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PREFACE

By O. E. MEINzER

The sea coasts of the United States, exclusive of Alaska and the
island possessions, have a total length of 4,883 miles, measured in
86-milesteps; and 21,862 miles, measured in 1-mile steps.! These
coasts are of special impertance with respect to commerce, recreation,
and national defense and are, on the whole, belts of intensive human
activity. Because of this activity a considerable number of large
water supplies and very many small water supplies are required, but
the proximity of salt water makes it difficult, at many places along
the coasts, to obtain supplies of good quality. Hence numerous
inquiries are received by the Geological Survey as to the prospects
of obtaining fresh water from wells sunk near the sea.

The need for a comprehensive paper on this subject has long been
felt by those concerned with problems of water supply. The pres-
ent paper largely meets this need. Though limited in time and
facilities for his investigation, Mr. Brown has obtained very sub-
stantial results. His field work was done chiefly on the coast of
Connecticut, but he has also had opportunity to study some of the
keys along the Florida coast. He has added greatly to the value of
his paper by presenting data from many sources on coastal ground
water in the United States and by digesting the valuable but rela-
tively inaccessible foreign literature on the subject. He has very
successfully correlated the data obtained by other investigators
with his own data and has applied the results effectively to the
problems of water supplies on the coasts of this country.

The subject is complex. The great variety in climate, topography,
. stratigraphy,-and rock structure along the seacoasts has resulted
in a corresponding variety and complexity in the relations of the sea
water to the ground water. Moreover, these relations vary with
the depth below the surface, chiefly because of the difference in
specific gravity of fresh and salt water, and they may be totally
altered by heavy pumping. Mr. Brown has taken all these factors
into consideration.

Coasts may be divided into three classes with respect to the most
significant geologic conditions affecting contamination by salt
water—(1) coasts underlain by porous, unconsolidated materials,

1U. 8. Coast and Geodetio Survey.
VI
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such as sand and gravel, (2) coasts underlain by hard rocks with
water-bearing joints and crevices, and (3) coasts underlain by
alternate water-bearing and water-tight beds or by a single water-
bearing formation protected from the sea by an overlying:tight bed.
In the areas investigated Mr. Brown has had opportunity to study
all three of these classes, especially the first two. Hence his results,
. although of particular application to the coast of Connecticut, will
be found valuable wherever the problem of contamination by sea
water is encountered along the far-reaching coasts of this.country.



"A'STUDY OF COASTAL GROUND WATER .
WITH SPECIAL REFERENCE TO CONNECTICUT

By Joax S. Brown

INTRODUCTION

The United States Geological Survey began to study the water
resources of Connecticut in 1903 and has continued the work, with
some interruptions, to the present time. Since 1911 the investiga~
tions have been made through a cooperative agreement between
the United States Geological Survey and the Connecticut State
Geological and Natural History Survey, the expenses usually being
shared equally by the two surveys. This cooperative work has been
done under the direction of Prof. H. E. Gregory, former superintend-
ent of the State Survey, H. H. Robinson, the present superintend-
ent, and O. E. Meinzer, geologist in charge of the division of
ground water in the Federal Survey. Special attention has been
given to the ground water, and more than half the area of the State
has been covered in detailed reports.?

In the summer of 1919 the writer made a systematic ground-water
survey of the New Haven area,® which lies between Connecticut
and Housatonic rivers and includes 18 towns centering around New
Haven. This area borders Long Island Sound for about 30 miles
and extends about 15 miles inland. On the coast are large cities and

t Gregory, H. E., Notes on the wells, springs, and ground-water resources of Connecticut: U. 8. Geol.
Survey Water-Supply Paper 102, pp. 127-168, 1904.

Pynchon, W. H. C., Drilled wells of the Triassic area of the Connecticut Valley: U. 8. Geol. Survey
Water-Supply Paper 110, pp. 65-94, 1905.

Fuller, M. L., Triassic rocks of the Connecticut Valley as a source of water supply: U. S. Geol. Survey
‘Water-Supply Paper 110, pp. 95-112, 1905.

Grogoty;’ﬂ ., Underground waters of the eastern United States: U. 8. Geol. Survey Water-Supply
Paper 114, pp. 76-81; 1905,

Gregory, H. E., and Ellis, E. E., Underground-water resources of Connecticut, with a study of the
occurrence of water in erystalline rocks: U. S. Geol. Survey Water-Supply Paper 232, 1909.

Gregory, H. E., and Ellis, A. J., Ground water in the Hartford, Stamford, Salisbury, Willimantic, and
Saybrook areas, Conn.: U, 8. Geol. Survey Water-Supply Paper 374, 1916.

Ellis, A. J., Ground water in the Watérbury area, Conn.: U. 8. Geol. Survey Water-Supply Paper 397,
1916.

Waring, G. A., Ground water in the Meriden area, Conn.: U. 8. Geol. Survey Water-Supply Paper 449,
1920.

Palmer, H. S., Ground water in the Norwalk, Suffield, and Glastonbury areas, Conn.: U. S. Geol. Sur-
vey Water-Supply Paper 470, 1920.

