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INTRODUCTION

PURPOSE AND SCOPE OF THE REPORT

The Delaware State Planning Office is charged with the responsibility to
develop a coastal zone management program for the State's coastal regions.
The geological and hydrological framework of the coastal regions is an essen-
tial component for the accomplishment of this important goal.

To this end, the State Planning Office contracted with the University of
Delaware for a "state of the art" report on Delaware's geology, hydrology and
mineral resources. This assignment was a logical extension of previous work
by the University of Delaware Water Resources Center and the Delaware Geologi-
cal Survey. Over the past decade, the team of Sundstrom and Pickett has pro-
duced a series of publications on the hydrology and geology of Delaware that,
when combined with the work of the U. S. Geological Survey, the Delaware Geo-
logical Survey and the Delaware Department of Natural Resources and Environ-
mental Control, constitute the definitive works on the subject of this report.
A1l this information is either summarized or referenced in this present study
and, therefore, this report truly represents the state of the art on the geol-
ogy, hydrology and mineral resources of Delaware as of 1975. "

: Our hope is that this study will prove to be the valuable tool for the
effective management of Delaware's coastal lands and waters. .

PERSONNEL AND ACKNOWLEDGMENTS

This report describing the hydrology, geology, and mineral resources in
the Coastal region of Delaware for planning purposes has been formulated and
prepared principally by R. W. Sundstrom, Senior Hydrologist and consultant to
the Water Resources Center; Dr. Thomas E. Pickett, Senior Geologist, Delaware
Geological Survey; and Dr. Robert D. Varrin, Director, Water Resources Center,
University of Delaware. The authors have had very able assistance in their
study and preparation of this report by many people. Dr. Pickett has been ably
assisted in preparing the geology section of this report by Mr. James Demarest.
Mr. Demarest also helped Mr. Sundstrom in preparing water-altitude maps and
saturated thickness maps of the water table in Kent County. Dr, Pickett and
Mr. Sundstrom both had the able assistance of Ms. Michelle Mayrath and Ms.
Katherine Roxlo in drafting several of the illustrations presented in this
report. A rather detailed inventory of the water used in Delaware in 1974 was
done by Mr. Frederick Robertson with assistance by Ms. Roxlo. The results of
Mr. Robertson's inventory are recorded in tables in the hydrology section of
this report. The final drafting on many of the figures was done by the State
Planning Office staff and. their efforts are appreciated.



A1l three authors have had the excellent assistance of Mrs. Terri
Reutter, clerk typist, and Mrs. Beverly Grunkemeyer, staff assistant, of the
Water Resources Center in composing, compiling and getting the report ready
for publication.

The authors have had excellent cooperation with the Delaware State Plan-
ning 0ffice, the Delaware Geological Survey, and the Delaware Department of
Natural Resources and Environmental Control, the University of Delaware's
Cooperative Extension Service and the Agricultural Agents in Delaware's three
counties, city and industrial officials and many others who assisted by fur-
nishing data and other material.

WELL-NUMBERING SYSTEM

For the purpose of numbering wells in Delaware, the State is divided in-
to 5-minute quadrangles of latitude and longitude. The quadrangles are let-
tered north to south with capital Tetters, and west to east with Tower case -
letters. Each 5-minute quadrangle is further subdivided into 25 1-minute
blocks which are numbered from north to south in series of 10 from 10 to 50
and are numbered from west to east in units from 1 to 5 (see Figure 1). Wells
within these 1-minute blocks are assigned serial numbers as they are scheduled.
Thus,. the identity of a well is established by prefixing the serial number with
an upper and lower case letter followed by two numbers to designate the 5-minute
and T-minute blocks, respectively, in which the well is located. For example,
well number Gd34-2 is the second well to be scheduled in the 1-minute block
which has the coordinates Gd-34. The wells listed in many of the tables of
this report can be approximately located on the map in Figure 1 by applying

. the well number coordinates of the well listed in the tables to the coordinates
of the map. Exact locations of the well can be found on maps in the files of
the Delaware Geological Survey.

DEFINITIONS -OF TERMS

Acre- foot - The vo]ume of water requ1red to cover 1 acre to a depth of 1 foot
43,560 cubic feet) or 325,851 gallons.

Aguifer - A body of either consolidated or unconsolidated rock material that
contains sufficient saturated permeable material to conduct ground
water and to y1e1d economically s1gn1f1cant quantities of ground water
to wells and springs. .

Artesian Aquifer - Artesian (confined) water occurs where an aquifer is over-
Tain by earth material of lower permeability (such as clay) that con-
fines the water under pressure greater than atmospheric. The water
level in an artesian well will rise above the top of the aquifer even
without pumping.
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Available Drawdown - The lowering of the water table or piezometric surface
caused by pumping (or artesian flow). In most instances, it is the dif-
ference, in feet, between the static level and the pumping level.

Barrier Boundary Effect - The result of a hydrologic boundary of restricted
permeability which affects the radial growth of the cone of depression
of a pumping well. This occurs after an elapsed pumping time. Because
of this, the drawdown data of pumping tests are abnormal and the trans-
missivity value obtained is less than the true transmissivity.

Clay - A rock or mineral fragment or a detrital particle of any composition
(often a crystalline fragment of a clay mineral, having a diameter less
than 1/256 mm., 4 microns, 0.00016 inches, or 8 phi units).

Coastal Plain - A low, generally broad but sometimes narrow plain that has its
margin on the shore of a large body of water and its strata either
horizontal or very gently sloping toward the water.

Coefficient of Storage, or Storativity - The volume of water an aquifer releases

from or takes into storage per unit of surface area of the aquifer per
unit change in the component of head normal to that surface,

Concretion - A hard, compact, rounded and normally subspherical mass of mineral
material of a composition different from that of the earth material in
which it is found and from which it is sharply separated.

Cone of Depression - Depression of the water table or piezometric surface sur-
rounding a discharging well, more or less the shape of an inverted cone.

Confining Bed - One which, because of its position and its impermeability or
Tow permeability relative to that of the aquifer, keeps the water in
the aquifer under artesian pressure.

-

Contamination - An impairment of the quality of the water by sewage (high
nitrate content), industrial waste (such as oil-field brines from
improperly cased or plugged wells), or intraformational leakage from
overlying or underlying strata that contain undesirable water (Glen

Rose Formation), to a degree which creates an actual hazard to public
health. '

Continental Shelf - A part of the continental margin that is between the shore-
Tine and the continental slope (usually about 200 m. maximum depth).

Discharge - Rate of flow at a given instant in terms of volume per unit of
time. ' :

Earthquake - A sudden motion or trembling in the earth caused by the abrupt
release of slowly accumulated strain (associated with faulting and/or
volcanic activity).

. . .
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Electric Log A geophysical record of the uncased part of a well or borehole,
obtained by lowering and raising an-electrode on a wire line and making
in-situ measurements (continuously recorded at the surface) of the
electrical properties of the geologic formations encountered at various
depths.

Evapotranspiration - Water withdrawn by evaporation from a land area, a water
surface, moist soil, or the water table, and the water consumed by
transpiration of plants.

Fall Zone - An imaginary narrow zone connecting the waterfalls on several suc-
cessive and nearly parallel rivers, marking the points where these
rivers make a sudden descent from the upland to the lowland, as at the
boundary between the Piedmont Province and the Coastal Plain.

Fault - A surface or zone of rock fracture along which there has been displace-
ment, from a few centimeters to a few kilometers in scale.

Formation - The basic or fundamental rock-stratigraphic unit in the local
classification of rocks, consisting of a body of rock characterized by
some degree of internal lithologic homogene1ty or distinctive 1itholog-
ic feature, and by mappability at the Earth' S surface, or traceability
in the subsurface.

Fossil - Any remains, traces, or imprints of a plant or animal that has been
preserved by natural processes in the Earth's crust since some past
geologic time; any evidence of past life.

