thus washed the
fine sand was left in the sample. As shown by the table the resnlt
was that the coefficient of permeability of the samples washed in the
laboratory was much lower than that of the less carefully washed
samples. The average coeflicient of permeubility ¢f four samples
washed in the laboratory was 802, and of the samples of the same
material washed by the driller it was 2,293, or nearly three times as
great. Since all of the samples, except those otherwiss indicated, were
washed by the driller, it is probable that the coefficients of permea-
bility are in general too high. With these limitations in mind an
application of the resulis may be attempted.

The average of the coefficient of permeability of 18 samples washed
by the driller is 2,662, This means that in one day 2,662 gallons will
move through a strip of sand one foot thick and one mile in length,
at right angles to the direction of low when the head iy one foot per
mile and the temperature of the water is 60° Fahrenheit.

The flow varies according to temperature, a high temperature fu-
creasing the rate of flow and a low temperature retarding it.3® The
femperature of water frem five wells in the region ranges from 60°
to 65° Fahrenheit, with an average of 63°. According to Slichter’s
table, the flow at 63° iz approximately 1.05 times that at 60°, and
the corrected average permeability coeflicient is practically 2,800. A
study of a number of logs shows that the average thickness of the sand
is about 80 feet. On this basis, with a head of one foot per mile, the
quantity of water passing through a strip one mile long would be
80 x 4,000, or 224,000 gallons a day.‘ It the strip were two miles
long the quantity would be twice that much or 448,000 gallons a day,
and so on. The distance between the northeastern and sonthwestern-
most wells in Aflantic City is approximately two ruiles. On this basis

308lichter, €. 8., Field measurementz of the rvate of movement of under-
ground waters: 1. 8. Geol, Survey Water-Supply I'aper 140, p, 13, 1905,
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94 ATLANTIC CITY GROUND WATER SUPPLY.

the head required to provide a flow of five million gallons a day would
be 11.2 feet per mile. This assumes that the water is moving to the
wells from one direction only at right angles to the coast and down
the dip of the bed from the west. Actually, some water is probably
moving from other directions. Deubiless about half water moves up
the dip, being veplenished by flow arcund the ends of the zone. It
this is true the quantity coming from the region directly norih-
west of the pumping area would be about half that estimated, and the:
head need be only 5.6 feet per mile.

By similar computation a comparison may he made with the head
between the new well at the Ahsecon pumping station and wells in
Atlantic City. When completed in May, 19235, the water level in the
pumping station well was abont five feet below mean sea level. On
the basis of the observations at the Chalfonte, in Atlantic City, if is
estimated that the static level in the western part of the city was about
35 feet below mean sea level, and that the difference in head or gra-
dient was about 6.7 feet per mile. The average daily consnmption
irom wells in the city, in May, 1925, is estimated to have been about
4.5 million gallons a day (see Tig 14). In the following table
is shown the head required to yield this quantity of water using the
average coefficient of permeability determined from samples washed
hy the driller and those washed in the laboratory.

Assuming that the water moves to the wells in Atlantic City from
two directions, the gradient in May, 1924, wag intermediafe hefween
the gradients computed from samples washed in different ways. It
was, in faet, not much different from the gradient based on the largest
rmumber of samples. Considering factors involved which caunot be
accurately evaluated, the results are as good as can be expected. They
are helieved to indicate that the determinations of coefficient of per-
meability are useful within certain Iimits. TIn the table on page 95,
there is given the gradient requirved for a draft of 10 million gallons
a day from wells in the city. If the larger average coefficient is
more nearly correct, the gradient required te draw five million gal-
lons a day in Atlantic City would be about 11 feet per mile, and the
head in Atlantic City would be about 50 feet lower than at the At-
lantic City Water Works on the mainland. Tf the lower coeflicient
was correct the difference in head between the two places would be
nearly 150 feet. Since the head at the water works would be lower
than it is now the head in Atlantic City would be much more than
150 feet below the surface.

Applied in a different way the test data as to the permeability of
the 800-foot sand are of significance in ghowing the area from which
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96 ATLANTIC CITY GROUND WATER SUPPLY.

waler is being dvawn, As stated on page 68, the original head on
the formation near Aflantic City appears fo have heen only about
one foot per mile. As shown on page 78, using an average cocfficient
of permeability of 2,800, the quantity of water passing through a
strip of the formation one nile long under a head of one fool per mile,
is 224,000 galtons. To obiain 5,000,000 gallons a day with the
natural gradient of one foot per mile, it would be necessary io draw
on a strip more than 22 miles long. To obtain 12,000,000 gailons
a day, which is approximately the average dajly pumpage in sum-
mer in the area from Brigantine to Ocean City, water would
be drawn from a strip more than 50 miles long. This asswnes
that the draft is egqual in all parts of the strip of water-bearing
formation. Actually, since the draft is concepirated in a rela-
tively small avea toward which the water must move rapidly,
the head required is great where the pumping is heaty, and becomes
less along lines radiating out from the pumping wells. Nevertheless,
before the intake area is reached the water must be moving in a zone
whase length is of the magnitude just stated. That this is actually
the case is shown by the profile of the plezometric surface along the
coast {see Pig. 13, A). ‘

CONTAMINATION OF WELLS BY SALT WATER.

General stalement—A problem that has given coucern to some of
the ewners of deep wells in Atlantic City bas been the contamination
of their wells by salt water. The seriousness of this problem is better
naderstood when i is realized that the static water level in the wells
in different parts of the city is from 60 to 80 feel below sea level,
and that salt water is heavier than fresh water. If sea waler in suffi-
cient quantity finds access either to the water-bearing bed or to wells
tapping it, a large part of the formation may be contaminated, and
this valuable source of water will be destroyed. Therefore, a con-
sideration of the danger of sali-waier confamination becomes de-
sirable in a study of the quantity of ground water that may safely he
drawn from the 800-foot sand in the Atlantic City region.

Certain general relations between fresh water and salt water along
seacoasts are well known, and the literature on this subject has been
summarized by Brown.3® To show the danger that conceivably may

21 Brown, John 8., A study of coastal ground water with speeinl reference fo
Connecticat; U. 8. Geol. Survey Water-Supply Paper 337, 1925. A summary
of the principal points in the paper has also been published under the title,
“Relation of sea water to ground water along coasts,” in the American Journal
of Seience, Bth series, vol. 4, pp. 274-294, 1922,
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confront well users in Atlantic City conditions on Long Island, N. Y.,
may be cited where heavy pumping of wells near the ocean resulted in
the drawing in of salt water and necessitated partial or complete
abandonment of certain well fields.3® However, certain conditions in
the Atlantic City region seem to indicate that there is less danger of
widespread contamination, at least for the present, than at the Long
Island localities, but because of a lack of knowledge of certain factors
that may favor intrusion of salt water this problem cannot be neg-
lected.

The relative saltiness of water is ordinarily defermined by its
chioride {C1) content, which is one of the two elements of common
salt (sodium chloride, NaCl}. Ordinary ocean water confains be-
tween 19,000 and 20,000 parts per million of chloride. Water con-
taining as much as 1,500 parts per million is intolerable fo most
people for drinking, and to be acceptable for ordinary household use
it should not contain more than 200 fo 250 parts per million. As
shown by the analyses on page 15, the waters now being used in At-
lantic City are very low in chloride, the maximum, with a few excep-
tions, to be discussed below, being only about 15 parts per million.

The wells in Aflantic Citv are on a narrow island practically sur-
rounded by salt water. Samples of water collected by the writer from
the chunnel, Main Thoroughfare, where it is crossed by Absecon Boule-
vard, show a chloride content of about 17,000 parts per million as
comapared to abont 19,000 parts in sea water—ithat is, the water in the
thoroughfare between Absecon Island and the mainland is essentially
as salty as ocean water. Salt water is found in the beds overlying the
800-foot horizon, and there is some indication that the water in the
formations beneath it, at least helow the 950-foot horizon, is at least
brackish. With these conditions in mind a perusal of Brown’s paper
would lead one almost immediately to the conclusion that contamina-
tion of the 800-foot horizon by salt water is inevitable, and, in fact,
should have occurred long before this. However, the geologic condi-
tions in the Atlantic City region are different from those in other
regions where studies have been made, and because of the different
conditions there is no precedent to follow in determining the likeli-
hood of salt-water contamination.

The eonditions at Atlantic City appear so favorable to contamina-
tion that when some wells in the city began to vield salt water the
first conclusion was that the heavy pumping was drawing the salt
water into the formation, and socon a cousiderable part of it would be

A28 penr, Ww. B, Long Island sources—an additional supply of water for the
City of New York, vol. 1, pp. 144-157, 1912; Brown, J. 8., Water-Sapply
Paper 537, pp. 44-48, 1025,

o
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98 ATLANTIC CITY GROUND WATER SUPPLY.

spoiled by salt water. There is abundunt evidence, however, that
such is not the case. T the present investigation samples have heen
analyzed from about 15 wells situated in the stretch from Brigantine
Beach on the northeast to Wildwood on the southeast. With the ex-
ception of the water from wells that have heen more or less contami-
nated by leaks in the well casing the chloride content in every case
was very low, ranging from 6 fo 37 parts per million of chloride.

That there has been no general contamination of the 800-foot hori-
son by salt water is shown by a comparizon of samples taken at dif-
ferent times. Water {rom the well at the Chalfonte Hotel, analvzed
in 1905, contained eight parts per million of chloride, a sample
analyzed in 1911 contained 9.7 parts per million, and one in 1924
confained 10 parts per million. 1n several samples analvzed ab in-
tervals between December 8, 1925, and February 24, 1928, the chlo-
ride ranged from only from 5.5 to 9.9 parts per million. These dif-
ferences are so small thai they are insignificant.  Av analysis for a
sample from the well at the Hotel Dennis in 1899 shows a chiloride
content of 10.12 parts per million.®® No samples from the Brighton
well have been analyzed recently, but the results on samples from other
wells are so close to the chloride in this very early analysis that it may
be sald there has been no material change in the many vears of pump-
ing.

On the other hand, several wells have become so salty that they
could not be used. Al of the facts point to locul contamination, the
salt water entering the wells through openings in the 'upf)er part of
the casing. When the difficulty has been overcome either b filling
the old well and drilling a new one, or by some other expedient, fresh
water has again been obtained. The writer hag a record of five wells
that have gone salty since 1922, It is probable that salt water was the
reason for abandoning a number of other wells.