Palmer, H. 8., Ground water in the Southington-(}ranby area, Conn.: U. 8. Geol. Survey Water-Supply
Paper 466, 1921,

1 Brown, J. 8., Ground water in the New Haven area, Conn.: U. 8. Geol. Survey Water-Supply Paper
540 (in preparation) .
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2 COASTAL GROUND WATER

many popular summer resorts. Because of the difficulty experienced
in getting pure water suitable for domestic and industrial uses from
wells near the sea a careful study of the coastal ground water and an
investigation of the circumstances and causes of the contamination
of wells by sea water and of possible remedies were made. The
results of this special study were intended for publication as part of
the paper on ground water in the New Haven area, but the mass of
data collected on coastal ground water in Connecticut and elsewhere
made it advisable to separate the two reports and give the present
paper a somewhat broader scope.®

ACKNOWLEDGMENTS

The writer is indebted to everyone who gave information or assist-
ance in the field. Well drillers and factory officials were particu-
larly accommodating in supplying data and assisting in the collec-
tion of samples. In preparing the report free use has been made of
unpublished material and maps in the possession of the Connecticut
State Geological and Natural History Survey, for which individual
credit can not be given.

DEFINITIONS

The terms coast and shore are used very indefinitely by many
people and are frequently confused. As far as possible the usage in this
paper conforms to that proposed by Johnson,* who defines the shore
as ‘‘the zone over which the water line, the line of contact between
the land and sea, migrates.” Practically, this is the zone between
the limits of low tide and high tide, although it actually includes a
narrow zone that is covered by water only during storms. Johnson
defines a coast as ‘ a much broader zone of indeterminate width, land-
ward from the shore.” The seaward limit of the permanently ex-
posed coast is called the coast line. In technical descriptions the
definitions given above will be followed. Popular usage, however,
necessitates some discrimination in the application of these definitions.
For instance, houses or settlements built on the coast near the shore
are almost invariably known as ‘“‘shore houses’’ or ‘“shore resorts.”

THE NEW HAVEN COAST
LIMITS

This paper deals principally with a portion of the Connecticut coast
lying east and west of New Haven, which, for convenience, will be
designated the New Haven coast. (See fig. 1.) The area shown in
Figure 1 is about 30 miles long and 5 to 10 miles wide, but the actual
coast line is much more than 30 miles long, and the part discussed
lies chiefly within a few hundred feet of the shore.

3 A summary of the principal points in this paper has been published under the title ‘““Relation of
sea water to ground water along coasts” (Am. Jour. Sci., 5th ser., vol. 4, pp. 274-204, 1922).
4 Johnson, D. W., Shore processes and shore-line development, New York, John Wiley & Sons, 1019,









NEW HAVEN COAST 5

TRIASSIC SANDSTONE

The Triassic sandstone was formed from débris eroded from the
crystalline rocks. It is not everywhere a true sandstone but ranges
from coarse conglomerate to fine-grained arenaceous shale. Much
of it, however, is a hard coarse-grained sandstone that consists
" chiefly of grains of quartz and feldspar cemented by a reddish iron
oxide. Because of its prevailing color it is frequently called red
sandstone, or ‘“red rock.” The Triassic sandstone occurs only in a
small area around New Haven Bay (fig. 1). In this region it has
been tilted so that the beds dip uniformly southeastward, generally
at angles of 10° to 20°. The sandstone, like the crystalline rocks, is
much jointed. In addition it contains bedding planes that separate
the strata deposited at different times into thin layers. Near the
surface these bedding planes have been weathered somewhat into
open crevices like the joint planes. The total depth of the Triassic
sandstone is unknown. In a deep well drilled at New Haven 4,000
feet was penetrated without reaching its base. The age of the
Triassic sandstone is established by the evidence of fossils found
chiefly outside the area here described.

TRIASSIC TRAP

Associated with the sandstones are large mases of igneous rock,
either basalt or diabase, both of which are commonly called trap.
This is a very hard fine-grained bluish rock. It is exposed at many
places in steep cliffs, of which East Rock and West Rock, at New
Haven, are good examples. The trap is generally minutely jointed,
8o that it breaks into small blocks. Vertical joints, which divide it
into polygonal columns, are peculiarly characteristic of it. The
joints are generally tightly closed and become visible only on
weathered surfaces.

GLACIAL DRIFT

Drift is the general term for the débris, composed of soil, rock
flour, clay, and boulders, that is stripped from the surface of the
land and rearranged by the movement of glaciers or by the streams
of water that flow from glaciers. Two kinds of drift are distinguished
on the New Haven coast—till and stratified drift (Pl I).

Till is the unassorted débris left by the glaciers. In it the fine
and coarse material are mixed without regard to size or composition.
Because the underlying rocks yielded many coarse fragments, boul-
ders of crystalline rocks, sandstone, or trap, are very common in the
till of Connecticut. Usually the boulders that predominate in any
locality are derived from the underlying rock of that locality.