Geo]ogz - The study of the planet Earth.

Group - A major rock-stratigraphic unit next h1gher in rank than the formation,
consisting wholly of two or more (commonly two to five) -continuous or
associated formations having significant 1ithologic features in common.

Head, or Hydrostatic Pressure - The pressure exerted by the water at any given
point in a body of water at rest reported in pounds per square inch or
in feet of water. That of ground water is generally due to the weight
of water at higher Tevels in the same zone of saturation.

Hydraulic Conduct1v1ty - The rate of flow of water in gallons per day through
a cross-sectional area of 1 square foot under a hydrau11c gradient of
1 foot per foot.

Hydraulic Gradient - The slope of the water table or p1ezometr1c surface,
usually given in feet per mile,

Hydrology - The science that deals with continental water, its properties,
circulation, and distribution on and under the Earth's surface and in
-the atmosphere from the moment of its precipitation until it is re-
turned to the atmosphere through evapotranspiration or is discharged
into the ocean.



Intrusion - The process of emplacement of molten rocks into existing rocks.

Isopach - A line drawn on a map through po1nts of equa] thickness of a desig-
nated stratigraphic unit or group of stratigraphic units.

Lignite - A brownish-black coal that is 1ntermed1ate in coalification between
peat and subbituminous coal.

Lithology - The description of rocks, especia]iy sedimentary clastics, and
especially in hand specimen and in outcrop on the basis of color,
structure, mineralogy, and -grain type.

Marine Sediments - Sediments wh1ch were depos1ted in a marine env1ronment by
marine processes. :

Marsh - A water-saturated, poorly-drained area, intermittently or permanently
water-covered, having aquatic and grasslike vegetation, and essentially
without peat accumulation.

Milligrams Per Liter (mg/1) - One milligram per liter represents 1 milligram
of solute in T Titer of solution. As commonly measured and used, one
milligram per liter is numer1ca11y equivalent to one part per m1111on
(1 milligram of solute in 1 kilogram of solution)..

Mineral - A naturally-formed chemical element or compound having a definite -
chemical composition and usually a characteristic crystal form.

Non-Marine Sediment - Sediment which was deposited in an environment not asso-
ciated with marine waters, i.e. fluv1a1 brackish, lacustrine, eolian,
etc. .

utcrog That part of a geologic format1on or structure that appears at the
surface of the Earth. : _

Permeability - The property or capacity of a porous rock, sediment, or soil for
transmitting a fluid without impairment of the structure of the medium;
a measurement of the relative ease of fluid flow under unequal pressure.

Piedmont - Lying or formed at the base of a mountain range; in the U.S., the
Piedmont is a plateau extending from New Jersey to Alabama and lying
east of the Appalachian Mountains.

Piezometric Surface - An imaginary surface that everywhere coincides with the
static Tevel of the water in the aqu1fer The surface to which the
water from a given aquifer will rise under its full head. :

Pyrite - A common, pale-bronze or brass-yellow mineral; FeS,.
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Recharge - The process by which water is absorbed and is added to the zone of
saturation.. Also used to designate the quantity of water that is added
to the zone of saturation, usually given in acre-feet per year or in
million gallons per day.

Rejected Recharge - The natural disehafge of ground water in the recharge area
of an aquifer by springs, seeps, and evapotranspiration, which occurs
when the rate of recharge exceeds-the rate of transmission in the aquifer.

Runoff - The water which flows on the surface is called the runoff, though this
term is used to include also the water which returns to the surface after
a greater or less underground passage.

Safe Yield .- The rate at which water can be withdrawn from an aquifer for hu-
‘man use without depleting the quantity or quality of the supply to such
an extent that withdrawal at this rate will become no Tonger economi-
cally feasible. The practical rate of withdrawing water from an under-
. ground, reservoir perennially for human use.

Salt-Water Intrusion - The phenomenon occurring when a body of salt water,
because of its greater density, invades a body of fresh water. It can
occur either in surface or ground-water bodies. The balance between
the tYo, in static s1tuat10ns, is expressed by the Ghyben- Herzberg

ormula

Sand - A rock fragment or detrital particle smaller than a granu1e and larger
~than a coarse silt grain, hav1ng a diameter in the range of 1/16 to 2-
- mm. (62 200 microns, or 0.0025 - 0.08 inches, or 4 to 1 ph1 units, or
. the lower limits of visibility for a single grain to the s1ze of ‘the
head of a small wooden match). ;

Silt - A rock fragment or detrital particle smaller than sand and larger than .
clay, having a diameter in the range of 1/256 to 1/16 mm (4 62 m1crons,
or 0.00016 - 0.0025 inches, or 8 to 4 phi units). :

Specific Capacity - The rate of yield of a well per unit of drawdown, usua]]y“
expressed as gallons per minute per foot of drawdown. If the yield is
250 ga]]ons per minute and the drawdown is 10 feet the spec1f1c capa-
city is 25 ga]]ons per minute per foot.

Specific Yield - The quantity of water that an aqu1fer will y1e1d by grav1ty
if it is first saturated and then allowed to drain; the ratio expressed
in percentage of the. vo]ume of water dra1ned to volume of the ‘aquifer
that- 1s dra1ned : co

Static Water Level -~The water Tevel in an unpumped or nonflowing we11 ‘measured
in feet above or below the land surface or sea-level datum.

Stratigraphic Correlation - The process by which stratigraphic units-in two or
more separate areas are demonstrated or determined to be laterally




similar in character or mutually correspondent in stratigraphic posi- -
tion, as based on geologic age, 1ithologic characteristics, f05511
content, or any other property of the strata.

Strike - The direction or trend that a structura] surface takes as it inter-

sects. the horizontal. \

Structure - Said of or pertaining to features that are»the result of crustal
folding or fau]ting

Subcrop - An occurrence of strata in contact w1th the undersurface of an over-
lying stratigraphic unit.

Subsurface - The zone below the surface whose geologic features, principally
: stratigraphic and structural, are interpreted on the basis of. dri11
‘records and various kinds of geophys1ca1 ev1dence

Surface Water - The water which rests or flows on the surface of the earth
l1thosphere.

Transmissivity - The number of gallons of water that will move in one day
- through a vertical strip of the aquifer one foot wide extending the
vertical thickness of the aquifer when the hydraulic gradient is one
foot per foot. It is the product of the hydraulic conductivity and
the saturated thickness of the aquifer.

nconform1tz A substantlal break or gap in the geologic record where a rock
unit is overlain by another that is not next in.stratigraphic succes-
- sion, such as an interruption in the continuity of a depositional se-
quence of sedimentary rocks. )

Variegated - Said of a sediment or sed1mentary rock showing variations of
: ~colors or tints in irregular spots, streaks, b1otches, stripes, or
reticulated patterns. ' :

Water Level - Depth to water, in feet below the land surface, where the water
occurs under water-table conditions (or depth to the top of the zone of
saturation). - Under artesian conditions the water level is a measure
of the pressure on the aquifer, and the water level may be at, below,
or above the land surface.

Water-Table Aquifer - An aquifer in which the water .is unconfined; the upper
surface of the zone of saturation is under atmospheric pressure only
and the water is free to rise or fall in response to the changes in
the volume of water in storage. A well penetrating an aquifer under
water table cond1t1ons becomes filled with water to the 1eve1 of the
water table. v .

Yield of a Well - The rate of discharge, commonly expressed as ga]lons per
minute, gallons per day, or gallons per hour. - _
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GEOLOGY

GEOLOGY FOR PLANNING PURPOSES

Geology as a Constraint

The geologic framework is the means by which current earth processes are
controlled by past geologic processes. Man's input into this system adds
another determinative factor to the present and future dynamics of the system.
To better understand and manage our environment we must first understand the
constraints within which we must work as determined by the geologic conditions.