Specific examples of contumination—In the fall of 1921 a well
(No. 4 on Fig. 1) at the Supplee-Wills-Jones Dairy, which haj heen
completed only about six months, began to show signs of salt-water
contamination.  Aw analysis on October 13, 1921, showed 16.93
grains per gallon (about 290 parts per million) of sodium and petas-
sium chloride* By May 23, 1922, it had increased to 56.094 grains
per gallon (960 parts per million}. The well was abandoned shortly
atterward and filled, and a new well was drilled by the rotarv hy-
draulie process, nsing mud fluid abhout 20 feet from it.

The new well was completed in June, 1923. W. P. Tramel. the

22 Annual report of State Geologist for 1809, p. 147,
3tAnalysis by Dearborn Chemical Co.
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driller, states that a sample collected after it had heen pumped
gfeadily for about seven hours showed the water to be of good quality.
A sample collecied by the writer on July 14, 1923, contained 37 paris
per million of chioride and 183 parts per million of total dissolved
solids.  Another sample, collected ahout November 14, 1023, con-
tained eight parts per million of chloride and 132 of total solids. In
14 samples collected at intervals of one to several months between
that date and February 24, 1928, the chioride has ranged from 5.0
to 8.8 parts per million, and most of the time it has been less than six
parts per million. This is the lowest chloride content found in any
sample collected by the writer from the 800-foot horizon, except a
sample from the well at the Atlantic City Water Works in the main-
land, which contained only three parts per million of chloride. The
well has heen pumped at a rate of 100,000 to 300,00 gallons almost
every day since it was completed. 1f contamination of the formation
was general and the result of heavy pumping, surely it should have
" proven so at this place; but the evidence shows that after the old well
was filled up, water of a quality that appears to he the normal
for the horizon was ebtained. .
The old well was of the type known locally as a “single-cased well.”
The casing record as furnished by Mr. Osgood, chief engineer of the
Supplee Dairy, is as follows: 200 feet of 10-inch, 193 feet of eight-
inch, 381 feet of six-Thch and 50 feet of four-inch sercen. There was a
short overlap at the bottom of each string of easing and that of next
smaller dizmeter inside. No data are available as to the length of the
overlap, but apparently it was not great. The space between the two
casings at these overlaps was pluggged with wood plugs. The redue-
tion from the 10-inch to 8-inch ecasing wns made well above the 400-
foot clay bed, and probably was in or near salt-water bearing sand.
Although cach casing extended to the top during drilling it was cut off
and withdrawn. The expense of drilling was thereby lessened by an
amount approximately equal to the cost of the casing. It is sup-
posed that the wood plug either did not fit properly when first put
in or else broke out in some way and admiited the salt water. In con-
firmation of this theory if is reported that pieces of wood were pumped
from the well. In this counection attention may bhe drawn to the
Tact that in a well where the water level when pumping is 30 feet
below the ocean level the difference in pressure between the fresh
water in the well and the salt water in the upper formations outside it
is about 22 pounds per square inch. Unless a plug were very tightly
ingerted this might easily be pushed out by the pressure on it from the
salt water-bearing horizon.
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A case of salt-water contamination, concerning which valuable in-
formation is available, occurred during 1924 in a well (No. 26 on Fig.
1) ai the Royal Palace Hofel. The first evidence of contamination
occurred in the spring of 1924. Apparently the leakage at this time
was small, and as the pumpage increased during the summer the salt
water that entered was sufficiently diluted by fresh water from the
800-foot sand so as not to be noticeable. The first real indication of
salt water was observed about the middle of September—that is, soon
after the pumpage from the well had increased considerably. It
goon became so bad that the well had to be abandoned.

The well stood as it was until about December 1, 1924, wheu it was
filled up just prior to drilling a new well about 25 feet away. Just
before it was filled, at the request of the writer it was pumped for
one and a half hours and samples taken at half-hour intervals. The
first sample, taken when the water first flowed, contained 20,000 parts
per million—that is, it was as salty as sea water. The other samples,
taken half an hour, an hour, and one and a half hours after starting,
contained, respectively, 13,300, 10,650 and 8,450 parts per million of
chloride. On plotting the resulis it is found that the chloride ap-
parently would have continued to be at least several thousand parts
per million for some time. Salt water was leaking into the well at
this time in such guantity that the dilution by the fresh water was
insufficient to reduce the chloride low enough to make it usable.

The new well was completed about January 15, 1925. A sample
collected as soon as the water had cleared up, when it was first
pumped, showed 490 parts per million of chloride. After a couple
of days pumping a disagreeable taste wag noticed and the water could
not be used for drinking. A sample collected on February 11 showed
567 parts per million. At the suggestion of the driller thereatter the
well was pumped into the street about 14 hours daily for several
months, and samples were taken at intervals. The chloride content
in these samples is shown graphically in Figure 19. As shown by
the graph the chloride content declined very slowly, until finally, on
October 30, 1925, it was down to 15 parts per million, which, although
it is slightly higher than the chloride in most wells in the city, can be
censidered normal for the region.

During the early weeks of tests of this well the question arose as to
the source of the salt water—whether it was leaking into the new well
or whether it had enterad the formation from the old. If i was from
the old well, was that well still leaking or was the salt water residual—
some that entered the formation during the two months or more
before the well was filled after being abandoned? In an attempt to
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Fic. 18.—Graph showing chloride content in water samples from Royal
Palace Hotel,

answer these questions a series of samples were faken at frequent
intervals on successive days. The amount of chloride in these sam-
ples on ons day, March 24, 1925, is shown in Pigure 20, A, The first
water that came from the well contained 325 parts per million of
chloride, but within 10 minutes the chloride dropped to 55 parta.
Thereafter it rose again, at first rather rapidly and then more slowly,
and when the pump was stopped at the end of 12 hours it was nearly
as high as in the first sample. A series of samples collected for a
short time on the following day sbowed a similar rapid drop in the
chloride during the first few minutes of pnmping and rise thereafter.

The results of these tests are interpreted as follows: It salt water
were leaking into the new well through holes in the casing such water
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Fig. 20—Graphs showing fiuctuation of chloride content in water sambleg
during pumping from wells of Royai Palace Hotel and Atlantic
City Brewing and Iece Ce.
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of high chloride content would i} the casing from the point of leak to
the bottom of the casing, and since salt wafer is heavier than fresh
water, it would spread out into the water-bearing formation. There-
fore, water from the lower part of the casing, which wounld reach the
surface after the pump had operated a few minutes, should contain
the most chloride, and as pumping continued the salt water would be
removed and the chloride content should diminish. This did not
happen in the Royal Palace well, and it was therefore concluded that
the water of high chloride content did not come from & leak in the new
well but from the old well. The firsf sample was of water leff in the
casing on the cessafion of puraping the previous day, and represented
the concentration of the water jo the saud ab that time. This water
had been drawn v from the direction of the old well. The sample
that contained only 35 parts per million reached the surface after
pumping for several minutes and must have come from the formation.
Evidently the water in the formation peay the vew well had become
better in quality during the night, and this could occur only by under-
flow past the well. The hydraulic gradient in this leeality is known
to slope in the general direction of the old well, which was nearer the
center of heavy pumping in the city. Therefore, conditions were
favorable for fresh water wmoviug toward the new well during the
period when the well was not pumped. The increase in chloride as
pumping continued during the day occurred as water was drawn in
from the dirvection of the old well.

If salt water were still enfering the formation from the old well a
cessation of pumping would result in an increase, and this increase
should show up when the new well was pumped. This did not oceur,
and 1t was concluded that there was then no leakage from the old well.
The salty water that reached the new well was part of the sea water
that had entered the formation before the old well was filled wp, and
it fook several months before that water was pumped out or mixed
arith fresh water in the formation.

None of the cases of sait confamination that has come to the atten-
tion of the writer has showed a chloride coutent approaching that of
the old Roval Palace well. The first sample, which contained 20,000
parts per million of chloride, undoubietdly was water that eutered
the upper part of the well. That a considevable quantity of it entered
the water-hearing bed is shown hy the sample taken after an hour and
a half of pumping, which contained more than 8,000 parts per miilion
of chloride. Rough computations show that this water must have
come from that part of the formation several feef from the well. If
this water were so salty, it would nrot be surprisiug that the water as
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far away as the new well would show some contamination. The cause
of the leakage into the old well has not been determined. Nor is it
clear why the chloride should be so much higher than in most wells
that have shown salt water. Perhaps this apparent difference is realiy
tue ouly to a lack of definite data at cricital times in regard io the
other welle. The Roval Palace well is nearer the ocean than most
wells and s so sitnated near the Inlet that the ocean is not far away
in two directions. At this locality wave action may have broken pro-
tective beds that may be present in other wells, and allowed easier
access for water from the ocean.

Another iuvstructive record of contamination is that of a well as
the Atlantie Brewing and Ice Co. (No. 7 on Fig. 1}. The well is 846
Teet deep with a four and obe-half-inch screen. The water from it
showed the first sign of being brackish in 1922. It ig said that an
analysiz showed 105 grains (equivalent to approximately 1,800 parts
per miilion} of “salt,” but it is not certain whether the term was
used {o Indicate sodium chloride or only chloride. An attempt was
made to shut ont the salt by putting a four and one-half-inch pipe
down to the screen and placing a “packer” between the pipe and
the casing to prevent the salt water moving down the intervening
space to the screen. The “salt” content was reduced to 17 grains
per gallon {about 290 parts per million), and a second attempt
was made to reduce the chloride still more. In working on the
well a string of 380 feet of four and one-half-inch pipe accidentally
wag dropped in the well and all efforts to pull it out were unavailing.
Tinally, a special packer, known as a “step expanding gas anchor
packer” manufactured for use in oil and gas wells, was put in the well.
This packer consists of two parts, a lower section of gum rubber and
a1 upper section of pipe, which is sn}all at the lower end and in-
creases in outside diameter by steps. The upper section telescopes
into the lowering, being pushed down by the weight of u string of cas-
ing above. As it enters the rubber the latter is squeered outward until
it meets the side of the casing forming a tight seal. The packer was
placed just above the 380-foot string of gix-inch casing at a depth he-
lieved to be about 340 feet, and four and one-half-inch pipe was con-
tmued to the surface. When a sample of waier was collected about
August 10, 1925, shortly after this work was comypleted, the chloride
was reduced to 46.8 parts per million. A sample collected on No-
vember 20, 1925, contained only 10 parts per million of chloride and
127 parts per million of total solids, which shows that water of the
normal mineral contert was being obtained. The salt water had thus
heen effectively shut out at a cost much less than that of a new well.
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Unfortunately, the shut-ou was not permanent. In June, 1926,
the water was again reported to be salty. A well about 500 feet away
was known to have been abandoned several months hefore, and, ac-
cording to rumor, was contaminated by salt water. It was therefore
thought possible that the salty water might be coming from that
well, but the very fact that the weil of the Atlantic Brewing and Ice
(o. had earlier been known to have a leaky casing in the salt-water
zone cast suspicion on it.