Stratified drift was deposited by the streams that flowed from the
melting glaciers. These streams sorted out the glacial débris and
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deposited it in layers, more or less graded as to size. At some places
it is coarse, containing boulders 1 to 2 feet in diameter. In most
of the coastal belt, however, the stratified drift consists of sand,
without many coarse pebbles and without much clay. Plate III
shows the aspect of till and of stratified drift.

MUD OF NEW HAVEN HARBOR

A deposit of small extent but of unusual importance in this study
is the blanket of fine black mud that covers the bottom of New Haven
Harbor and extends up some of the tributary tidal marshes. This
deposit is in part Recent, and it is receiving daily accretions of fine
sand, clay, and sewage. The clay is derived chiefly from clay beds
in the stratified drift farther inland, along Quinnipiac River.® This
mud is practically impervious, and in open pools or excavations it
holds water like a cup. It extends approximately to the high-tide
shore line, where it thins to nothing, but offshore it thickens greatly,
and excavations and well borings show 20 to 30 feet of it above the
stratified drift along the present harbor front, which has been filled
in beyond the original shore, and in the middle of the tidal marshes
of Mill River and West River. This deposit probably underlies the
harbor as far south as the narrow opening between Fort Hale Park
and Sandy Point. No similar deposit has been found anywhere along
the New Haven coast, probably because there are no other large
land-locked bays, and because silt-supplying deposits such as the
clays of the Quinnipiac Valley are lacking elsewhere.

SHORE FEATURES

. LATE HISTORY OF THE CONNECTICUT COAST

The Connecticut coast, during and since the glaciation of the Pleis-
tocene epocli, has undergone a marked subsidence, which has produced
what is called a drowned coast. Valleys have been filled with sea
water ‘and ‘have become bays and estuaries; hills have been sur-
rounded hy the ocean and have become islands; ridges have become
peninsulas. The resulting coast line is very crooked. Wave action
has to some extent straightened it by wearing away the headlands
and building beaches between projecting points and across bays.
Streams have aided by filling up bays and estuaries with sediment.
These processes have greatly modified the original drowned coast
and are still active. The land forms developed along the coast are of
particular signiﬁcance in this study and will be described briefly.

€ See Loughlin, G. F., Clays and clay industries of Connecticut: Connecticut Geol. and Nat. Hist.
Survey Bull. 4, 1905.
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BEACHES, BARS, AND SPITS

Beaches are developed through the erosion and deposition of
material by waves along the shore. In till and stratified drift beaches
are generally. developed rather rapidly, but on projecting rocky
points the shore is generally swept nearly bare.

A beach is a fairly regular section of shore covered by sand or
pebbles. It is usually terminated by rocky headlands, river out-
lets, or tidal inlets. Its composition, configuration, and extent vary
with the topography and with the formation on which it is developed.
In stratified drift very straight, sandy beaches are developed, such as
those of Madison, Clinton, and part of Milford. If the land rises a
few feet above sea level the beach is generally backed by a wave-cut
terrace and sea cliff. (See Pl. IV.)

Bay-head beaches are built up across the heads of small bays,
particularly where the coast line is rocky and crooked. The forma-
tion of such a beach gives the bay a rounded or U-shape appearance.
The beach is a ridge of sand behind which generally lies a lagoon or
marsh. Little Harbor and Joshua Cove, on the Gmlford shore,
exhibit this type of beach particularly well.

Bar beaches are wave-built ridges of sand connecting headlands or
rocky points along the shore. Spits are incomplete ridges of similar
origin. These ridges generally do not exceed 200 feet in width on the
New Haven coast and are built approximately to the height of the |
maximum storm waves. Bar beaches usually face the sea on one
side and a tidal marsh on the other; spits are washed by salt water
on both sides. By growing forward in the direction of shore cur-
rents, a spit may connect with some opposing point of land, thereby
becoming a bar, and may completely seal off the landward area, which
becomes a marsh. (See Pl. V, A.) Small channels generally remain
open, affording an outlet for fresh-water streams or an inlet for the
tides, but some bars are unbroken. Hogshead Point, in Madison,
and Milford Point, in Milford, are good examples of spits.

An unusual feature is the bar, sometimes called a tombolo, which
connects an island to the mainland. An excellent example of a tom-
bolo is the bar connecting Charles Island with the mainland in Mil-
ford (PL. V, B). This bar is nearly a mile long and is completely
covered at high tide. Double Beach, in Branford, is another well-

known example.
TIDAL MARSHES

Tidal marshes are described by Shaler? as “wide savannas which
are covered by the sea but for an hour or two a day, during the time
of high tide, and which support a growth of low-grade flowering

? Shaler, N. 8., Beaches and tidal marshes of the Atlantic coast: Nat. Geog. Monographs, vol. 1, p. 188,
1806,
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plants, mostly of grasslike form.” Most of the tidal marshes repre-
sent drowned valleys that have been pa,rtly cut off from the sea by
beaches, bars, or spits and then filled in with sediment and decaymg
vegetation. They are very extensive along the New HaVen coast
and are commonly called salt meadows. The salt water is some-
times sealed off from these areas in the summer by tide gates, and
the grass is cut for coarse hay or bedding. Generally, however, the
tidal marshes are waste land except where large areas have been
filled in for building sites, as at New Haven, or where the- sea has
been shut out by tide gates for sanitary or other reasons.