The geologic framework of an area is the most important factor in deter-
mining: drainage patterns; location, quality and quantity of water in the sub-
surface; stability of the ground for construction uses; location, quality and
quantity of mineral resources. There are no earth processes or conditions
which are not controlled or greatly affected by geologic constraints.

. It is also important to understand the basic differences between the geo-'
logic constraints and man's input into the system.  Man's policies, and there-
fore his input into the system, can be changed and therefore man's effect on
the system can be controlled and predicted. In contrast, geologic conditions
are not changeable or manageable except on a very small scale with large inputs
of energy. : ’ ‘

- Geology as a Predictor

By studying the geologic processes that formed our present environment,
we not only can predict future environments, but we can also understand the

processes involved in producing them. Therefore, changes man makes in these

processes can also be taken into ‘account when predicting future environmental
conditions. For example, understanding the geologic framework of aquifers
enables us to identify recharge areas and areas of vulnerability of the aquifer.
We will then be able to predict quantitatively what changes, if any, man's ac-
tivities will have on water quality and quantity. Similarly, study of the geol-
ogy of an area allows us to determine, in general, soil quality, stability of
the ground, erosional hazards, etc., in areas without actually doing costly
tests and studies on location in the area of interest. We can also predict

the lateral extent of conditions by projection of the geclogic situation under
which these conditions exist, i.e., topography, surface 1ithology, subsurface
lithology and structure, geologic history, and present earth processes as de-
termined by geologic history.



GENERAL ‘GEOLOGIC HISTORY OF DELAWARE

The Piedmont

Delaware lies within two regional geologic provinces: the Appalachian
Piedmont and the Atlantic Coastal Plain (Figure 2). The northernmost part of
the State lies in the Piedmont. This area is characterized by very old crys-
talline rocks which slope generally southeasterly under all of Delaware. The
minerology of: these rocks is very complex because they consist of sedimentary
and igneous rocks which. have been intensely metamorphosed throughout the area
during the building of an ancient mountain range which has now been. eroded.

The Coastal Plain

South of the Fall Zone, the Piedmont-type rocks are covered by a thick
wedge of unconsolidated and semiconsolidated sedimentary rocks. This region
is the Coastal Plain -Province (Figure 3). In the southeastern part of Delaware,
these sediments reach a thickness of about 8,000 feet, and although they are
covered by water farther east, they continue out to the edge of the continental
shelf with a maximum thickness of about 8 to 10 miles. A1l these sediments are
much younger than any of those found in the Piedmont by over 300 million years
except for those found in the Bryn Mawr Formation north of Wilmington, which
are much younger than the Piedmont rocks but have an-unknown age. The Coastal
Plain sediments have been divided into units, each of which is called a forma-
tion (at times formations are put together and called groups) whose 1ithology
is distinctly different from the sediments above and below it (Table 1).

The oldest sediments in the Coastal Plain, which were deposited by streams
on the subsurface extension of the Piedmont, are at the base ¢f the Potomac
Formation and are about 120 million years old. This unit is the most exten-
sive sedimentary formation in Delaware. It consists of color-banded clays
with interbedded sands which eroded off the ancestral Appalachian Mountains to
the northwest. During the deposition of the Potomac Formation a gradual tilt--
ing down to the east allowed about 4,000 feet of sediment to accumulate.

Above this the Magothy Formation was deposited after a period of erosion or
nondeposition (an unconformity) which represents the encroachment of the sea
over most of Delaware. The Magothy Formation is very distinct with -its white.
sands and black lignite. The presence of Tignite suggests that this unit.
represents a transitional environment from stream depos1ts to mar1ne, much
like that found in a delta or marsh.

Above the Magothy are marine formations of Cretaceous through Eocene age.
The units deposited during this time, from oldest to youngest, are-as follows:.
Merchantville Formation, Englishtown Formation, Marshalltown Formation, Mt.
Laurel Formation, Rancocas Group, Nanjemoy Formation, Pamunkey Formation (unit
A), Piney Point Formation.

10

- aa

oy N Ow 8 o8 a8 .

\ 1 1 4
g R N o g

g



FIGURE 2
A GEOLOGIC MAP OF DELAWARE

/

P EDMONT

Wilmington

New Castle

Kpt; Potomac Formation; Varigated red, gray, purple, yellow and white, frequently
tignitic silts and clays containing merhsddad white, gray, and rust-brown guartz
sands and some gravel. Individual beds usually taterally vestricted.

©

Km: Magothy Formation: White and buff, frequently sugary, clean quartz sand
with beds of gray and black clayey silt containing much lignite, pyrite-filled
limay clay concretions and sulfate blooms. Formation discontinuous along strike
in subcrop.

®

Kmv; Merchantville Formation; Dark gray to dark blue, micaceous, glauconitic
sandy silt and silty fine sand; very sticky when wet. Placenticeras placenta, small
siderite nodules, burrows by benthic organisms.

Ket; Englishtown Formation; Light gray and rust brown, well sorted, micacsous,
sparingly glauconitic, often “fluffy”, fine sand. with thin interbedded layers of
dark gray sitty sand. Abundant nodulose burrows of Callianassa, particularly in
upper sands,

Kmt; Marshalltown For| ion; Dark greenish-gray, i highly it
very silty fine sand. Abundant Exogyra ponderosa.

Kml; Mount Laurel Formation; Gray, green and red-brown, glauconitic, fine to
medium, quartz sand with some silt.

Tht: Hornerstown Formation; Green, gray and reddish-brown, fine to medium
silty, highly glauconitic sand and sandy silt. Red sands are found locally in
Odessa area. . .

Tvt; Vincentown Formation; Green, gray and reddish-brown, fine to coarse, highly
quartzgse glaucontitic sand with some silt,

®@ 0 e® 6 ©

Tc; Chesapeake Group; Gray and bluish-gray silt, with some fine sand and
silt beds.

o
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MAJOR MIOENE AQUIFER
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Milford
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Rehoboth Beach
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Above this is an unconformity which represents a gap in the sedimentary
record during which no sediments have been preserved (Oligocene age). Later,
the sea again covered most of Delaware and deposited the Chesapeake Group
(Miocene age). This group consists of interbedded silts and sands and reaches
a maximum thickness of over 1,000 feet in southern Delaware. Many of the sandy
layers contain important supplies of water for municipal and industrial use.
From oldest to youngest, these units are as follows: the Cheswold, Frederica,
Manokin, and Pocomoke aquifers.

The repeated advance and retreat of continental glaciers during the past
one to two million years (Pleistocene age) caused drastic changes in relative
sea level and the configuration of streams draining from the glaciers. The
Columbia Group and Formation, which covers most of the surface of Delaware up
to the Fall Zone, generally consists of channel deposits from meltwater runoff
and marine deposits. The Columbia supplies most of the water used in the state
as well as most of the sands and gravel for construction. Many of the stream
and channel gravels have been reworked in southern Delaware by the sea during
a higher-than-present sea level stand.

This is, briefly, the history of the geologic framework which provides the
constraints within which man must plan his activities. It is also important
to realize that the processes of erosion, deposition, and sea level change are
operating at present, slowly transforming the surface expression of this geo-
logic framework.

DESCRIPTIONS OF AQUIFERS

The maps of the stratigraphic formations of Delaware's Coastal Plain are
based on the most recent data available to the Delaware Geological Survey. -
These maps . are continually changed as more data are accumulated and must,
therefore, be considered incomplete. Although their reliability exceeds pre-
vious maps, which were based on less data, they still must be used with cau-
tion. ' .

The maps are indicators of the general structure of the formations.and
therefore should only be used in a general way. If a contour or isopach is
more than a few miles from a data point, its exact positioning becomes more
artistic than geologic. The maps indicate the 'scarcity of data in some areas.

" The Potomac Formation

The Potomac Formation, which overlies the crystalline rocks of the base-
ment, consists of variegated silts and clays. These are red, gray, purple,
yellow and white and contain some lignite. There are many beds of sand which
are white, gray, or rust-brown, predominantly quartz, with some gravel, and
which are usually laterally restrictive (Pickett, 1970a).