A series of samples were collected as Quring the test of the Royal
Palace well, and the quantity of chloride in them is indicated graphi-
cally in Figure 20, B. The fluctuatioh of the chloride is just the op-
posite of that in the Royal Palace well—low at first, with a very rapid
rise occurring within a few minutes after pumping started and imme-
diately thereafter a sudden drop. The curve flattens even more
rapidly than in that of the Royal Patace, and apparently the chloride
would continue to be between 200 and 300 parfs per million for at
least many days. Tn accordance with the decision on page 102 the
character of the fluctuation of chloride in the Aflantic City Brewing
and Tce Co. well is considered to indicate quite clearly that the salt
water was entering through a leak in that well and was not being
drawn in from the nearby well.

Tt is possible that in the future other wells in the region may be-
come contaminated from local sources, either directly by leaks in their
own casing or indirectly by leaks in nearby wells. Tt is believed that
the method used to determine the source of the salt water in the Royal
Palace and Atlantic City Brewing and Ice Co. wells may be applied to
determine the source of contamination in other wells.

A fourth case of local salt-water contamination has occurred at
Brigantine Beach. .An old well, unused for many years, was cleaned
out in the summer ofs1924.  Samples collected between that time and
June 24, 1925, contained from 300 to 700 parts per million of chlo-
ride. In June, 1924, a new well close to the old one was begun and
water for mixing the mud fluid used in drilling was obtained from
ihe old well. Before the well was finished the old well collapsed and
it was impossible to obfain water from it. A large quantity of water
is required in the drilling process, and in order to finish the well salt
water was pumped from the bay. A sample collected on August 19,
shortly after the well was completed, contained 323 parts per million.
Thereafter, as the well was pumped a few hours each day, the chloride
decreased. Subsequent analyses showed the following chloride con-
tent: September 21, 183 parts per million; October 29, 136 parts
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per million; about November 8, 129 parts per million; January 185,
1925, 85 parts per million, and March 23, 538 parts per million.

There may have been some slight leakage of salf water from an
upper horizon in the old well, but the contamination of the new well
doubtless resuited largely from the use of sea water in drilling that
probably contained 15,000 to 18,000 parts per million of chloride.
However, it was used for only a short time and was mixed with mud,
and doubtless did not move very far from the well into the formation.
Furthermore, a large quantity of the salt water was pumped during
the developing and testing of the well, The observations on the Brig-
antine wells, like those on the Royel Palace well, are significant in
showing how long it takes to freshen the horizon when # has once
become contaminated even Jocally and only fo a slight extent.

Cuuse of present confominalion.—The evidence is convincing that
salt water bas not yet been drawn into the 500-foot horizon from its
oceanward etxension. The salf-water horizons lie above the great
clay bed and salt water enters the well holes above that depth or

" passes down along the casing. Practically none of the casings have
been pulled out, so that the exact causes of the trouble can only be con-
jectured.” ' .

Several persons who have followed the development of the Atlentic
Jity horizon for many years have stated to'the writer their belief that
salt water trouble was due to the use of reciproeating pumps—that is,
ptmps in which a eylinder that contains valves is placed in the well,
generally below the static water level, and the water is liffed hy the
alternate raising and lowering of the vaives by means of rﬁs €0x1-
nected to an engine at the surface. In support of their cefitention
they stated that cvery well they kmew of wiich had become salty
had at some time been equipped with this type of pumyp. It was their
belief that the reciprocaiing movement of the pump rods created a
jar that caused a strain on the casing to the point where it would
break. It was further said that sand carried in the water seftles
around the cylinder when pumping is started, and when pumping is
resumed the jarring drives this between the cylinder and casing like a
wedge, helping to break it.

The first examples that came fo the writer’s attention supported
this theory, for reciprocating pumps had been used in the wells.
However, three wells which are said never to have been eguipped with
that tvpe of pump, nevertheless, have become salfy. These wells are
at the Ventnor Water Works, the Roval Palace Hotel and the Atlantic
City Brewery. They were either originally equipped with suction
pumps which were abandoned for air lifts when the water level got too
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low or air was used {rom the beginning. The reciprocating pump,
therefore, must not be blamed for a1l the trouble from salt water.
Although the reviproeating pumyp has been rather generally discredited
for use ou the deep wells in the region, for the reason just stated, it
stitl has a few advocates. At least four pumps of this fype are known
to be in use. One engineer who has studied the situation carefully
Lelieves that if casings have been broken by the jarring of the pumps
it has besn due to the fact that the pump is attached rigidly to the
top of the well piping. He has vecently installed a reciprocating
pump on a new well. "This particular puye is not connected to the
well pipe, and he believes he will have no trouble. Another enginéer,
whose well hus heen contaminated, although only air lift had been
used, expects to use & reciprocating pump in his repaived well. 1t is
the opinion of the writer that, although there is cireumstantial evi-
dence against the reciprocating pumyp, the case has not been satis-
factorily proved. As shown below, there are other possible eanses of
holes in the casing that are equally as potent.

Tt at least one instance it seems probable that the salt water gained
entrance into the well through faulty construction where the size of
the casing was veduced. Either the plog that was {o close the space
hetween the inner and ounter casing was not properly placed or it was
subsequently forced out hy the greater head on the salt water outside
the well. Salt water may gain access to the fresh-water bed if proper
care is nol used in putting in the casing through the upper horizons,
for the hole is always necessarily a little larger than the casing. To
prevent trouble from this source one string of casing should be set
firmnly o ihe great clay bed and below that the diameter of the hole
should be reduced. To be doubly sure the hole could be cemented at
this point before drilling farther, according to methods used in oil
fields to shut out water® However, the fact that most wells have
showu no contamination in the early part of their life is believed to
indicate that there has been little, if any, leakage along the outside
of the casing, Where air 3ift is used the lower end of the air pipe
may vibrate and wear a hele in the casing unless some method is used
to prevent this.

Aside from mechanical causes such ag vibration and rubbing of
pump parts, it seems that corrosion is probably the most potent cause
of salt-water contamination. The problem of protection of well equip-
ment against corrosion is especially fmportant in oil fiields, and has
heen the subject of a comprehensive investigation by R, Van A, Mills

35Teugk, F. B., Methods of shutting off wuier in oil and gue wells: U, &,
Burean Mines Bull. 163, 1918,
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of the Bureau of Mixies."® The conclusions reached in that investiga-
tion may well be applied to well conditions in the Atlantic City avea,
for the problem of preventing corrosion in oil and gas wells relates
Iargely to the shutting out of both salt and fresh water from the wells.
The following extracts point out important factors in the sali-water
problem :37

“The corrosion of metal is essentially an electro-chemical process
accomplished through the agency of water. The presence of an ague-
ous solution in contact with a metal is the ouve condition that is essen-
tial to all the electro-chemical reactions involved, * % #

“Corrosion in the wells falls within one or the other of two clusses,
according to water conditions. These classes ave as follows:

“1. Corrosion of well casing from outside. 1 this phase of under-
ground corvosion the corresive waters stand around the outside of the
vasing.

2. Corrosion of casing from inside, with corresion of tubing and
other equipment inside the casing. The waters thal cause corresion
stand either between different siriugs of casing or inside the inner
string of casing, or possibly both. * * *

“If the corrosive waters stand between different strings of casing
or around the tubing and other equipment inside the casing, the cor-
rosion of the different strings of pipe is closely analegous to corrosion
of the plates in galvanic cells. The wells are, in effect, large galvanic
cells in which the casing, the tubing and the other metal equipment
immersed in salt water are the slectodes and salt water the electolyte.
Galvanic action takes place between different parts of the equipment
very much as it does between the different plates in ordinary galvanic
wet cells, * * %

“Corrosion processes in the wells are self-stimwulating, and corrosion
tends to become progressively more vigorous a8 it contisiues.”

Prevention of sontamination from vverlying Torizons——-Afier salt
water has once gained access to a well it may be Qifficulf fo shut it oat,
partly because of the impossibility of kaowing just where the Jeak
may be. It may be more expensive to attempt io reclaim the well than
to abandon it and drill a new one. Tt is obvious that care in drilling
the wells to shut out sait water s by far more important than attempt-
ing to rehabilifate old wells. In pointing out precautions that should
be taken the methads of drilling used in the region must be considered
briefly, '

Until the last two or three vears most of the weils have been drilled

26)Mills, R, Van A, Protection of oil and gas field equipment against cor-
rosion: U. 8. Bureau of Mines Bull. 238, 1925,
37Mille, R. Van A., op. eif., pp. 53-8, .
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by the so-called jei method. When using this method the casing is
put down as the hole progresses and is never more than a few feet
irom the bottomn of the hole. The hole is generally slightly larger
than the casing, and there is thus a channel oulside of it through
which the water from the wpper horizons may move. Ordinarily this
channel saon fills with caving sand, buf if only with sand there is still
oppertunity for the water to move along it.

1t is the common practice to drill the hole with a certain diameter
to a depth of 100 to 300 feet, and then reduce the diameter of the hole
by about iwo inches. In many wells & second reduction in size is made
at a greater depth. In the earlier wells it was the commeon practice to
hare an overlap of only a few feet between the suecessive casings.
The space between them was filled with a wooden plug. Since the
driller is working more or less in the dark, he can never be sure that
he has made a tight plug, and the point of reduction therefore may be
a source of contamination. Because there is only one casing at a given
point, except for a few feet at the reductions, wells of this kind have
heen called single-caged wells.