ISLANDS

Most of the islands of the New Haven coast lie between New Haven
and Guilford, particularly in the towns of Branford and Guilford.
Nearly all of them are composed chiefly of bedrock, generally with a
thin covering of till. When the land first sank to its present level
there were probably numerous islands composed of till and stratified
drift, but such islands have been destroyed by wave action, leaving
only the more durable rock masses to show the former seaward
extension of theland. Charles Island, near Milford, is an exception
It is apparently composed entirely of till and stratified drift and is
being rapidly worn away.

GROUND WATER
SOURCE AND MOVEMENT OF GROUND WATER

Ground water is the water that exists in the saturated zone below
the land surface—the water that supplies wells and springs. Prac-
tically all the ground water on the New Haven coast comes from the
precipitation upon the drainage basins of its streams. Records at
New Haven covering a long period of years show that the mean
annual precipitation is about 45 inches.

Rain water and melted snow sink into the rocks, filling the pore
spaces between grains or particles as well as the larger voids in joints
and in cleavage and bedding planes. The voids of all the rocks iy
a region of plentiful rainfall are usually saturated with water up to a
certain level known as the water table, a gently undulating surface
that conforms more or less closely to the topography. This ground
water, under the influence of gravity, moves downward and outward
from higher to lower levels and eventually discharges into streams,
lakes, or the'ocean. At some places it seeps out of the ground visibly
as springs; at other places it seeps invisibly into brooks or, at the shore,,
mingles with the salt water of the ocean. :















GROUND WATER'
OCCURRENCE IN THE DIFFERENT ROCKS

The conditions of occurrence of ground water on the New Haven
coast differ greatly with the different formations. In the bedrocks
of the region—crystalline rock, sandstone, and trap—conditions are
very much alike everywhere. Most of the ground water is stored in
open joints, cleavage planes, and bedding planes. In nearly any
quarry face or along cliffs, after a rain, water can be seen seeping out
from these openings. Wells that penetrate the hard rocks derive
their water from these fissures, which with their ramifying connections
may extend for many hundreds of feet. Both the quantity of water
yielded by such openings to a well and the depth to water are very
uncertain, however, because the well may or may not penetrate
large water-bearing fractures. Some wells several hundred feet deep
are practically dry; others yield as much as 50 gallons a minute, but
the average is much less. '

In stratified drift, which consists of sand or gravel and is generally
very porous, water circulates freely, filling the pore spaces between
the particles. Where the stratified drift is fairly extensive the water
table approaches a horizontal plane and stands nearly at the level of
the adjacent body of water—stream, lake, or the sea—that consti~
tutes the local controlling water level. Wells in stratified drift near
the shore usually reach water at about the level of high tide.

In till the circulation of water is much more erratic and sluggish
because the till is not assorted and contains some clay amd fine ma-
terial. Wells in till usually yield less water than wells in stratified
drift, and the depth to the water table is much more irregular and
much less closely related to the level of adjacent bodies of surface
water.

DEVELOPMENT AND USES OF GROUND WATER

Ground water along the New Haven coast is generally obtained
from wells, which are of three types—dug, driven, and drilled. Dug
wells are the predominant type used for domestic supply. They
usually derive their water from the drift, though many of them are
sunk to the contact with the underlying bedrock, and some penetrate
the bedrock. They are usually about 3 feet in diameter, are lined
with rough stones or tile, and are fitted with a rope, pulley, and
bucket or with a hand pump for lifting water.

Driven wells are constructed by forcing into the ground a small
pipe that is usually fitted at the bottom with a perforated metal
screen or strainer and a drive point. They may be driven with a
sledge hammer or a special driving apparatus, but they are practi-
cable only in stratified drift. Where the water table is within 25
feet of the surface they are satisfactory and in many places are used
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for domestic supply. Driven wells are particularly useful for large
pumping plants. A gang of driven wells is attached to one suction
main and pumped from a central station. In the city of New Haven
from 3,000,000 to 5,000,000 gallons of water are pumped daily from
driven wells.®

Drilled wells are generally used to obtain water from bedrock.
They are excavated by churn drilling. Along the New Haven coast
these wells are nearly all 6 inches in diameter and usually less than
200 feet in depth. Their water is derived from fractures in the rock,
and the supply is somewhat uncertain. Drilled wells generally supply
water for household use in places where the drift is too thin to yield
sufficient water.

Aside from domestic use, the ground water obtained on the New
Haven coast is used chiefly by industrial plants, most of which are
in New Haven. In these plants ground water is used for a great
many special purposes, most of which can be classified under three
heads—(1) making steam; (2) cooling and refrigerating, as in am-
monia pipes, water jackets, and condensers; (3) rough uses, such as
washing floors, coal, and acid pickle. The quantity used for the
second and third purposes is much greater than for the first. Most
of the ground water of the area is rather hard compared with surface
water from streams, which is generally preferred for making steam.