14
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Between the Fall Zone and just north of the Chesapeake and Delaware
Canal, the Potomac Formation (Figure 4) subcrops immediately below the sur-
ficial Columbia Formation, and reaches a maximum thickness of about 600 feet.
South of this area the Potomac is overlain by other sedimentary formations -
and dips toward the south. In southern New Castle County the top of the Poto-
mac reaches a depth of 650 feet below sea level and the formation is 1,700
feet thick. Because of extreme depth and because of salt-water contamination,
it is not presently useful as an aquifer in Kent and Sussex Counties.

The Magothy Formation

The Magothy Formation (Figure 5) represents a transition from the non-
marine fluvial depositional environment of the underlying Potomac Formation
to the marine depositional environment of the cverlying formations. It is a
white and buff, often sugary, clean quartz sand with occasional. beds of gray
and black clayey silt which contains much-lignite, pyrite-filled concretions
and sulfate blooms (Pickett, 1970a). Because of its clean sandy nature and
consistent thickness of a few tens of feet, the Magothy Formation produces a
distinctive "kick" on electric logs of we1]s, therefore, it is one of the most
easily recognizable units in the Coastal Plain. o : :

There is a trough-ridge system running near]y perpendicu]ar to strike
near the subcrop area, which accounts for its apparent discontinuity along
strike. The cause of these structures is as yet unknown, although they may
be associated with differential erosion of the Potomac before depos1t1on of
the Magothy. : : , 4

The Magothy Formation, like the Potomac Format1on, is too deep and salty
to be useful as an aquifer in Kent and Sussex ‘Counties. ' _

The Monmouth_Formation

The Monmouth Formation (synonymous with Mount Laurel Formation at the
Chesapeake and Delaware Canal) consists of gray to greenish red-brown glau-
conitic, fine to medium sand with some silt (Pickett, 1970a). It was depos-
ited under shallow marine conditions. The non-salty portion of the Monmouth-
is found from the Chesapeake and Delaware Canal to approx1mate1y Dover where
it is located about 700 feet below sea level (Figure 6).

15
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The Rancocas Group

The Rancocas Group consists of two formations, the Hornerstown and the
Vincentown. These are differentiated by the relatively coarser component
found in the younger Vincentown. The Rancocas Group is green, gray and
reddish-brown, highly glauconitic sand with some silt (Pickett and Spoljaric,
1971). The subcrop area begins about three to four miles south of the Chesa-
peake and Delaware Canal and underlies the entire Middletown-Odessa area (Fig-
ure 7). The group pinches out in the subsurface in the Cheswold area. Its
maximum thickness is about 300 feet. ‘

The Piney Point Formation

The Piney Point Formation in Kent County is a green, medium to fine
grained, glauconitic sand of the Eocene Epoch (Jordan, 1962a). In Sussex
County {(Greenwood test well) it is a greenish-gray to bluish-gray, silty,
sparingly to moderately glauconitic, very fine to coarse sand (Talley, 1975).
The Piney Point is found in the area between Kent County and the rest of
southern Delaware (Figure 8). It nowhere comes near the surface. It is
thickest and sandiest in Dover and adjacent area south, In most of Sussex
County it is too salty to be useful as an aquifer (Cushing, et al, 1973).

The Chesapeake Group

The Miocene Chesapeake Group consists of gray and bluish-gray silts, with
some sands (Pickett and Spoljaric, 1971). It contains four major aquifers
(sands) and some minor aquifers, and thus has been only partially differen-
tiated in Delaware. The major aquifers are the Cheswold (oldest), Frederica,
Manokin, and Pocomoke (youngest) aquifers (Figures 9 and 10). These sands may
have been deposited along ancient shorelines. The Cheswold is located from
the Smyrna area into northern Sussex County., The Frederica extends from Dover
to northern Sussex County. The discrepancy of overlapping Cheswold and Fred-
erica aquifers shown in Figure 9 may be explained by the presence of the
"Federalshurg aquifer." Cushing, et al (1973) mapped this sand between the
Cheswold and Frederica; whereas in Figure 9 it is included within the Cheswold.
The Manokin is confined to Sussex County, and the Pocomoke to southern Sussex
County. .

Cushing, et al (1973) extend the Manokin into Kent County. Miller (1971)

mapped the Manokin and Pocomoke, with the best available information, in
greater detail than is present in Figure 10.
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The Pleistocene Aquifer

The topmost sediments in much of the Delaware Coastal.Plain are presumed
to be Pleistocene in age and consist mostly of medium to very coarse sand and
gravel, generally of a yellow-orange to tan-brown: color. ‘These are termed the.
Columbia Formation. They were deposited in channel-fill and associated river
environments, and, in the southern part of Kent County and in Sussex County,
they are marine in origin. There is also some reworking of the older sediments
by Pleistocene marine processes (Jordan, 1964).

Figure 11 indicates the aggroximate thicknesses of these surficial de-
posits. It is the thickness of the saturated sands and therefore includes some

~areas of pre-Pleistocene sand subcrop. Because the largely sandy Columbia
Formation (Pleistocene?) is in some places underlain by older sediments which
are also very sandy and often unfossiliferous, it is very difficult to differ-
entiate Columbia from Miocene or possibly Pliocene age sediments. It is there-
fore difficult to map the Columbia Formation. Figure 11, a sand thickness map,
is presumed to be mostly of Pleistocene Columbia sediments.

MINERAL RESOURCES“OF DELAWARE

Sand and Gravel

Sand and gravel are the most important mineral resources in Delaware.

- The State Division of Highways, the largest consumer of sand and gravel, has

adopted strict regulations controlling the quality required for concrete,

road beds, and fill (Standard Specifications, 1974, Delaware Division of High-
ways). The location of coarse pockets in the Columbia Formation appears to be
-random and therefore difficult to predict. In general the pockets are.located
by accident, then tested and evaluated by the Highway people. Figure 11 is a
rough -guide to the thickness of sand or gravel (undifferentiated) which could
be-utilized. However, specific on-site investigations are needed before
evaluating a given location. Figure 12, the mineral resources map, is an.
attempt to summarize the available data on sand, gravel and other resources. .

There are several variables which must be assessed before the value of a:
gravel pocket can be calculated." The important ones are as follows: - o

Variability in grain size (sorting);

The ‘average grain size; 8 _

.~ The amount of coarse material in the pocket;
Cost per ton paid to the owner. ) '

F WM —

Each of these criteria must be evaluated before deciding which gravel pockétj
should be used. For example, if the sand in a borrow pit s not very well ' |
sorted, but is very close to. the construction site, it may be more economical
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FIGURE 1A :
THICKNESS OF THE PLEISTOCENE AQUIFER

(NEW CASTLE COUNTY)



FIGURE IiB

THICKNESS  OF THE PLEISTOCENE AQUIFER
(KENT COUNTY)

26.




THICKNESS

FIGURE IIC
OF - THE PLEISTOCENE AQUIFER

(SUSSEX COUNTY)
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FIGURE 12

MINERAL RESOURCES OF THE
DELAWARE COASTAL PLAIN
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BEST POTENTIAL AREA FOR SAND| AND GRAVEL
EXTRACTION {(OVER 30' THICK, EXCLUDING BEACH
AREAS). .THINNER, BUT ACCEPTABLE DEPOSITS MAY
BE FOUND ELSEWHERE. GENERALLY MORE GRAVELLY
IN NEW CASTLE COUNTY.

BEST . POTENTIAL AREA FOR BRICK CLAY. OTHER,
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ELSEWHERE. .
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ACTIVE BRICK CLAY PIY.
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to wash the gravel to remove the fine material, rather than transport higher
quality gravel from farther away. ‘ '

In 1973 De]awake produced 3,408,000 tons of sand and gravel, valued at
$3,678,000 (U. S. Bureau of Mines Yearbook, 1973). Figures for 1974 are
expected to be roughly the same.