Most of the wells in Atlantic City that were drilled by the jet
method are now of a fype called double-cased wells. ~ In these the
second casing, instead of overlapping the first or ouler casing for only
a few feet, extends fo the surface. There is thus a double thickness
of casing in the sali-water horizons which to a certain extent gives
added protection against corrosion. However, Mills points ont, with
water standing hetween two strings of casing, the conditions are favor-
able for producing corrosion similar to that of the plates in galvanic
celle®®  Bince it costs several hundred dollars to carry the second
casing to the surface, in recent years some persons have omitted this
precaution in order to save money. This has proven {o be false
economy, for when the single casing corrodes the cost of rehabili-
tating the well or drilling a new one will be far greater fhan fhe cost
of the additional few hundred feet of casing. Experience shows that
when wells are drilled by the jet method they should be double cased
through the heds that carry salt water, Since there appears to be
no widespread clay bed capable of shutting out the ocean water ahove
the great clay bed in order & be safe, the outer casing should be earried
down into that clay several feet. As an added precantion, which will
probably eventually prove to be of value far in excess of the small ad-
ditional cost, cement or mud fluid should be poured between the two
casings. - The cement serves two purposes—it displaces the water be-
tween the two casings which might produce gatvanic eurrent; and if

38AL{lls, I Yan AL op. ¢it, p. O
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either casing should corrode it forms a pipe independent of the casing.
Because of the small space between the casings care must be used in
mixisg snd pouring the cement fo be sure complete filling of the space
between the casings is obtained.®

During the.last two or three vears 2 number of wells Lave been put
down in the Atlantic City region by the rotary-hydraulic method. In
such wells only a single casing is used through the salt-water horizons.
In view of the experience with single-cased wells drilled by the jet
method, there has heen some question as to whether double casing
should not be required in these newer wells. This important guestion
has been given considerable attention by the writer.

The rotary-hydraulic method of drilling differs considerably from
the jet method. The hole is seraped out, as it were, by a bit which is
rofated on the end of a string of pipe. During the drilling beavy mud
fiuid is pumped down the pipe and rises up the hole, carrying with it
the cuftings. In so far as a mud fluid is pumped down the pipe and
rises in the hole cutside of it, this method is similar to the jet method.
In the rotary-hydraulic method, however, the fluid is much thicker
and heavier and much more of it is used. The prineipal purpose of
the mnd is to hold np the walls of the hole until the casing is put in.
This it does in sand formations by filling in the pore spaces between
the sand graing, causing the mass to stick together. The easing is not
put in until the hole is completed to the desived depth. The nsers of
the hydraulic-rotary method claim that, in addition fo holding up the
wall of the hole, the clay forms an effective seal, which prevents the
salt water from reaching and aftacking the casing.

The rotary-hydraulic method is used very extensively in oil fields
where the formations consist of unconsolidated or semi-consolidated
materials. In such fields one of the most important problems ig that
of shutiing out water, both fresh and salt, from the wells. Accord-
ingly, information was sought as to the use of mud fluid in shutting
out water in oi} fields. The subject has been investigated extensively
hy the United States Bureau of Mines.®* The value of mud-laden
fluid in preventing corrosion iy summarized by Mills, as follows:*

39For methods of cementing wells see Tough, F, B., Methods of shutting off
water in oil and gas wells: 1. 8 Bureau of Mines Bull. 163, 1018,

408en the following bulleting of the United States Bureau of Mines: Lewis,
J. 0., and MeMurray, W. ¥, The use of mud-laden fluid in oil and ras wells:
Bull, 134, 1916, Tough, ¥. B., Methods of shotting off water in oil and gas
wells : Bull, 163, 1918, Ambweese, A. W., Undergronnd conditiong in oil fields:
Bull. 195, 1921, Collom, . K., Prospecting and testing for oil and gas:
Bull, 201, 1622, Swigart, T. 8., and Beecher, €. ¥, Manual for oil and gas
operations: Ball, 232, 1923, Mills, B, Van A.. Protection of oil snd gas field

*equipment against corresion: Bull 283, 19245,
41Mils, R, Van A, op. ¢it., pp, 7470,
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“The use of mud-laden fhuids to protect well casing against the cor-
vosive action of waters standing either between different strings of
casing or around the ountside of casing has been repeatedly deseribed
131 the literafure on petroleum engineering. * * ¥ The three chiet
features in the use of mud-laden fluid for the protection of casing
against corrosion ave:

“1. Displacement of corrosive water when the mnd fluid is forced
into place around or befween casing.

“4, The clogging action of mud fluid as it enters the interstices of
a sal. This clogging action fends to render the sands around the
well impermeshie, thus stopping or restrieting circulation.

“3. The exclusion of corresive waters and gases from coutact with
the casing, not only by displacement and clogging action of the mud,
but also by the static pressure of the column of mud fluid standing
hack of the casing, which continually epposes the movement of the
corrosive water back info the well and into contact with the casing.

“Salt hrines are sometimes wed for mud-laden fluids, bat as a rule
such waters tend {o drep the clavs from suspension and to facilitate
corrosion. The effort should be made to use waters that are non-
corrosive, or that are less corrosive thau deep-geated brines. This,
with the exclusion of circulating waters and gases from around the
outside of casing, affords a valuable protection against corrosion as
i indicated by the relatively lony life of casing in wells where the
mud-laden-fluid method has heen applied.”

Ater eiting examples of the value of mud-laden #luid in prevent-
tug or reducing corrosion Mills states: “The mud-laden-fluid method
is undoubtedly one of the most effective as well az one of the most
inexpensive methods of protecting waler strings against corrosion
from the outside.”

I connection with the use of mud-laden fluid for the prevention of
corrosion the following statements are pertinent: The specific gravity
of the average mud fluid is stated to be between 1.04 and 1.30.*° The
lower specific gravity is heavier than sea water, which ranges from
1.02 to 1.08. Therefore, the weight of the mud fluid is sufficient to
displace the salt water from around the well. It is believed that the
mud penetrates the sand for at Jeast several feet from the well, thus
replacing the salt water. Tn drilling one well at Atlantic City mud
was pumped from aunother well about 20 feet distunt, showing that
some of it fraveled that far. In eil field wells similar evidence shows
that the mud in some formations has traveled as far as 1,000 feei.

28wigart., T. E.. apd Beecher, (0 B, op. ik, p 33,
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An essential condition when mud is used to prevent vorrosion is that
the mud remain in a fluid condition, for the effectiveness depends upon
its weight as a fiuid to hold back the corrosive water. If the mud
were to dry out it would doubtless crack so that the salt water counld
veacli the casing. Experiments show that when air was excluded from
tubes containing mud fluid the original condition was still main-
taimed after a period of at least two years*® Doubtless this condition
would be mamtsined indefinitely in a well if there were no appor-
tunity for evaporation. Tn the Atlantic City region the ground is
saturated to within a few feel of the surface, so that conditious are
favorable for the maintenance of the fiuidity of the mud indefinitely.
H the mud flued were drained away partly or wholly from the hole
the corrosive water could again veach the casing. However, condi-
tions in Aflantic City region are such that, barring some very unusual
circumistances, this is pet likely fo happen.

A fourth tmportaut condition to be observed wheu using mud fiuid,
as wentioned by Mills (see above), is that the water used in mixing
the mud should, so far as possible, be noncorrosive or nomsalive.
Salt water tends to cause the mud to settle out of suspension. This
factor may conceivably le important in the Atlantie City region if
wells ave drilled at localities near the ocean, where the public supply
or other water of good quality from deep wells is not available for
drilling, and -water used from temporary shallow wells may be salty.
The water from the public supplies and deep wellg is noncorrosive or
only slightly so, and its use should cause no difficulty.

Mud-laden fluid has been used vepy extensively in drilling oil wells
in California, Probably no state in the country has more stringent
regulations in regard to the exclusion of water from oil wells, for a
vigid test under state supervision must be made before wells can be
put into use. Believing that there should be ample evidence in this
state as to the effectiveness of the mud fiuid in shuiting out salt water,
the salf-water problem in the Awlantic City region was described
rather fully in a letter to the State Oil and Gas Supervisor of the
California Mining Bureau. Tu his reply the supervisor, Mr. R. D.

Bush, states:

' “It s my opinion that it these wells are drilled and cased with
one string of casing to the top of the fresh-water sand and a
column of mud fluid maintained on the outside of the easing to
the surface, the salt water will be effectively prevented from
comsing in contact with the metal casing, and corrasion thereby

#Wlongh, F. W, op. cit. . 59,
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prevented. 1 believe that while drilling the mud fluid will peune-
trate the porous sands to some extent, but the hydrostatic pres-
sure of the mud fluid is relied upon to keep the salt water back
in the formation away from the casing, and, therefore, & well in
this condition should be inspected from time to time and the
column of mud fluid maintained to the surface.

“I do not know of any cases in California of oil wells du}ied
in this method where the mud Huid has subsequently disappeared
and allowed water to have access to the oil sands. While oil
wells ave drilled principadly in this manner in this Btate, there
is also an additiopal protection provided by placing cement back
of the casing for a considerable distance above the shoe, and in
some instances cement has been forced to the surface on the out-
side of the casing, which, if the casing is in the center of the hole
and not touching the sides, forms a protective coating of cement
hetween the casing and the walls of the hole, and it seems to me
that this practice would be advisable in the drilling of these
water wells, if it is in fact corrosion which causes the trouble, ov
even if it is the water leaking around the shoe of the casing which
causes the trouble.

“I would suggest that in wells that are not drilled by the hy-
dranlic method using mud-laden fluid, two strings of casing should
be used to the top of the fresh-water sands, aud in the event
that the outside string became corroded allowing salt water to
have contact with the inside string, which, in turn, would become
corroded, the inside string could be pulled out easily and the cor-
roded joints replaced with very little cost.”

Summarizing the methods of preventing the contamination of wells
by invasion of salt water from the overlying horizons, it is believed
that either of two methods will prove effective—mnamely, (1) double
casing the wel), using due care to see that the outer casing i set
tightly in the big clay bed, and (2} drilling with a heavy mud fluid
which will push back the salt wader from the casing. Care in drilling
and setting the casing is the important thing, for in the long ran it
will prove to he most economical.

DANGER OF SALT-WATER CONTAMINATION DUE TO
HEAVY PUMPING.

Although so far there has been no contamination by shoreward per-
colation in the 800-foot sand, experience in other localifies empha-
sizes the importance of considering the possibilify of confamination
from this soutce. The conditions at Aflantic City present elements
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of special danger in that the static head is so far below sea level, not
only in that eity, but also presumably for some distance out heneath
the ocean.