A great part of the coast is reached by public waterworks, which
furnish most of the water for domestic use and much of that for
industrial use.

COASTAL GROUND WATER

THE PROBLEMS

The practical aspects of the problems of coastal ground water in
Connecticut are very simple, but their solution is difficult. Wells
near the sea may be affected in two principal ways—they may
become salty by the admixture of sea water, and their water level
may rise and fall with the tides.

The first effect will be spoken of in this report as contamination,
in distinction to pollution, the latter term being reserved to designate
the unsanitary condition of water due to sewage and industrial wastes.
Contamination by sea water is by far the most troublesome of the
problems here discussed. Sea water, even in small quantity, renders
ground water unfit for many uses. Its saltiness makes the water
undesirable for domestic use. In contact with plumbing and me-
chanical apparatus it is very corrosive. In boilers it causes foaming.
In chemical and metallurgical operations it may be ruinous. For
instance, wire companies in New Haven have found that salty water

8 Brown, J. 8., Ground water in the New Haven area, Conn.: U. S. Geol. Survey Water-Supply
Paper 540 (in preparation).
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used in washing acid pickle renders the wire brittle. A coke com-
pany in New Haven once inadvertently quenched a pile of coke with
salt water and as a result upset the smelting process in which the
coke was later used.

Several phases of the problem’of contamination by sea water must
be considered. One is the width of the zone in which sea water may
penetrate inland from the coast line; another is the depth at which
sea water may occur within this zone at a given distance from the
shore; a third and very important one is the tendency of pumping
to induce saltiness in wells near the sea. An especially serious
problem in Connecticut is that of obtaining good water for summer
residences at places not provided with a public supply. Many of
these residences are on beaches, bars, and small islands. The extent
of the contaminated zone and the effects of pumping vary with the
topography and geology of the locality, but with the proper informa-
tion at hand it is possible to predlct fairly accurately the probable
quality of the water available at a given locality and the safe draft
that may be made upon it.

The data on contamination by sea watet obtained from the New
Haven coast were sgmewhat incomplete because the most populous
areas are provided with public water supplies and wells are not
common; also because most of the pumping plants are in New
Haven, Where special geologic conditions modify the general rules.
For thls reason the data gathered on the New-Haven coast have been
supplemented by observations made elsewhere and by a comparison
with conditions on many coasts, as revealed in the literature of
coastal ground water. The conclusions are applicable in large
measure to all the coast of the United States.

In addition to the local problems of coastal ground water, there
are some larger regional problems of scientific and perhaps of prac-
tical interest, on which only speculation is possible from the meager
data here presented. For instance: Are the hydrologic conditions
on arid coasts the same as on humid coasts? In what respects are
these conditions different in limestone and other hard sedimentary
rocks from conditions in crystalline rocks and in unconsolidated
sediments? Are they different on sinking and on rising coasts?
What are the effects of cold climates and of tropical climates? Cor-
rect answers to these and other questions by a study of present
conditions might shed valuable light on the problems of the origin
and effect of connate sea water, most of which was confined in sedi-
ments laid down at or near shore lines. ‘

METHODS OF INVESTIGATION

" The field work for this study consisted of mapping the geology of
the area, particularly the glacial geology, and collecting. records
of wells, springs, and pumping plants that might yield information
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on the problems suggested above, particularly contaminauon by sea
water. The geologic and topographic conditions near wells were
carefully observed, and also the depth to water, depth of the wells,
and details of their use.

The only practicable and reliable method of determining the degree
of contamination in wells is by analyzing the water to find the amount
of oceanic salts that it contains. In order to interpret the analyses
properly a knowledge of the general characteristics of ground water
and of sea water is necessary.

The following table is based on analyses of 49 samples of ground
water from the New Haven area:

Dissolved constituents in ground walers of the New Haven area
[Parts per million]

Maximum | Minimum Maximum | Minimum
99 6.2 | Sulphate radicle (SOs).... 232 6.3
1.7 .04 || Chloride radicle (Cl)-.__.__. 885 1.6
127 s Nitrate radicle (NOg) .. ... 185 Trace.
Magnesium (Mg)......... 79 L7 .
Sodium and potassium 496 3.4 Total dissolved solids...._ 1,803 46
(Na+XK). Total hardness.____.._.._. 641 19
Bicarbonate radicle 466 13
(HCO3). .

These ranges are about the same for water from stratified drift,
till, Triassic sandstone, and crystalline rocks in this and surrounding

areas. '
Average composition of sea water

{Parts per million. From U. S. Geol. Survey Water-Supply Paper 258, p. 82, 1911. (After Dittmar,)

Caleium (Ca)_ . ... ______.__.._. e e 419
Magnesium (Mg) ..o oo 1, 304
Sodium (N8 .. e 10, 707
Potassiuom (K)o 387
Carbonate radicle (CO3) .o e 72
Sulphate radiele (SO) oo e 2, 693
Chloride radicle (Cl)._ .. . ___ 19, 352
Total dissolved solids_ .. e _____. 35,000

The salinity of sea water varies considerably in different oceans
or seas, but the ratio of the different constituents to each other is
nearly constant.® Moreover, the Atlantic Ocean has an average
concentration very near that of the average composition gwen or
35,000 parts per million of total solids.