Much sand and gravel is imported from adjacent states. Stone is no
longer quarried in Delaware. .

Clay

There is at present only one commercial producer of clay in Delaware.
The clay is used for the manufacture of bricks. In the past there were more
brick plants; however, it now seems to be more economical to import bricks
from Maryland. Clay production in Delaware in 1973 was about 15,000 tons,
with a value of about $9,000 (U. S. Bureau of Mines Yearbook, 1973).

The Delaware Geological Survey has cooperated with the U. S. Bureau of
Mines for several years to test clays. Figure 13 shows the location of 48 clay
samples analyzed under this program (Pickett,. 1970). Table 2 summarizes the
results of the analyses, showing which samples are promising for various clay
products and which have only marginal potential use. . »

The data show that clays for brickmaking are common (the Potomac Forma-
tion is best). Marsh sediments are somewhat promising for lightweight aggre-
gate (used for pre-cast concrete products). Preliminary research also indi-
cates that spoils obtained by maintenance dredging of harbors in the Delaware
River may be promising for 1ightweight aggregates. If power for roasting the
material is available, a severe ecologic problem of how and where to. dispose
of dredge spoils may be solved. ’ '

Glauconite, a clay mineral, has poténtié] use in wastewater treatment.
Preliminary tests show that glauconite ("greensand”) has the ability to re-
move heavy metals from industrial wastewater (Spoljaric and Crawford, 1975).

In the past, greensand has been used as a water softener and as a fertil-
jzer. It still has limited use as a water softener, but, because of the Tong
time necessary for it to release nutrients (potash), glauconite is not used as
a fertilizer at the present time. _

The Rancocas Group, which subcrops in the Middletown-Odessa area, contains
from 95 percent (along Drawyers Creek near Odessa) to 50 percent glauconite by
weight. The greensands are also most accessible in these areas, outcropping
along many of the streams (Spoljaric, personal communication) [see Figure 12].
Other formations have concentrations of 5 to 90 percent glauconite by weight.
The Delaware Geological Survey is presently researching the potential of green-
sands as a wastewater filtering agent. If these results are positive, indus-
tria) wastes, landfill effluents and many other wastes may be filtered of heavy
metal contaminants.
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Table 2.
" Summary of C1$y Data
~ (Sample Numbers) '
‘ Lightweight . Glazed Sewer .

Brick - Aggregate Tile Pipe Stoneware
Promising | Mar§1n61" inomising Marginal Promising Promising.{| Promising
6 3 i 9 1 21 4
8 4 35 10 130 a1 .42
- 19 5 16 46 - 43
21 7 23 47 46

30 17 24 47
31 18 38
33 39
34 |
- 37
43
44
47
From: Pickett, 1970.
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Potential Mineral Resources

Potential mineral resources, not currently utilized, include: garnets for
abrasives, kaolin for fine china, serpentinite and gabbro for building stone,
feldspar for ceramics (all in the Piedmont). In the Coastal Plain, potential
mineral resources are: iron ore (at Iron Hill and bog iron ore in Sussex
County); heavy minerals, such as those containing titanium (mostly in Sussex
County); glass sands (mostly in Sussex County); and the possibility of phos-
phate deposits. There are no known economic deposits of these commodities,
but industrial interest has been displayed at various times and the geologic
conditions do not preclude their occurrence in Delaware in economically feasible

amounts.

v The mineral resources of Delaware have been discussed.with an historic
perspective by Pickett (1973).

Very little is known about the occurrence of mineral resources offshore
Delaware. We know that sand for possible use as aggregate exists in state
waters just east of Cape Henlopen (Hen and Chickens Shoal).  Elongate bars of
sand occur in Delaware Bay (see Figure 12). Phosphate and manganese nodules
have been found in the Atlantic Continental Shelf, but next to nothing is known
of their distribution off Delaware. The Delaware Geological Survey is devoting
much time attempting to evaluate the hydrocarbon potential. Clearly, we need
to assess the possibilities of all offshore mineral resources using new data.

GEOLOGIC PROBLEMS

Geologic Hazards

Delaware has relatively few geologic hazards as compared to many other
states. However, the hazards which do exist can be severe. There are three
major geologic hazards prevalent in Delaware: floods, faulting (and associated
earthquakes), and slumping caused by structural instability.

The map of geologic hazards (Figure 14) provided with this section is
only meant to identify in a general way the areas which are threatened by cer-
tain geologic conditions. This map cannot be used for site specific problems,
but should be useful for identifying general areas of possible geologic prob-
lems.
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Flood Prone Areas

Because of the low relief of the Coastal Plain of Delaware, most of the
rivers in this area are prone to flooding. There are many factors, such as
stream gradient, depth to water table, upstream drainage area, amount and dura-
tion of rainfall, base level of streams, topography of the stream valley, and
the ability of the ground to absorb water, which affect the flooding of an
area. The designated "flood prone areas" were determined by the U. S. Geologi-
cal Survey (1974) using tidal data, high water marks from previous floods, and
topography. As a result, their maps only indicate the potential for flooding.
In detail, their lines may be considerably in error, depending on the extent
to which the previously-mentioned factors pertain to the local area.

These areas may be changed significantly as a result of man's activities
as well. For example, changes in elevation of a site by filling could affect
the potential for flooding of both that site and adjacent areas. Highways,
housing, denudation, storm sewers, parking lots and increased surface slope
all contribute to increased runoff, and therefore increase the hazard of flood-
ing, especially in urban areas. Areas with extremely high water tables also
are relatively more prone to flooding, since very little water can be absorbed
into the ground. Also, as the water table fluctuates with total rainfall,
weather conditions over a several-month period prior to a heavy rain affect the
1ikelihood of flooding.

A11 of these factors must be evaluated for proposed land use areas in
order to protect both the potential owner and the taxpayers, who often end up
paying the bill for damages.

Faulting

The hazards map (Figure 14) has several zones designated as potential
faulting areas. They have been tentatively identified using lineations on
photos, evidence from seismic surveys, and analysis of subsurface geologic
data (Spoljaric, 1975). The areas delineated are very generalized and tenta-
tive. There is enough evidence to warrant further research into the possi-
bility of faulting. Active faults have not been identified in these areas;
in fact, no active faults have as yet been located anywhere in Delaware,
although there are earthquakes on record originating in the state (Jordan, et
al, 1972). The importance of potential earthquakes and faulting increases
with the size of the project being considered. Nuclear power plants, dams,
pipelines and other major projects can be endangered by this particular type
of hazard.
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Slumping

Slumping represents a real and identifiable geological hazard in most of
the Piedmont Province of northern Delaware. The surface slopes much more
steeply in this area than in the rest of the state. As a result, unconsoli-
dated alluvium or soil on steep gradients, mainly along rivers or streams, can
move downslope, or slump. This can be triggered by excavation, rainfall,
earthquake (including even minor tremors), stream erosion, or surface loading
by buildings. It is extremely important to evaluate this hazard before any
projects, even those on a small scale, are begun. In some cases this will
require extensive geologic study of the area in order to understand the struc-
tural stability at present, and also to evaluate how geologic and human pro-
cesses will change the structural stability of the overburden.

There is a similar hazard in the Coastal Plain, although the process is
not technically considered slumping. This is the settling and compaction of
sediments. Again, it is not only very important to examine the structural
stability and engineering characteristics of the sediments, it is also impor-
tant to understand how, for example, a lowering water table or stream erosion
will affect this stability. o

Resource Use Conflict

Several potential conflicts between users of resources, developers, zoning
officials, ecologists, and others is foreseen.

The previously mentioned potential use of wetlands sediment to produce

- lightweight aggregate may precipitate a confrontation between‘industry and

those who wish to preserve the wetlands.