The problem is one that does not permit of definite solution with
our present knowledge, for the most important factors are related to
conditions beneath the ocean concerning which we have no informa-
tion, Therefore, we must depend apon a more or less theoretioal con-
sideration of conditions off shore.**

A factor hindering confamination of the 800-foot sand at Atlantic
City is the presence of the overlying 300 feet of impervious clay, which
prevents the direct access of ocean water. A guestion of wmoment is
whether the 800-foot sand contains only fresh water throughout its
entire extent or whether af some place it carries salt water which
may be drawn into the wells at some future time, In view of the prac-
tical importance of the problem, the writer has heen led to speculate
on conditions bencath the ocean with the following results.

The 800-foot sand is 2 marine bed and must once have contained
sea water. The presence of fresh water can be explained only by
movement of the original salt water seaward to a sub-oceanic outlet,
It the dip of the sand at Atlantic City, about 25 feet per mile, con-
tinues off shore, its outerop would be at the edge of the continental
shelf about 9¢ miles out and at & depth of about 3,000 fect, as shown
in ¥igure 21, A, If the sand is filled with fresh water to the outerop,
the weight of the salt water in contact with it at the outlet, assuming
an average density for salt water of 1.025, would create a head suffi-
. cient to cause the fresh water fo rise at least 75 feet above sea level.

It must be remembered that this head would exist at the outerep
at the edge of the continental shelf. 1t would be fully as great at
Atlantie City, and if the fresh water were moving oceanward it would
necessarily be even greater. Thus, if the hydrauliec gradient required
for movement of the water were only one foot per mile, the siatic head
at Atlantic City would have to be about 165 feet above sea level.
When the first wells were drilled no such high head as this existed—

44Thisz problem has been considered by the writer in “Ground water prob-
tems on the barrier beaches of New Jersey”: Bull. Geol. 8oc. Amer., veol. 37,
ph. H68-474, 1026, Additienal data are presented in the present discussion.

#BAccording to H, B, Bigelow {(Ixploration of the Coastal Water between
Nova Beotia and Chesapenke Bay, July and August, 113, by the U. 8. Fish-
eries Schooner Grampas. Dull. Mus. Compar. Zoosl. Harvard Coll., Vol. LIX
No. 4, Sept.. 10158, Tig. 59, p. 219) the ocean water in the great abyss beyond
the continental shelf abreast of Barnegat, N, J., has a density of ahout 1.023
near the surface, which inereases to 1.025 at a depth of abont 120 feet and
of 1.020 at a depth of about 1,500 feet. The average density of the eolumn
of water to a depth of 5,000 feet is therefore somewhat greater than 1.025 so
that fhe figure given above is conmervative.

8
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Fi6. 21.—Diagrams showing possible alteraative conditions that would account

for a head of 25 feet on the 800-foot sand at Atlantie City.

nor even as high as 75 feet. It is therefore evident that the 800-foot

sand does not contain fresh water to a depth of 3,000 feei.

The original static head of 20 fo 25 feet at Atlantic City is equivalent
to a column of salt water only 800 to 1,000 feet high and having a den-
sity of 1.025. From the facts stated the following alternaiive comelu-
sions arise: 1. If the sand does outerop at the edge of the continental
shelf ata depth of 3,000 feet, it musi be filled with salt water back toa
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point where its depth is less than 1,000 feet, as shown in Figure 21, A,
2. The dip of the sand off shore may be much less than 25 feet per
mile, and the outerop may be at a depth of less than 1,000 feet, as
shown in Figure 21, B. 3. The zall water creating the head on the
sand may gain access to it much nearer shore than the edge of the
continental shelf through relatively permeable overlying materials,
as Iin Figure 21, C. 1t will be noted in Figure 3 that the Kirkwood
formation is hevelled off beneath the ocean along the coast some 50
miles north of Atlantic City and in the lower part of Delaware river.
Doubtless salt water has gained access to the formation at least in the
former locality.

In the above discussion ne consideration has been given to several
questions of a strictly stratigraphic nature, such as the likelihood that
the 800-foot sand extends to the edge of the continental shelf, some
135 miles from its outcrop on the land; or the probability that the
thick clay bed iz continuous over the sand and wholly effective in pre-
venting salf water from reaching the sand except at the edge of the
continental shelf; or the possibility that some unsuspected structural
condifion might give salt water access to the formation at a depth of
less than 1,000 feet. Regardless of the reasonableness of any of these
possibilities, there seems to be no escape from the conclusion based on
hydrauli¢c data that the zone of diffusion between salt and fresh water
is &t a depth of less than 1,000 feet below sea level.

If the dip of the sand off shore is 25 feel per mile, as at Atlantic
City, the diffusion zonme must be less than eight miles out, and it
allowanee is made for loss of head due to flow, probably several miles
less. At Wildwood the sand lies at a depth of about 900 feet, and con-
ditiong there should be somewhat comparable to those ahout four
miles off shore at Atlantic City. If the sali water is within a few
miles of Aflantic City the water in the Wildwood region may be ex-
pected to show a somewhaf greater chloride content. The following
table gives the range of chloride in water from wells drawing on the
800-feot sand as determined by analvses made at frequent intervals
during the past 15 years, The localities are arranged in order from
north to south.

NEW JERSEY GEOLOGICAL SURVEY




.

116 ATLANTIC CITY GROUND WATER SUPPLY.

RANGE IN CHLORIDE CONTEXNT OF WATER FROM WELLS
TO SO0-CALLED 800-FOOT SAND,

(From auwulyses by N. J. State Department of Health, 1006-1925, and
U. 8, Geological Survey, 1924-1027.1)

Chloride
Depth I'arts per milion
of wells Min. Max.

Absecon {mminland) .. .. ... ... ... .. ... GTH 3 [
Atlantic City ... ... . .. . B00-841 6 11
Ventnov . ... ... .. 825 5 13
Margate ... .. . 815 3.0 I 5
Joongpert .. ... ... B 858 n.h 11
Ocean City ... .. . 844 .0 12.5
Corson’s Tnlet . .. . ... ... .. ... BhTY 14 26.0
Bea Isle City ... . ... ... .. .. ... .. BO-875 1a 23
Avalon ... L 925-935 30 36.5
Stone Havbor .. ... 0. ]490 16 49
Wildwood . ... 931 134 48
Witdwood Crest ... . L L. L. 930 284 383

South of Wildwood, tu & well at Lewes, Delaware, the water from
a formation at a depth of 891 to 950 feet, which is believed to be the
same as the 800-foof sand at Atlantic City, was so salty that it was
not used ¥ The data thus show, as was suggested, a progressive in-
crease in chlaride with increase in the depth fo the formation.

The situation at Wildwood deserves further covsideration. The
analyses for Wildwood are of samples of water from a well drilled in
1894 at the corner of Pine and Holly Beach Avenues. The highest
chloride content, 648 parts per million, was found in a sample col-
lected ou Noverher 2, 1927, and a sample collected on September
28, 1926, contaived 334 parts per million. The lowest ¢hloride eon-
tent has also been found within the same period, 134 parts per mil-
lion en January 1, 1927, and 172 parts per million on April 29, 1928
However, the chloride in samples collected on nine other days between
July 20, 1926, and Septerber 1, 1927, in some cases several samples
on the same day, ranged hetween 198 and 239 parts per million. There
is reason to beliove that the unusually high samples are due {0 a slight
leak in the casing at some point, and that the unsvally low samples
are of water that has heen forced into the well from the distributing
main, for the samples contained the smaller amounts of chloride were
of the first water coming from the wells. Samples analyzed in 1906-
1907 indicate that the chloride content of water from the Atlantic

afSome of the figures in this table differ from those given in the paper by the
writer in the Bulletin of the Geelogical Society of America, additional analyses
having been found in published reports of the State Pepartment of Health for
the years 1006 to 3010, inclusive,

46Woolman, Lewis, Artesian and other wells in New Jersey: Annual report
aof Btate Geologist for 1898, . 33,
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City 800-foot sand at Wildwood was even then as much as 180 to 207.5
parts per million.** The evidence points strongly to the fact that the
normal chloride content in the water at this well is about 200 parts
per million, and has been so for at least the past 20 vears.

In September, 1925, a new well that draws from the Atlantic City
800-foot sand was completed at Wildwood Crest, about a mile south
of the old well at Pine and Holly Beach Avenues. A sample analyzed
at that time by the State Department of Health contained 370 parts
per million of chloride. TIn samples collected on 18 different days
hetween March 8, 1926, and July 2, 1927, at intervals of a fow days
to several months, including several samples on certain days, the
chloride has ranged beiween 284 and 383 parts per million. On only
two occasions, however, has it been less than 300 parts per million,
and in most of the samples it was more than 323 parts per million.

At first it was believed that there might be some leakage either
through a break in the casing or through imperfect packing where the
different strings of casing overlapped. The well is double cased to the
water-bearing sand and leakage through breaks seemed impossible,
The drilling contractor carefully repacked the space between the cas-
ing and screen, but the high chloride persisted. Tests according to
the method used in determining the source of contamination in the
Royal Palace Hotel and Atlantic City Brewing Co. wells (see pages
100 and 104) failed to reveal any condition that would indicate con-
tamination through leakage. 'The conditions rather indicate that the
chloride content shown in the analysis was essentially the normal for
the water contained in the formation.

Since the density of salty water is heavier than fresh water, and the
salt water tends to seek the lowest part of an aquifer, it was considered
possible that water in the upper part of the sand might contain some-
what less chloride than that of the samples. Favoring this hypothesis
1s the fact that the water was drawn from two separate horizons, be-
tween the depths of 810 and 850 feet and 877 and 937 feet. There-
fore, the lower part of the screen was plugged off and water entered
only through the upper section. Apparently the most of the water
comes from the lower horizon, for after that part of the aquifer had
been plugged off the supply was so diminished that the pump suction
was broken and the water was delivered in intermittent gushes, Sub-
sequently, the yield of the well increased somewhat, indicating cither
that the upper horizon had opened up or that some water was reach-
ing the well from the lower horizon. The wel] was rumped for several

41Report of New Jersey Departinent of Health for 1907, pp. 198-194.
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days, and although the chloride content mostly ranged between 303
and 315 parts per million-—that is, somewhat lower than most of the
previous samples—there was no indication of any progressive decline.
It was therefore concluded that the upper horizon was also filled with
water the chloride content of which was too high for use. The well
has been temporarily abandoned, but an attempt is to be made to pull
back the screen and develop a water-bearing sand encountered at shal-
lower depth.