Asuie from its much greater concentration sea water diﬁers in
composition from Connecticut ground water in its very high pro-
portion of chloride, especially as compared with sulphate and car-
bonate radicles, and in the fact that magnesium is present in much
greater quantity than calcium, while silica is nearly negligible.

¢ Clarke, F. W., The data of geochemistry, 4th ed.: U. 8. Geol. Survey Bull. 605, p. 123, 1920. -
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The high proportion of chlorides, especially sodium chloride, or -
common salt, is the paramount feature of sea water.

The complete analysis of the salts in any water is a laborious and
time-consuming process, and for that reason a short cut is generally
used to determine the approximate amount of contamination by
sea water. As chloride is so characteristic a constit_}lent of sea water
and can be determined very easily and accurately by simple chemical
tests, it is generally used as the criterion by which to judge the
amount of contamination by sea water. This is true not only in
the present report but in practically all the previous investigations
which are cited herein. The actual test usually conssts of a deter-
mination of chloride (Cl),** which is the acid radicle in sodium
chloride (NaCl), or common salt. But in acceptiz‘ig’ the presence
of chloride as an indication of sea water discriminatidn must be used,
for the chloride may come from sources other than the sea. In
some regions it may have been leached from the rocks and so be a
normal constituent of the ground water. Very little chloride is to
be expected from the rocks of Connecticut, however. The Triassic
rocks would be most likely to yield chloride, but the quantity that
can be attributed to them does not exceed about 10 parts per million.
A small amount of chloride in the ground water of Connecticut and
in other coastal regions is due to wind-blown salt spray carried over
the land, especially on atmospheric dust, and brought down by
rains. Chloride from this source has come to be known as “normal
ehlorine,” and on the New Haven coast runs from 3 to 6 parts per
million, decreasing rapidly inland."* Such small amounts of chloride
are insignificant in comparison with the amounts of contamination
considered here. A third and important source of chloride in ground
water is sewage and other animal waste. This factor must be
carefully considered in interpreting the results of any given analysis.
However, even water polluted by cesspool or barnyard drainage
- seldom contains chloride in excess of 25 to 100 parts per million
except where the site is very poorly chosen. In this investigation
samples from such wells were rejected.

As a guide to field observations it was necessary to have a conven-
ient method for determining on the spot the approximate degree of
contamination in many wells. Accordingly a small assay kit was
carried in the field and chloride tests were made wherever desired.
The test consisted in titrating a measured quantity of water with a
standard solution of silver nitrate (AgNQ,), potassium chromate
(K,CrO,) being used as an indicator. This is a standard laboratory
test and can be made in less than 5 minutes. The apparatus con-

10 The term chloride in this paper will be understood to mean chloride radicle (Cl) unless otherwise

specified.
1t Jackson;-D. D., The normal-distribution of chlorine. in the natural waters of New York and New

England: U. S. Geol. Survey Water-Supply Paper 144, 1905. -
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sisted of a 50 cubic centimeter measuring cylinder, a small pipette
graduated to twentieths of a cubic centimeter, a white porcelain dish,
a stirring rod, and small bottles of silver nitrate solution and potas-
sium chromate solution. In nearly all places where tests were made in
the field, check samples were collected and submitted to the water lab-
oratory of the United States Geological Survey in Washington. The
comparison of results obtained in the field and in Washington indicates
that for its intended use this field method was entirely satisfactory.
The field results seldom vary more than a few per cent from those of the
laboratory and are frequently almost identical. Such errors as arose
in field work were due to difficulties in keeping the apparatus clean,
as some dust collected on the glassware and no distilled water was
carried for rinsing. After experience had indicated the results to be
expected, it was often unnecessary to perform field tests, and labora-
tory samples only were collected. In addition to the samples for
chloride determination, a few samples were collected for more com-
plete analysis, particularly for the purpose of checking up the value
of the chloride content as an indication of -the presence of sea water.

Samples were collected from all wells or springs that appeared
likely to yield instructive evidence of either the presence or the
absence of salt water. In many places samples were taken at several
different times to note any seasonal or other fluctuations in the
quality of affected water. Samples were collected from certain wells
at high tide and at low tide and at hourly periods to determine any
possible relations between stage of tide and quality. Samples at
hourly or shorter intervals were taken during the pumping of water
from wells to see if any definite variations could be ascribed to this
cause.

The statements of users of affected water as to its characteristics
and variations were recorded and if possible verified.

SOME RESULTS OF PREVIOUS INVESTIGATIONS
GENERAL REVIEW

Before considering in detail the data gathered in Connecticut
and elsewhere the salient results of previous investigations will be
reviewed. In the United States and its territories the subject of
contamination of coastal ground water has not been studied thor-
oughly, although it has been considered incidentally in several
reports. The literature of coastal ground water in the United
States and several foreign countries is reviewed on pages 84-97."