Because of land values, zoning regulations, and possible other economic
factors, much aggregate and bricks are now imported into Delaware. The spe-
cific reasons for this are not known to geologists, because the resources.
exist. Further problems for those desiring to produce aggregate in Delaware
may be forthcoming if new construction and road building come associated with
coastal zone development. If large support facilities for offshore drilling
are built in Delaware, the necessary aggregate may be unavailable or scarce.

If heavy minerals, glass sand, or other potential mineral resources dis-
cussed previously are developed in Sussex County, the potential for conflict

with those wishing to do otherwise with the land is probable. This should be

recognized in planning for the long term in the Coastal Zone.
‘There may be a demand for greensand extraction in the Middletown-Odessa

area, with associated land use conflicts, if current research indicates the
economic feasibility of its use in wastewater treatment.
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Lack of Geologic Knowledge

In the preparation of maps for this report, the lack of deep subsurface
data was quite evident. No drill holes through the Coastal Plain sediments
to basement crystalline rocks have ever been drilled in Kent or Sussex County.
Consequently, structural contour lines for most geologic units below the
Miocene sediments have to be interpolated at a distance from Salisbury or
other areas in Maryland. This makes the maps less accurate; and therefore,
evaluations of water resources, possible hydrocarbons, other mineral resources,
and possible deep-seated faults are less definite.

A lesser problem is a lack of information from shallow drill holes,
mostly in Kent and Sussex Counties. More data is needed for accurate delinea-
tion of shallow geologic formations.

Qur knowledge of the specific geology of eafthqdakes, flooding and earth

slumps and other geologic hazards is increasing all the time, but is still 1n- :

sufficient. Research should detail more of the specific role Delaware's
geology plays in these processes. These processes should also be monitored.

A seismic station is in operation at the University of Delaware, and plans are
made for a seismic net throughout the state to help pinpoint earthquake epi-
centers. The Delaware Geological Survey cooperates with the National Weather
Service and others to monitor flooding in the state's streams and is interested

in the specific geologic parameters and. cond1tlons which could lead to accurate
flooding forecasts.

RECOMMENDATIONS

It is recommended that deep r1111n9 to the basement rocks for geo]ogic
information be funded. This will provide information for resource evaluation,
basic geology, and possible fault delineation. More shallow holes should be
drilled, particularly in Kent and Sussex Counties. Drilling should be accom-
panied by seismic investigations of the subsurface. Also, deep geologic struc-
tures for gas storage may be found.

Geologic hazards should be}thOrough1y investigated in Delaware, and our
knowledge of them should be an important factor in planning for the use of the
Coastal Zone.

Environmental geologic gquadrangle maps of selected impact areas should be
made. This requires new data (drill holes) and might start with the Lewes and
Big Stone Beach areas. In conjunction with the detailed geologic maps, the
proposed cooperative topographic mapping program with the U. S. Geological
Survey should be funded so that accurate base maps are ava11ab1e to all those
involved in land use and geology.

Possible resource use conflicts should be recognized ih planning for the
Coastal Zone. It is further recommended that a geologic-economic study be made
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of the sand and gravel industry in Delaware to determine the specific reasons
why aggregate has to be imported in large quantities from Maryland and is not
produced here.

The railroad lines in Delaware should be repaired so that, among other
commodities, sand and gravel and possible other mineral resources can be effi-
ciently moved to where they are needed.

Potential sand, gravel, and other mineral deposits should be investigated
in Delaware Bay and offshore. This requires new data because practically
nothing is known about subaqueous mineral resources in this area.

It is suggested for coastal policy that the geoiogic limitations of the
Coastal Zone be fully recognized in the planning process, and as little as
possible be done by man to interfere with geologic processes.

It is recommended that the State of Delaware review all legislation it
has concerning the regulation of mineral extraction in the Coastal Zone.

There are existing regulations for oil and gas, but apparently none for sand,

gravel, clay, greensand, or other mineral resources. An exception to this may
be some regulations dealing with worker safety and others on pollution of the

air or water. As the demand for minerals increases with possible oil-related

activities, there may be a need for mineral legislation.

Although coastal erosion has been discussed well in the Coastal Zone
management report of Kraft, et al, 1975, it should be re-emphasized that it
should be the policy of the State of Delaware to recognize and plan around
the fact that sea level is now rising. Thus, ultimately coastal erosion is

inevitable within the foreseeable geologic future. Efforts at controlling

coastal erosion must be ongoing and stopgap measures at best.
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HYDROLOGY

BACKGROUND

Hydrology of the waters of Delaware received state-wide attention in 1967
when the University of Delaware, in cooperation and sponsorship with other
State agencies, began a series of studies to appraise, define and evaluate the
water resources of Delaware (Sundstrom, Pickett and others, 1967, 1968, 1969,
1970, and 1971). In 1972 the College of Marine Studies, University of Delaware,
published a very comprehensive report on the coastal zone of Delaware giving
the findings of the Governor's Task Force on Marine and Coastal Affairs. In
1973 the United States Geological Survey issued Professional Paper 882 entitled
"Water Resources of the Delmarva Peninsula" (Cushing, Kantrowitz and Taylor,
1973). These reports and those listed in the bibliography of this paper con-
stitute the basis of the maps and discussions pertaining to the hydrology of
the waters of Delaware. The maps and discussion herein are made primarily for
regional or state-wide water planning purposes in the coastal area. The
hydrology of the surface and ground waters of the Piedmont Plateau are dis-
cussed in detail in a report on the availability of water in New Castle County
(Sundstrom and Pickett, 1971). The Piedmont Piateau area is not a part of this
report. This report concerns primarily the mapping and discussion of hydrology
of the surface water of the Coastal Plain and the 12 ground-water aquifers of
the Coastal Plain of Delaware. ' ‘ o

HYDROLOGY FOR PLANNING PURPOSES

A properly planned and developed aquifer or ground-water reservoir is one
that will supply the need for acceptable quality water within the safe limits
of development of the aquifer without seriously affecting the other useful and
sometimes necessary functions of the aquifer.  Independent and co-dependent
factors such as the geology, hydrology, water quality (chemical and bacterial), -
engineering, economics, well construction and development, and ecology are in-: -
volved in the planning, development and management of ground-water reservoirs.

In the Coastal Zone of Delaware, the geology and hydrology of 12 aquifers
(ground-water reservoirs) are discussed at length in this report. .Eleven of
the 12 aquifers are artesian in character except in the outcrop or subcrop
areas. In the outcrop or subcrop area, the aquifers receive most of their re-.
charge from precipitation penetrating to the aquifer from the water falling
only on the outcrops or subcrops. The aquifer that is not artesian in charac-
ter is the Pleistocene or Quaternary aquifer in which. the precipitation perco-
lates directly downward to the water table. The subcrops of the artesian
aquifers underlying the Quaternary are also a part of the water-table aquifer.
The water-table aquifer receives recharge by downward percolation of precipi-
tation over the entire area of the aquifer, whereas the artesian aquifers
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receive most of their recharge supply only from the outcrop or subcrop area.
In a broad perspective, the water-table aquifer can be considered a storage
reservoir receiving direct downward percolation of precipitation to be re-
leased later as evapotranspiration, fairweather flow to streams, recharge to
the artesian ground-water aquifers and water supply to wells and springs. In
the same perspective the artesian aquifer can be considered primarily as a
conduit, conveying water from the outcrop or subcrop area to discharge points
(wells and springs) under pressure. The hydrologic characteristics of the
aquifers determine the extent to which an aquifer can be developed and the
best methods for withdrawing water from it.