The differences in chloride content between Atlantic City and Wild-
wood are small, but they assume greater significance when it Iis
understood, as has been shown by experience elsewhere, that the zone
of diffusion between fresh water and practically pure sea water may
be only a few feet to a few hundred feet in width, and that the change
from fresh water to salt water in a field that is pumped heavily may
occur within a very short time. For example, on the Holland coast
the diffusion zone has been found to be only 60 to 100 feet wide.*®
In the Spring Creek well station of the New York Board of Water
Supply on Long Island the chloride was found to increase from 10 to
1,400 parts per million in wells only about 20 feet apart.*® Af the
Shetacket well field on Long Island the chleride increased from 45
to 100 parts per million in a little more than a year, and in five years
it increased to 500 parts per million, although the pumpage had heen
greatly decreased.® A case is recorded of a well at Eastbourne, Eng-
land, in which the chloride Tose to some 2,000 parts per million in 12
months,5!

In view of the evidence presented il seems entirely possible that salt
water may even now be only a few thousand feet from the coast in the
Wildwood region. If similar conditions originally existed four or five
miles off shore at Atlantic City the salt water may be well within the
avea in which the head has already heen lowered, which, as shown on
page 74, probably extends some seven miles seaward. Consequently, the
salt water may be moving toward the Atlantic City well. If this is true,
it is only a question as to the time required for the salt water to reach
the wells. The landward movement of the salt water would not begin
until the area influenced by pumping had reached the diffusion zone
some years after the first wells were used. At first, the landward

48Brown, J. 8., op. eit., p. 36.

49Burr, W. H., Hering. Rudolph and Freeman, J. ., Report of the Com-
mission on additional water supply for the City of New York, p. 419, 1904,
wells Nos. 47 west and 50 west: and Spear, W. E,, Long island sources of an
additional supply of water for the City of New York, vol. 1, 1912, diagram on
gheet 56, showing layout of well field.

508pear, W. E., op. cit., pp. 145-147, and Brown. J. 8., op. eit.. p. 47.

51Mason, W. P., Damage to wells by sea water: Jour., Am. Water Works
Assoc., vol. 8, No. 1, discussion by William Gore, p. 71, Jan,, 1921,
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movement of salt water would be slow, but it would become increas-
ingly rapid as the head declined. Rough computations show that if
the average pumping draft from a two-mile section aleng the beach
in Atlantic City were five million gallons a day, it probably would
require about 10 years for the water to move one mile. This rate has
not heen maintained since the first wells were drilled to the horizon,
but in the 34-year period since that time there has heen opportunity
for it to move af least a mile or more toward the beach. Since the
total guantity pumped from the horizon promises to increase the rate
of movement will be accelerated. For example, if the pumping rate
reaches an average of 10 million gallons a day, the advance of the salt
water would be of the magnitude of about one mile in five years.
Therefore, evenn though danger of widespread contamination of the
formation may not be immediately imminent, it may conceivably
oceur within a very few decades. It appears that the danger of salt-
water contamination may become fully as important a controlling
factor as the economic pumping lift in determining the ultimate safe
vield of the 800-fool sand at Atlantic City.

SHALLOW HORIZONS ON THE MAINLAND.
GEOLOGIC CONDITLONS.

On the mainland water is obtained in sand beds within 200 feet of
the surface. These Heds have been used principally at the Aflantic
City Water Works in Pleasantville, and to a much less extent by in-
dustries and institutions between the Sea View Golf Club, north of
Absecon, and Somers Point. The localities where wells exist are
fewer and less definite information is available as to the geologic
conditions than for the 8§00-foot horizon. Accordingly there is a less
satisfactory basis upon which to draw conclusions as to the water-
bearing capacity of the formations.

Logs are available for wells at the Atlantic City Water Works,
at the Sea View Golf Club about three miles northeast of the water
works; at the Atlantic County Hospital for Mental Diseases, about
214 miles southwest of the water works, and in Somers Point, about
%14 miles southwest of the water works. The important features of
the log of the water-works well is that the materials down to a depth
of 250 feet are dominantly sand with distinct beds of clay from 18 to
29 feet and from 100 to 120 feet, and a mixture of sand and clay from
120 to 138 feet. The logs of the wells in the other localities men-
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tioned likewise show a predominance of sand heds, with several clay
beds from 2 to 30 feet thick. But neither on the hasig of lithologic
character or depth ean any of them he said definitely to be con-
tinuous over a large area. In contrast to the Atlantic Lity 800-foot
sand, which is easily recognized over a very large area as a distinct
formation sandwiched in between clay beds, the shallow horizens n
the mainland seems to be mainlv a series ol sand heds with lenses
of clay that thin or thicken from place to place and are not con-
tinuous for any great distance, Considering the geologic history of
the region, it is probable that the blue clay that lies near the surface
at the Atlantic City Waier Works covers only a small area along pre-
existing stream channels. The deeper cluy, struck at 100 feet. may
he more extensive, but it has not yet been proven to underlie the entire
area. The clay lying below 280 feel at the water works is the great
clay bed that is rcached about 100 feet lower in Atlantic City, It
is known to reach to a depth of about 600 feet where the Atlantic City
sand is found. At the County Hospital for Mental Diseases this clay
bed extended from 310 feet to 640 feet below the surface with prac-
tically no water-hearing sand in that thickness. Therefore, unless a
well is to be drilled to the Atlantie City 800-foot sand, it is useless to
drill deeper than about 275 to 300 feet helow gsea level at points above
the shore road.

MINOR DEVELOPMENTS O SHALLOW HORIZONS,

With the exception of the Atlantic City Water Works there has been
far less development of the shallow horizons on the mainland than of
the 800-foot horizon on the beaches. At the Sea View Golf Club about
150,000 gallons per day Js pumped from a 231-foot well for use
around the club house. In addition, in summer ahout 734,000 gal-
lons a day is pumped from six wells 85 to 97 feet deep, and one well
195 feet deep on the lower part of the golf links for lawn sprinkling.
Doubtless most of the water used in this way refurns almost imme-
diately to the formation, so that it eannot be considered an actunal
draft on if. At the Atlantic Counfy Hospital for Mental Diseases be-
tween 30,000 and 100.000 gallons is used datly from wells about 150
feet deep. At the Atlantic County Tuberculosis Hospital nearby a few
thousand gallons is used from a 300-foot well. The Atlantic County
Water Company uses an average of 46,000 gallons per day from its
new well at Somers Point and an old one at its Bargaintown pond
with a maximum average daily consumption of 106,000 gallons in
July. Water from wells is used at a laundry and an ice plant in
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FPleagantviile and one or two other places. Towever, excluding the
pumpage at the Atlantic City Water Works, which is considered
below, and the consumption of water at the Sea View Golf Club for
sprinkling, the maximum daily consumption at the mainland plants
described above is probably not mere than half a million gallons.

DEVELOPMENT AT ATLANTIC CITY WATER WORKS,

Well dute.—~At the Atlantic City Water Works, near the dividing
line between Pleasantville and Absecon, the shallow horizons are
drawn upon by 32 wells distributed over an L-shaped area. (Bee Fig.
22.

The actual aren occupied hy the wells is not more than 20 acres.
"Two of the wells ave 85 feet deep, 16 are 100 feet, 12 are 200 feetf, one
35 206 and ome is 225 feet. The wells are generally considered, how-
ever, as penetrating the so-called 100 and 200-foot sands. The wells
are mostly 30 inches in diameter with 8-inch screens. The length
of screen in different wells ranges from 20 to 50 feet. Four kinds of
screens ate in use-—Cook, Woodbine, which ie somewhat similar to
the Cook, plain :lotied pipe galvanized after cutting, and concrete
sereen.

The wells are puwmped by suction. They ave distributed along
four separate suction systems, each pumped by a horizental centri-
fugal pamp. Two of the systems pump 10 wells each, one DUMS Seven
and the fourth pumps five. Three of the systems discharge into &
storage basin from which the water is drawn to the pumps of the
distribution system. The fourth discharges directly into the suction
well from which the force pumps draw.

The 32 wells are so distributed that in general a 100-foot well alter-
nates with a 200-foot well, but this is not trne everywhere in the field.
{See depths of wells on Fig. 22.) They are mostly spaced 150 feet
apart, and with the scheme of alteration two wells of the same
depth in most phces are 300 feet apart, However, Lwo of the 200-{oot
wells are only about 35 feet apart and two of the 100-foot wells only
130 feet apart. Several of the other wells are more than 150 feet, hut
less than 300 feet from the nearest well of the same depth.

Fronr July, 1923, until the Fail of 1924, one system of 10 wells was
out of commission, hecanse it was uot possible to maintain suction.
This difficulty was at first thought to be dae efther fo leaks in the
suction main or possibly to an abuormal lowering of the water level in
the wells during the unusvally dry sununer. It has since heen proven
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that the difficulty was due to the clogging of the screens in the older
wells so badly that enough water could not enter to supply the pumps.
In 1925 and 1926 these wells were replaced by new ones equipped
with Kelly concrete screen. These new wells have given such large
yields that it is obvious that the water-bearing capacity of the sands
has not been impaired.

Yield of wells and effect of pumping.—>Measurements made during
the spring of 1924 showed a yield from the three serviceable systems
of 22 wells of approximately 4.25 million gallons a day. When meas-
urements were made several years ago the yield of all four sysiems
was about six million gallons a day. Since the data for the tests of
the three systems in 1924 checked rather closely with that for the
same systems during the previous test, it may be safely assumed that
since the fourth system has been put in service the original yield
of six million gallons a day is now being obtained. This would be
an average yield of about 130 gallons a minute from each well. How:
ever, the yield from all the wells is not equal. One well is said to
have yielded 400 gallons a minute when firet put in service, and some
have yielded less than 100 gallons.

During the present investigation rather detailed teﬂta were made to
determine the effect of pumping each of the two horizons and their
relative water-bearing capacity. Uunder existing operating condi-
tions it is very difficult to obtain adequate data as to the yield of in-
dividual wells or as to the comparative yield of the 100 and 200-foot
horizons. The pumps could not be slowed down enough to pump only
one well without losing suctien, nor even to pump only two al a time.
The best that could be done was to pump, for example, one of the 200-
foot wells with all of the 100-foot wells on that system, but with the
other systems shut off. Later, a second 200-foot well was added, then
a third, and se on. This caused complications. The system pump
develops only a constant amount of power. Under theoretically ideal
conditions all wells would vield the same quantity and the friction
loss between each well and the pump would be the same, but under the
existing conditions the friction loss in the pipe lines several hundred
feet long naturally differs, depending upon whether wells in operation
are near the pump or far from it. Also, it is not known whether a
newly added well on the 200-foot hovizon yiclds less water than those
previously pumped, for there automatically occurs a change in the
vield of the ether weils being operated to bring about a balancing of
the draft, exerted by the pump on different parts of the system. Thus,
if a certain quantity of water is discharged when several 100-foot wells
and one 200-foot well were pumped, there is no way of telling how
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much comes from each well; and if a second 200-foot well is added,
even though the discharge may increase, it cannot be said with assur-
ance that the increase comes from that one well.