On most coasts fresh water is usually obtainable, even very near
the shore, in shallow wells, but many deep wells, even at some dis-
tance from the shore, are brackish. . Lindgren ** shows that on

- 12 Lindgren, Waldemar, The water resources of Molokai: U. 8. Geol. Survey ‘Water-Supply Papsr 77
pp. 2647, 1903.
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Molokai, Hawaii, fresh water occurs in a thin body above the salt
water that pervades the mass of the porous rock of the island. The
fresh water and salt water mingle in an intermediate brackish zone.
The fresh water is discharged by numerous springs along the beach.
In Florida Sanford ** found conditions somewhat like those in Molokai.
In the porous limestone of the keys fresh water floats in a thin sheet
above salt water. In sand and in beach ridges the depth of fresh
water is greater, and on the mainland fresh water is obtainable in
Shallow wells very near shore. Many drilled wells in crystalline
rocks on the Maine coast, particularly on small islands, yield salt
water,'* or they may yield fresh water at first and brackish water
after pumping for a time.

The presence of fresh artesian water beneath salt water.along cer-
tain coasts and coastal islands is a well-known phenomenon. This
occurs where porous beds that .have a fresh-water intake at their
outcrop dip seaward but are protected from the entrance of sea water
by an overlying impervious bed. Such conditions exist at places on
the Atlantic Coastal Plain, in the south end of San Francisco Bay,
and elsewhere. Submarine springs of fresh water have also been
recognized at many places, particularly off the coasts of Florida *
and Hawaii. 1

Geologists and engineers have long recognized that pumping may
seriously affect the quality of water in wells near seacoasts. When
wells near the shore are heavily pumped the water table may be
sufficiently lowered to establish a reversed movement. Mason
calls attention to city supplies in Liverpool and in Galveston, Tex.,
that were ruined by sea water induced by overpumping. Lindgren *
describes pumping tests on Molokai in which the salt content of
wells increased markedly. Dubois !* has recorded similar facts in
Holland, and Herzberg * in Norderney, off the German coast.
Perhaps the best illustrations of the effects of overpumping are those
from the coast of England, where information from many wells has
been recorded. (See references, pp. 91-93.)

The influence of tides upon the water table has been mentioned by
many writers, and it is popularly supposed that nearly all wells near
the sea rise and fall with the tides. A careful investigation of flow-

13 Matson, G. C., and Sanford, Samuel, Geology and ground waters of Florida: U. S. Geol. Survey
Water-Supply Paper 319, p. 261, 1913.

14 Clapp, F. G., Underground waters of southern Maine: U. 8. Geol. Survey Water-Supply Paper 223,
p- 67, 1909.

1 Matson, G. C., and Sanford, Samuel, op. cit., pp. 289, 397.

16 Lindgren, Waldemar, op. cit., p. 26.

17 Mason, W. P., Water supply, p. 336, New York, John Wiley & Sons, 1905.

18 Lindgren, Waldemar, op. cit., p. 4.

» Dubois, Eugéne, Etudes sur les eaux souterraines des Pays-Bas: Musée Teyler Archives, 2d ser.,
vol. 9, pp. 1-96, Haarlem, 1905.

%0 Herzberg, Baurat, Die Wasserversorgung einiger Nordseebiider: Jour., Gasheleuchtung und Wasser-
versorgung, Jahrg. 44, Muaich, 1901.
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ing artesian wells on the Long Island coast has been made by the
United States Geological Survey.?* Fluctuations as great as 5 feet
between tides are recorded. Similar fluctuations in the water level
of flowing wells near the shore are authoritatively recorded from
South Carolina 2 and San Francisco Bay (see references, p. 88), and
have been noted in France. The fluctuations of nonflowing wells
near the sea have not been so widely studied. - Dubois #* and others
give figures for such fluctuations and many such fluctuations are
reported from England.

THE THEORY OF BADON GHYBEN AND HERZBERG

Wherever a coast is formed of pervious rocks containing ground
water that receives continual additions from rainfall, this ground
water must move downward and laterally toward the shore and min-
gle ultimately with the salt water of the sea. Such movements have
long been a matter of common knowledge. Even on small porous,
sandy islands fresh water can generally be found at an altitude
slightly above mean sea level. It might be supposed that in such
places the salt water surrounding the island would penetrate the
sand to mean sea level and immediately absorb all the fresh water
that might percolate downward to its surface. For several physical
reasons this does not happen. Such islands are found, in reality, to
contain a dome-shaped lens of fresh water floating upon a concave
surface of salt water. The fresh water is enabled to float upon the
salt water because it has a considerably smaller density. This prin-
ciple was apparently first applied to the hydrology of seacoasts by
Badon Ghyben,* a Dutch captain of engineers, as the result of in-
vestigations made in Holland in 1887 (see p. 93), but gained little
notice from hydrologists at that time. It was also published about
1900 by Herzberg,* of Berlin, who apparently had no knowledge of
the work of Badon Ghyben. Herzberg found in drilling wells on the
island of Norderney, one of the East Friesian islands off the coast of
Germany, that the depth to salt water was roughly a function of the
height of the water table above mean sea level and of the density of
the water of the North Sea. Figure 2 shows the application of his
theory.