Land development involving impervious cover of the surface will have a
direct effect at the place of development on the downward percolation of pre-
cipitation for recharge to the water-table aquifer. In areas supplied by
artesian aquifers this situation would not prevail except in the close prox-
imity of the recharge area of the aquifer. For example, in Dover where the
water is obtained primarily from wells drawing from the Cheswold and Piney
Point artesian aquifers, impervious cover from land development in Dover would
be several miles away from the major recharge area of the artesian aquifers
supplying the water to Dover. Dover lies in an area where the withdrawals
from the Cheswold and Piney Point artesian aquifers are approaching or exceed-
ing recharge. The problem, however, lies in the transmissive properties of
the aquifers in moving water from the recharge area to the wells in Dover.
These problems are discussed in considerable detail in Sundstrom and Pickett,
1968, and the current report.

New Castle County "corridor" is a part of the water-short area of metro-
politan northern Delaware north of the Chesapeake and Delaware Canal and is in
part of a subdivision of the water-short area of northern Delaware as a whole.
In recent years, the U.S. Army Corps of Engineers; the Delaware River Basin
Commission; Whitman, Requardt and Associates for New Castle County; and others .
have brought into focus the need for developing the Brandywine, White Clay
Creek or bringing water into the area from the Susquehanna River or other
sources. In any event, the northern Delaware area north of the Chesapeake and
Delaware Canal needs more water than appears to be available from the ground-
water aquifers under it. The eastern half of the New Castle County “corridor"
is shown in the area where present withdrawals are approaching or exceeding
recharge or in the area of possible salt-water encroachment as mapped by the
U.S. Geological Survey, 1974, and shown in Figure 15.

The hydrology of the surface and ground-water resources for planning pur-
poses is given in mapped areas and tables of the applied hydrology as it per-
tains to the availability and use or potential use of water. In using the maps,
tables and discussions, it is important to remember that both surface and
ground water have the same source or origin; namely, the precipitation that
falls on the respective drainage areas which, in most cases, are common to
both ground-water recharge and surface water runoff. -Much of the fairweather
flow of the streams is ground-water discharge to them. The hydrology of each
of the ground-water aquifers is discussed or mapped to give graphically the
Tocation and depth of the aquifer; the developed and undeveloped parts of the
aquifer; the hydrologic potential of the aquifer; the available water from the
aquifer; the Timits of development; and the salt-water problems.
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THE USE OF WATER

The average daily use of water in Delaware from 1953-56 through 1974 is
given in Table 3. Table 3 gives the municipal use including institutional and
military uses, industrial, irrigation, rural and other uses for the periods
1953-56, 1966 and 1974. Noteworthy statistics from Table 3 show that (1) the
use of ground water for municipal, military and institutional purposes has
almost tripled in the two decades, 1953-1974; (2) the use of surface water for
the same purposes has almost doubled in the two-decade period; and (3) the
overall use of water in the State has increased about 1.6 times in the period.

The Use of Water in New Castle County

The average daily use of water in New Castle County for municipal, indus-

trial, irrigation and rural purposes from 1954 through 1974 is given in Table 4.

The Use of Water in Kent County

The average daily use of water in Kent County for municipal, industrial,
military, institutional, irrigation, rural and other purposes from 1953 through
1974 is given in Table 5.

The Use of Water in Sussex County

The average daily use of water in Sussex County for municipal, industrial,
irrigation, and rural purposes from 1957 through 1974 is given in Table 6.

THE AVAILABILITY OF SURFACE WATER

The quantities of water available within the drainage basins of the
Delaware River system in Delaware and within the Coastal Basins of Delaware
are fairly well known. For many years the United States Geological Survey has
measured the daily flow of the Delaware River and many of its tributaries.
Likewise, the U. S. Geological Survey has also measured the flow of streams of
Delaware draining to Chesapeake Bay and the Atlantic Ocean. Figure 16 shows
the streams and stream measuring stations in Delaware. Table 7 gives a sum-
mary of the U. S. Geological Survey streamflow data for the Delaware River
Estuary, the Piedmont Plateau and Atlantic Coastal Plain streams draining to
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Table 3
Average Daily Use of Water in Delaware for
Municipal, Industrial, Irrigation and Rural Purposes in
1953-57, 1966, and 1974
Type of Use Ground Water Surface Water Total Remarks
MGD MGD MGD
1953-57
Municipal, |
Institutional and 11.0 24.0 35.0 1/ 2/
Military
Industrial 16.7 30.0 46.7 1/
Irrigation 1.7 6 2.3 1/
Rural 5.4 -- 5.4 AV
Other -- -~ -- .-
TOTAL 34.8 (38.9%) 54.6 (61.1%) 89.4
1966
Municipal,
Institutional and 24.5 40.3 64.8 2/ 3/
Military ' .
Industrial 20.7 40.0 60.7 2/ &4/ 5/
- Irrigation 9.2 1.2 10.4 LY
Rural 1.4 -- 11.4 4/
Other .3 -- .3 7/
' TOTAL 66.1 (44.8%) 81.5 (55.2%) 147.6
1974
Municipal,
Institutional and 29.4 45.0 74.4 &/
Military : 4 N
Industrial 23.6 10.3 - 33.9- 6/
Irrigation 12.1 1.8 13.9 6/
Rural 13.1 - 13.1 6/
Other 2.5 - 2.5 6/
TOTAL 80.7 (58.6%) 57.1 (41.4%) 137.8

~ -‘- - - ’- _ )

Source of data:

1/ Marine and Rasmussen, 1955
2/ Parker and others, 1964

5/ Sundstrom et al,

1967

6/ Frederick N. Robertson, 1975

7/ Estimated

MGD Million Gallons a Day
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3/ Whitman, Requardt and Assoc1ates, 1967
4/ Stuart w McKenzie, 1967



Table 4
Average Da11y Use of Ground water and Surface Water
In New Castle County for
Municipal, Industrial, Irrigation and Rural Purposes in
. 1954, 1966 and 1974.
Type of Use o Ground Water - Surface Water Total Remarks
MGD o MGD MGD
1954 o
Municipal 4.5 24.0 28.5 1 2/
Industrial 2.8 30.0 32.8 6/
Irrigation 0.6 0.6 1.2
Rural 1.1 . -- 1.1
TOTAL 9.0 (14.2%) 54.6 (85.8%) 63.6
1966 '
Municipal 0.2 40.3 50.5 3
Industrial 4.6 40.0 44.6 2/4/5/
: 7/
Irrigation 1.0 1.2 2.2 Y]
Rural 2.0 - 2.0 8/
TOTAL 17.8 (17.9%) 81.5 (82.1%) 99.3 '
1974 |
Municipal ) 15.2 45.0 60.2 9/
Industrial 7.7 10.3 18.0 9/
Irrigation 0.3 1.3 1.6 9/
Rural 2.2 -- 2.2 9/
Other 2.5 - 2.5

TOTAL 27.9 (33 0%) 56.6 (67.0%) 84.5

Source of data:

1/ Marine and Rasmussen, 1955

2/ Parker and others, 1964

3/ Whitman, Requardt and Associates, 1967

4/ Stuart W. McKenzie, 1967

5/ Sundstrom et al, 1967

6/ Does not include more than 200 MGD of surface water used
for cooling and mostly returned to stream

7/ Does not include more than 600 MGD of surface water used
for cooling and mostly returned to stream

8/ Estimated

9/  Frederick N. Robertson, 1975

MGD Million Gallons a Day -
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Table 5
Averége Daily Use of Water in Kent County for
Municipal, Industrial, Irrigation and Rural Purposes in
1953, 1966, and 1974
" Type of Use Ground Water Surface Water Total ‘Remarks
MGD MGD MGD
1953 . |
Municipal, |
Institutional and 2.8 -- 2.8 iV
Military ‘
Industrial 2.5 -- 2.5 1/
Irrigation .7 -- .7 1/
Rural 1.1 -- 1.1 1/
Other -—- - —
TOTAL 7.1 (100%) - 7.
1966
Municipal,
Institutional and 7.6 -- 7.6 2/
Military
Industrial 4.5 -- 4.5 2/
Irrigation 2.2 -- 2.2 2/
Rural 3.4 -- 3.4 2/
Other 0.3 -- 0.3 2/
TOTAL 18.0 (100%) 18.0
" | 1974
Municipal, o
Institutional and 7.7 -- 7.7 3/
Military '
Industrial 4.0 -- 4.0 3/
Irrigation . 6.6 -- 6.6 3/
Rural 4.0 -~ 4.0 3/
Other -—- -- =--
TOTAL 22.3 (100%) 22.3

Source of data:

1/ 1953 data - Bulletin 4, Delaware GeoTogica1 Survey

/ 1966 data - Delaware Water and Air Resources Commission and this study.