The first fests were made to determine the effects of pumping wells
of the 200-foot horizon. All 200-foot wells were shut off for about
four days, to allow the head on the formation to reach a true non-
pumping static level. The water level in the wells rose rapidly to
above the surface. Most of the wells flowed and the level was deter-
mined accurately in only one well to which a glass tube was tightly
connected. The static level in that well was 9.5 feet above sea mean
level, and was constant with less than a tenth of an ineh fluctuation
for at least three days. However, since there was still discharge from
some of the wells, this was not a true static level.

With five 100-foot wells pumping, one 200-foot well (No. 13, on
Fig. 22) was turned on and pumping continued about 24 hours until
the water level in the observation wells became stable. The draw-
down in the 200-foot well was approximately 25 feet. It was not pos-
sible to determine the pumpage from well No, 15, but it was probably
not more than 285 gallons a minute, and may have been as low as 200
gallons a minute. In the 200-foot well farthest from the pumping
well, a distance of 1,200 feet, the head was lowered almost exactly one
foot. Without attempting a mathematical solution, but by a graphic
solution in which the curve representing the head is continued as a
straight line between two of the observation wells, it is estimated that
the radius of the circle of influence or point where the loss in head
hecame negligible was approximately 1,800 feet. (Sece Fig. 23.)

Following this, tests were made with two, three and four 200-foot
wells, respectively, in addition to the five 100-foot wells. The details
of each test need not be given, but the results are shown graphically in
Figure 23. TIn the diagrams the shape of the profile between
pumping wells is necessarily theoretical. The location of the non-
pumping wells is defermined by their distance from the mnearest
pumping well, and, therefore, in the different profiles wells 28 and 31
are not always in the same position with respect to well 15. With
four 200-foot wells pumping, the water level in the most remote
observation well (about 1,125 fect from the nearest pumping well)
was lowered abont 4.4 fect below the static level. The total yvield of
the four 200-foot wells during this test was probably not more than
930 gallons a minute, and was very likely somewhat lesz. By con-
tinuing the profile of the piezometric surface for this test line with
the same slope as between the two observation wells farthest from
the pumping wells, it was found that the radius of the circle of influ-

L
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Works well field.
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ence would be af least 2,000 {eet. As a matter of fact, the hydrautic
protile is not a straight line with a given gradient between any two
points, but Hattens away from the pumping wells. Therefore, the
radins of influence is actually greater than estimated, probably at teast
2,500 feet or about half a mile from the nearest pumpivg well.

It was not possible to obtain data of any value relating to the 200-
foot horizon with more than the four wells pumping at the same time,
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for the additional wells would have been so close to the observation wells
that a reasonably accurate profile could not be developed, From a
study of the tests made, however, it appears that with all 15 of the 200~
foot wells pumping the influence of the wells would extend probably
at least three-fourths of a mile to a mile beyond the horders of ibe
well field. The lowering of the head in the cuter part of this area
of influence, however, wonld he only & few inches. The fotal pump-
age from all the 200-foot wells would be probably somewhat less than
half of the total pumipage for beth horizons——that is, less than 3,000,
000 gallons a day; for there is evidence that the 200-foot well yields
less water than the 100-foot wells.

Tests similar to those just deseribed, except in somewhat less detail,
were made on the 100-foot wells. The essential results are as follows:
After all the 100-foot wells had been shuf off for nearly 48 hours the
static level stood not quite six feet above sea level-—that is, about three
and a half feet lower than the static head in the 200-foot horizon.
When a single well was pumped, with a yield estimated to be between
200 and 273 gallons a minute, at the end of seven hours the head in
two wells, each about 1,000 feet distant from the pumping well, was
lowered less than four-tenths of a foot. It was evident that the head
would not have dropped much farther. When five wells, distributed
along a line 800 feet long. were pumped to yield about 1,430 gallons a
minute, the hiead in an observation well 920 feet {from the nearest ob-
servation well was lowered only about 2.5 feet. This compares with a
lowering of 4.4 feet st a distance of 1,125 feet for four 200-foot wells
pumping only about 930 gallons a minnte—that is, the toss of head was
considerably less for pumping 1,400 gatlong from the 100-foot horizon
than for pumping only about two-thirds as much from the 200-foot
horizon. With three systems in operation, comprising nine of the
decper wells and 13 of the shallow wells, charis from automatic
water-level recorders on ohservation wells on each horizon show that
the loss in head below static level iz at least two feet greater on the
200-foot horizon, Presumably, the 100-foot wells were yvielding more
water than the deeper wells, There is therefore good reason to believe
{that the 100-foot zand is somewhat more permeable than the 200-foot
bed. This conclusion covroborates the observations of the engineers
of the Atlantic City Water Department during the development of the
well field.

Tt was not possible to estimate the probable radius of the circle of
inflnence when the five 100-foot wells were pumping, because the dif-
fence in the observed lowering of the head in the observation wells
was so small that the graphic method could not be used with any
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reasonable degree of accuracy. However, on the basis of the relative
lowering of the head on the two horizons, it is evident that the radius
of the cirele of influence of the 100-foot horizon would bhe considerably
shorter than that of the 200-foot horizen when equal quantities of
water were being pumped.

Comparison of shallow and deep water-bearing formations.—Al-
though it has not been possible to determine the actual effects of
pumping for wore than a few hundred feet from the pumping wells,
the tests give valuable data for a comparison of the water-yield capacity
of the 100-foot, 200-foot and 800-foot sands of Atlantic City.

When the four systems at the water works are in operation six mil-
lion gallons is pumped with suction pumps and the drawdown is
definitely limited to about 30 feet below static level. Each of the
two shallow horizons yields approximately three million gallons as
compared to 3.5 to 5 millions gallons in 1924 from the deep horizon in
Atlantic City alone. Because of these differences in pumpage exact
comparigons cannot be made. Nevertheless, there is good evidence
that the effect of pumping is considerably less for the shallow horizons
than for the deep one. The pumping level in each of the shallow
horizong during the tests was not more than 30 feet below the original
static level, whereas for the 800-foot horizon in 1924 it was ¥5 to 100
feet helow the original static head in the city. The area of inlaence
of each of the shallow horizons probably at most extends only a little

more than a mile from the well field as compared fo the great depres-

sion of the head for several miles in every direction from the wells in
Atlantic City. Tn 1925 the decline in head on the 800-foot sand ap-
varently exfended at least 8 or 10 miles both to the northeast and
northwest, although there has been no pumping in those directions
until that year. The shallow hovizons respoud to changes in pump-
ing conditions very quickly. 1f all of the wells are shut off
the water level veaches a practically constant static level in a few
bours, and when pumping is resumed a copstant pumping level is
likewise reached in a short time. The present static head is not any
lower than it was several years ago. ‘On the other hand, when the
pampage from the Atlautic City 800-foot horizon is inecreased or de-
creased comparatively rapidly, a stable condition is not reached for
many days. On the basig of these facts it is concluded that the water-
bearing capacity of the 100-foot and 200-foot hovizons is much
greater than that of the 800-foot horizon.

Additional supplies from shallow horizons.—Since the shallow hori-
zons at the water works seem to be bhetter water-bearing formations
than the 800-foot horizon, and the effect of pumping them has b’een
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considerably less than for the deeper horizon, there is little doubt that
a congiderable additional quaniity of water can be developed from:
them. The data are too inadequate to warrant any accurate esti-
mate as fo the ultimate tofal quantity that can be obtained. If the
geologic conditions over a considerable area are the same as in the
water-works well field, it is reasonable to suppose that at least twa
or three times as much water as is now pumped can be obtained with-
out causing a permanent overdraft. However, lacking the necessary
information as to conditions cutside of the present field, one is not
justified in considering this statement as a conclusion upon which to
base further development. Much information should be obiained in
regard o several important problems which are briefly diseussed
lelow.

A very important problem relates to the location of future wells.
The pumping level in the existing field at the water works is only
about 25 feet below the ground surface. Probably a large quantity of
water could be pumped from wells in the same field by increasing the
drawdown. For examiple, on the basis of the well-recognized fact that
within cerfain limits the vield of a well i directly proportional to the
drawdown, if the pumping level were lowered to 50 feet about iwice
as much water could be obtained from the existing wells as at present.

Tt should be remembered that to obfain an additional quaniity of
water from the present well field the lowering of the pumping head will
be essentially the same whether the water is taken from an increased
nunther of wells or the draft on the existing wells is increased. "1t is
well known that as the number of wells in a field iz increased the yield
per well decreades, and, therefore, that bevond a certain point the cost
of drilling additional wells causes a disproportionate inerease in the
cost of getting the water. For this reason it has been found to be
more economical to spread the wells over a large area than fo attempt
to obtain too large a supply in a restricted space of a comparatively
few acres. An increase in the yield of the present well field by in-
creasing the drawdown cannot be accomplished with the present
pumping equipment, whichk is operating practically at the limit of
suetion 1ift, but it would require the iunstallation of air-liff or deep-
well turbine pumps. The extent to which an increased supply may
be developed economically in the present well field requires a careful
analysis of the initial cost of drilling new wells and of additional
pumping equipment, and of the increased eperating cost of raising
the water from a greater depth—factors that are not within the scope
of the present report.