Let H=total thickness of fresh water.

h=depth of fresh water below sea level.
t=height of fresh water above mean sea level.

% Veatch, A. C., Fluctuations of the water level in wells, with special reference to Long Island, New
York: U. 8. Geol. Survey Water-Supply Paper 155, 1906. !

22 Artesian wells (municipal report of the city of Charleston, S. C.), p. 18, 1881,

2 Dubois, Eugéne, op. cit.

% Badon Ghyben, W., Nota in verband met de voorgenomen put boring nabij Amsterdam: K, Inst
Ing. Tijdschr., 1888-89, p. 21, The Hague, 1889. .

3 Herzberg, Baurat, Die Wasserversorgung einiger Nordseebdder: Jour. Gasbeleuchtung und ‘Wassor-
versorgung, Jahrg. 44, Munich, 1901. .
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Then o : H=h+t.

But'the column of fresh water H must be balanced by a column' of
salt water % in-order to maintain equilibrium. Wherefore, if g is the
specific gravity of sea water and the specific gmv;ty*ﬁf fresh ground
water is assumed to be 1,

- : H=h+t=hg
whence h=—2_.

: » g—1 :
In any case g —1 will be the difference in speciﬁc gravity between the
fresh water and the salt water. Herzberg gives the specific gravxty
of the North Sea as 1.027, whence % =37t¢.

Drillings on Norderney and islands near by are said to have given
results varying but a few meters from those derived from the for-
mula, but it is not clear whether the salt water encountered at the
expected depths was of approximately the composition of sea water or
was merely too salty for use.

As- Herzbergs puper appeared at a time when there.was: great
interest in coastal water supplies in the Netherlands, particularly at

~. tg

~< -.S.--,—‘ a‘(.ef

mew &—Section of the island of Norderney, Germany, showing the application of Herzberg (] theory
(From Herzberg)
Amsterdam and in Belgium, it was widely quoted and much dlscussed
by Dutch, Belgmn and French writérs, whose principal ‘worksre re-
viewed in this paper {pp. 93-97). The law of equilibrium between sa.lt.
and fresh water is frequently alluded to as the * theory of Herzberg.”
This theory appears to apply particularly to small islands and narrow
land masses that are made up of freely pervious material, especially
sand.” Tt can not be applied to large land bedies or to continents;
for it implies that sea water should be found in every locality where
the water table is below sea level. There are well-known interior
land areas which lie many feet below sea level but in which the ground
is entirely free from sea water. The application of the theory is also
greatly modified by the kind of rocks and their structure. -The im+
portance of Herzberg’s theory, however, is not to be ignored and has
been most convincingly demonstrated by Pennink #* on the coast .of
Holland. ~ The most significant results of thls mvestlgatmn are sum-
marized below

% Pennink, J. M. K., De “prise d’eau’’ der Amsterdamsche duin water!eidiug K. Inst. Ing. ledschr
19034, pp. 183-238, The Hagus, 1904,
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RELATIONS OF SALT AND FRESH WATER ON THE COAST OF HOLLAND

The Amsterdam water supply about the year 1900 was derived
from open drainage channels sunk below the water table in a belt
of dunes on the Holland coast. This belt of dunes is about 5 miles
(8 or 9 kilometers) wide, and its crest is 10 to 20 meters above sea
level. It is bordered on the west by the North Sea and on the east
by a belt of polders 2 4 to 6 meters below sea level, which were
created by dewatering the Sea of Haarlem about 1850. In seeking
to supplement the Amsterdam water supply, a line of test wells was
driven across the belt of dunes. Chloride determinations were made
on the ground water at many different depths in these wells, and a
cross section showing the actual contact between fresh water and
underlying salt water was constructed, as shown in Figure 3. It is
clear that salt water actually underlies the land at a depth of 100 to
200 meters below sea level over a belt several miles in width adjacent
to the Holland coast; that the depth to salt water is greatest where the
land and its underlying body of fresh water are highest; and that the
level of salt water rises under areas of:low ground which,have.a de-
pressed water table, such as the polders of the old Sea of Haarlem.

Certain irregularities in the distribution of salt and fresh water
are easily accounted for by the local geology. Near the surface the
dunes consist of sand. Beneath this sand, to a depth of 20 or 30
meters below sea level, are alternating beds of sand, sandy clay, and
peat. Below that is an indefinite thickness of coarse sand and gravel
with lenticular clay beds. The varying permeability of these strata
accounts for some irregular lenses of salt water surrounded by fresher
water. The general line of contact between salt and fresh water is
very regular, however, and the zone of gradation, or diffusion, is sur-
prisingly thin. (See pp. 34-37.)

- LABORATORY EXPERIMENTS APPLIED TO COASTAL GROUND WATER
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