A factor that should be cavefully considered in developing addi-
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tional supplies is the possible danger of salt water. being drawn into
the wells. The 100 and 200-foot horizons dip about 10 feet per
mile toward the ocean. Therefore, along the shore in Atlantic City
they would lie at approximately 160 and 260 feet below sea level. A
study of well 1ogs indicates that probably there is no impervious clay
bed that would prevent sali water entering the horizons above the
big clay bed along the coast. This conclusion is supported by obser-
vations on a test hole put down in Atlantic City in 1891 by J. H.
Robingon,** which ig the only well for which reliable data are recorded
as to the fresh ov brackish character of ihe water. In it fresh water
was found at a depth of 73 feet, but all the water reporfed at depths
helow that fo 328 feet was either salty or hecame so on pumping. It
is probable that the water from the 75-foot horizon, if it has not since
become.salty, wounld quickly become so if pumped very heavily, for
the fresh water in the uppermost horizons must exist ounly as a rela-
tively thin layer replenished by local rains. A sample of water from
a well 100 feet deep at Atlantic City Brewing and Ice Co. contained
1,823 parts per million of chloride. A sample from wells at the
Ameriean Tce Co., 64 to 125 feet deep, contained 1,177 parts per
million of chloride. ,

In view of these facts there is little doubt that salt water exists in
the seaward extensions of the 100 and 200-foot horizons at least within
five or six miles of the Absecon pumping station. If probably is present
even nearer to the water-works well field, for the waier in Absecon
Bay is salty and at times of unusually high tide this water covers the
mreadow to within half or three-quarters of a mile of the well field.
Samples of water from Absecon. Creek, near the T'ennsylvania Rail-
vord station in Absgecon, showed a range. from 5, 200 parts per mil-
lion of chloride when collected shorily after low tide to 15 000 parts
per million two hours after high tide. A sample collected iu‘, low tide
at the bridge over the creek on the so-called “new road” half a mile
farther upstream contained 4,900 parts per million of chloride. A
sample collected at tow tide from the creek just below the dam of
Absecon pond contained 725 parts per million of chloride. At the
time of collection some water was discharging from the pond, and this
undoubtedly reduced the salt content of the creek below the dam.
Doubtless, under ordinary conditions at high tide, the water in the
creek as far up as the dam is nearly as salty as the water in the hay.
Therefore, at such times salt water is present within three-fourths of
a mile northeasterly from the well field. There is no reliable informa-

2Annual report of the State Geologist for 1892, n, 277
9 .
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tion to show whether the salt water has penetrated the water-bearing
sands to any depth beneath the bay, the meadows, or Absecon Creek,
or whether in these areas local clay beds may shut it out. A well
drilled recently to a depth of 100G feet or more on the Fox development
on the south side of the Pleasanfville Boulevard about half a mile out
in the meadows and only a few feet from the bay found only salt
water, A sample from fhiz contained 8075 parts per million of
chloride, .

Analyses of the water {from the 100 and 200-foot horizons, given on
page 15, do not show any indications of salt wafer entering the forma-
tion. However, as shown in the discussion of the posaibility of salt
water invading the 800-fooi horizen {pages 112 aud 119), this cannot
be considered as conclusive evidence that salt water may net be drawn
in with even a comparatively small Increass in pumpage. As has been
pointed ont above, the radius of the area of influence of the 200-foot
horizon when pumping three million gallons a day is probably not
nrore than three-fourths of a mile to a mile, aud of the 100-foot hori-
zon it i probably cousiderably less. The areas of inflaence thus barely
extend out to the limits of nearest approach of salt water on the sur-
tace to the wells. However, it the pumpage iu the preseni water-
works well fleld were greaily increased, for example, doubled or tripled,
the areas of influence would be greaily widened, and the consequent
greater lowering of the head beneath the meadows, bay or creek would
tend to caunse a greater flow of water from the immediate vicinity
toward the wells. Whether or not salt water would move toward the
wells wonld obviously depend upou whether the nearest salt water in
the formation was within the circle of influence of the well field.
The only way in which this can be defermined is by drilling test
horings.

It has been spggested that additional supplies of ground water can
be developed . from wells fo he drilled on property vow owned by the
city along the pipe line between the pumping station and Absecon
Pound; likewise, one or two wells might be placed along the pipeline
from the station across the meadows to the eity, Presumably, the
wells would be of large diamefer and placed several hundred feet
apart, in accord with modern pracsice. Fach well would be equipped
with a deep-well turhine pump—the wells along the line te the city
tp the pump directly into the distribution system, and the others
to purmp into the conduit from Absecon Pond. TIn view of the
presence of salt water in the shallow horizons at Atlantic Uity and
its possible existence even much nearer to the mainland it is surely
not wise o locate wells nearer the meadows without drilling test
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wells and making evhauvstive pumping tests to prove whether or not
salt water is Jikely to be drawn in, The wells to be drilled along the
right of way between the pumping station and Abszecon Pond would
be dangerously near Absecon Creek if the salt water from it has
accese to the water-bearing horizens. Thervefore, similar fest wells
should be drilled near the ereek to determine the conditions there.

Even though pumping tests failed to draw in salt water, it could not
be assumed with assurance that salt water would not be drawn in
with increasing draft wpon the water-hearing horizons. The most
exhaustive fests would doubiless place a far less draft on the beds
than would result from continuous pumping. The quantity of
water to be drawn in before salt water reached a well, even if it lay
only a comparatively short distance away, would require a consid-
exable period nuder ordinary testing conditions, This can be shown
by the following assumed example. Suppose a well be driled ap-
proximately 1,000 feet from a possible source of salt water, that it
drew from a 50-foot bed of sand overlain by clay so that the water
could move only laterally, that the water moved with equal velocity
from all directions, and that the effective porosity of the sand was
33.3 per cent. The volume of water stored in the send within a
radius of 1,000 feet of the well would he about 390 miltion gallons.
Pumping at the vate of a million gallons a day, it would take 390
days for water 1,000 feet from the well to reach it. Obviously, it
would have to be a very severe test that would show the presence of
salt water under the conditions cited, especially in view of the fact
that the transition zoue between fresh and salt water may be only
60 to 100 teet wide (see page 118), and the further fact that fresh
water coming from the landward direction would greatly dilute the .
salt water. But under actual operating conditions, even if the rate
of pumping were no greater, the salt water would be dvawn in a
little more than a year,

Conclusions regarding shallow horizons—It is bhelieved that the
wisest policy will be not to atfempt fo greatly increase the supply
from: the present field of the Atlantic City Water Works or to develop
new supplies near likely sources of salt water contamination, but to
get as far away from them as can be dome. A region that seems fo
offer favorable conditions is the watershed of Absecon Creek, aiready
owned largely by the city. This area presents a possible important
advantage over others in that, unless there is a very extensive bad of
impervious clay beneath the Abgecon and Docghty ponds and arownd
their borders, these hodies of water will serve as excellent storage
reservoirs from which the grousd-water sapply may be replenished,
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and some of the flow of Absecon Creek that mow is wasted could be
saved. A series of wells drilled around these ponds would essentially
constitute: a natural filter systems. If such conditions do exist, the
yield of the well system would probably be greater than if an over-
lying impervious bed necessitated slower recharge by essentially
horizontal movement of the water. Furthermore, the elevation of
the water level in the reservoirs, being above the natural level if there
were no storage, provides & greater head to hold back salt water and
therefore a greater factor of safety than in the area below the dam.
It is not cetfain that the conditions sround the ponds are favorable
for vecharge from them, hut this could be readily ascertained by 2
few test holes.

An obvious feature revealed by the sbove discussion is the lack of
data in regard to critical conditions. It is not known definitely, for
example, just how far-reaching is the area of influence of wells now
in operation in the 100 and 200-foot hovizons at the Absecon water
works, nor how near to the well field salt water may be except that
it exists benmeath Atlantic City and probably is even nearer. No
information is available as to the extent of the water-bearing beds-—
whether beds with water-bearing capacities similar to those in the
water works well field exist beneath the watershed of Absecon Creek
and elsewhere. These and other questions can be answered only by
drilling wells and making extensive fests.

Po obtain the most prudent development of the shatlow horizons
no large project should be undertaken without first making these
necessary tests, for, if started in ignorance, after considerable ex-
penditure of money conditions may be found that will necessitate
the abandonment of the project, resulting not only in the financial
loss but also loss of valuable time when water may be needed. A few
thousand dollars and & few months’ time spent in obtaining the
necessary information will, in the long run, be found to pay for
itgelf on a project that must eventually cost af Jeast several hundred
theusand dollars. Plans must be made not only for its immediate
needs but for those of two or three decades hence. If it is found
that conditions elsewhere in the region are not ag favorable as in the
water works well fleld, it may be wiser and more economical to
undertake one of the projects considered in the past to obtain surface
water from one of the more distant watersheds. The problem re-
quires a careful analysis of ultimate cost as well as a study of the
hydrologic conditions.
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RECOMMENDATIONS FOR FURTHER WORK,

Observations should be continued on the fluctuations of the head
on the water in the 800-foot sand. The Citizens Tce Co. well in
Atlantic City, and the Longport well, present opportunities to obtain
valuable records and every effort should be made to continue the
operation of automatic recorders on these wells. Continuous observa-
tions should also be made at other localities between Brigantine
and Wildwood and on the mainland at the Atlantic City Water Works.

Recent developments emphasize the need of more accurate data on
the head on the Atlantic City 800-foot sand between the coast and
the outcrop area. If possible, observations should be made on fluctu-
ations of the head at Bgg Harbor City and Hammonton. Periodic
measurements should be made on a number of wells in or near the
outcrop area to determine the extent of the fluctuation of the water
level as a result of seasonal changes in precipitation.

In order to interpret accurately fluctuations of head in the western
part of the area underlain by the Kirkwood formation more informa-
tion Is desired as to the geologic conditions to determine just where
is the intake area of the Atlantic City 8$00-foot sand. Data are
needed as to the thickness and permeability of the sand. Well drillers
should be asked to report data on wells in this area.

In order to determine more accurately the relation hetween changes
in pumpage and fluctuations of the head it is necessary to have more
accurate data as to the pumpage from private wells. An effort, there-
fore, should be made to enlist the inferest of every private well owner
in the Atlantic ity region in keeping daily records of pumpage. An
important problem is that of keeping track of new wells, or of wells
that are abandoned, to determine marked changes in draft from year
to year. More information is needed in changes in the yield of wells
as the head on the water changes.

The possibility of salt-water contamination, although now seem-
ingly remote, is so important that a careful watch should be kept
for the slightest indication of its encroachment. Samples from several
wells should be analyzed periodically to determine whether the chloride
content increases in summer when the pumpage is heavy. Since the
key to the situation may be found in conditions in the vicinity of
Wildwood, the developments there shonld be watched as well as those
in Atlantie City.

Since accurate data are lacking on the distribution of the shallow
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water-bearing horizons on the mainland, it is important fo obtain logs
of any wells that may be drilled. All possible data in regard to yield
of wells and fluctuations of the head in the formation should be ob-
tained. Where wells are near to salt water observations should be
made to determine the possible danger of contamination of the wells.
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