Consumption for rural, domestic and Tivestock use estimated

on bases of census of rural population, livestock and poultry
on the average water requirement for each in each category.

3/ 1975 data - Delaware Water Use Inventory for 1974, Frederick N. Robertson,
-Water Resources Center, University of Delaware.
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Table 6
Average Daily Use of Water in Sussex County for
Municipal, Industrial, Irrigation and Rural Purposes in
1957, 1966, and 1974
Type of Use Ground Water Surface Water Total Remarks
MGD MGD MGD
1957
Municipal, _ :
Institutional and 3.7 -- 3.7 1Y
Military
Industrial 1.4 -- 1.4 1/
Irrigation 0.4 - 0.4 1/
Rural 3.2 -- 3.2 1/
TOTAL 18.7 (100%) 8.7
1966
Municipal, v
Institutional and 6.7 -- 6.7 2/
Military
Industrial 11.6 -- 1.6 2/
Irrigation 6.0 -- 6.0 2/
Rural 6.0 -- 6.0 2/
TOTAL 3 (100%) 0.3
1974
Municipal,
Institutional and 6.5 -- 6.5 3/
Military '
Industrial 11.9 -- 1.9 3/
Irrigation 5.2 .5 5.7 3/
Rural 6.9 -- 6.9 3/
TOTAL 30.5 (98%) 5. (2%) 31.0

Source of data:

1/ Delaware Geo]bgica] Survey, Bulletin 8

2/ Inventory of the Use of Water in Delaware, Stuart W. McKenzie,

Hydrologist, Water Resources Center, Unfversity of De]aware

3/ Delaware Water Use Inventory for 1974 Frederick N. Robertson,
Water Resources Center, Un1vers1ty of Delaware
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FIGURE 16

HYDROLOGIC DATA STATION ACTIVITIES AND
INVESTIGATIONS IN PROGRESS IN DELAWARE

AS OF FEBRUARY (974

& SURFACE WATER STATION

'@ OBSERVATION WELL (FIGURE INDICATES
NUMBER OF WELLS IN SMALL AREA)

8 WATER QUALITY STATION

NOTE Combined sybols indicate

water quality data also collected
" at surface and (or) ground water
. stat{on,
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the Delaware Estuary and Bay and Delaware Coastal Plain streams draining to
the Atlantic Ocean and Chesapeake Bay.

The Delaware River Estuary receives from the river proper at Trenton, New
Jersey, on the average nearly 12,000 cubic feet of water per second or 7.7 bil-
Tion gallons a day (Table 7). As the estuary progresses downstream to the
Delaware state line, Keighton (1966) states that the flow at Marcus Hook is
1.43 times as great as it is at Trenton. This indicates that the Delaware
Estuary receives on the average about 17,000 cubic feet per second or about
11 billion gallons a day of inflow before it reaches Delaware. Below the
Pennsylvania-Delaware state line, the estuary and bay of the Delaware receive
from their tributaries on the average an additional inflow of about 1,700 cubic
feet per second or 1.1 billion gallons a day before the Delaware River system
dlscharges to the ocean. The average daily discharge of the estuary and bay
increases about 6,700 cubic feet per second from the beginning of the estuary
at Trenton to the Atlantic QOcean.

Streams heading in the Piedmont Plateau in Pennsylvania and draining
Piedmont Plateau areas in Pennsylvania and northern Delaware furnish the bulk
of the water used for municipal and self-served industrial purposes, exclusive
of cooling water. The streams providing most of the water are the Brandywine,
Red Clay and White Clay Creeks. See Figure 3 for 1ocat1on of streams in the
report area that are quantitatively measured.

The Brandywine Creek at Wilmington drains 314 square miles in Pennsyl- -
vania and Delaware; and at Chadds Ford, Pennsylvania, 287 square miles in
Pennsylvania. At Wilmington the Brandywine has.an average flow of 436 cubic
feet per second or 282 million gallons a day. The low flow of 56 cubic feet
per second is about 36 million gallons a day. Wilmington, which uses the
Brandywine for public supply, has protected its supply during the periods of
Tow flow and attendant poor water quality in the Brandywine by developing the
2.3 billion gallon Edgar M. Hoopes Reservoir in the Red Clay Creek watershed.
The Hoopes Reservoir is filled by pump1ng water from the’Brandywine to the
reservoir when the supp]y of water is amp]e The reservoir is seldom used be-
cause of lack of water in the Brandywine. - It is more often used because of
poor quality Brandywine water during low flow.

Red Clay Creek drains an area of about 53 square miles at the point where
it joins White Clay Creek. Streamflow records of 47 square miles of the drain-
age basin are summarized in Table 7. For the 47 square miles, the average dis-
charge is 60.3 cubic feet per second or about 39 million gallons a day. The
low flow of the stream is only 4.5 cubic feet per second or 2.9 million gallons
a day. Without storage, the available water during dry periods is small.

Water was taken at the confluence of Red Clay and White Clay Creeks for an
average public and industrial supply of about 13 million gallons a day in 1966.

White Clay Creek drains an area of about 104 square miles at its conflu-
ence with Red Clay Creek., Streamflow data for 88 square miles of the drainage
are summarized in Table 7. For the 88 square miles the average discharge is
104 cubic feet per second or about 67 million gallons a day. The minimum dis-
charge is 4.7 cubic feet per second or only 3 million gallons a day. Studies
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have been made by the U. S. Army Corps of Engineers (1960) and the Delaware
River Basin Commission to increase the available supply from White Clay Creek
by storage to augment the present available supplies in Red Clay Creek and the
Christina River during Tow flow periods and to increase the flow of White Clay
Creek. The available supply of the three streams, thus, would be increased to
a combined minimum total of 80 million gallons a day.

Part of the Christina River heads in and drains part of the Piedmont Pla-
teau, but the major part of its drainage is in the Coastal Plain. The river
above its estuary at Smalleys Pond drains 46 square miles of which 20.5 square
miles of the drainage above Cooches Bridge has been measured and is summarized
in Table 7. The discharge at Smalleys Pond is about 2.24 times that at Cooches
Bridge. Thus, for the 46 square miles of drainage the average discharge is
about 57 cubic feet per second or about 36.8 million gallons a day. The mini-
mum flow is 0.45 cubic feet per second or only 290,000 gallons a day. Engineer-
ing studies have shown that the available supply can be assured to 9 million
gallons a day with increased storage above Smalleys Pond.

South of the Christina River many small rivers and creeks drain to the
Delaware River system and to the Atlantic Ocean and Chesapeake Bay. The
streams supply water for a large number of small ponds and shallow lakes which
are, in many instances, used for fishing, swimming, rural water supply, and
irrigation. The topography is flat, the slope of the stream beds is also flat,
and the drainage areas of the streams are small. No sites are available to
develop deep or large storage lakes. The streams south of the Christina River
are, therefore, unimportant as sources of large supplies of water from storage
reservoirs, Without adequate storage, the streams are unimportant because of
the Tow flow during dry weather. Table 7 shows the low flow of seven Coastal
Plain streams to range from 0.0 to 1.3 cubic feet per second. The average dis-
charge of the seven streams is 1.22 cubic feet per second per square mile.
Studies of the relation of surface water to ground water in Sussex County
reveal that the discharge of the streams is about 80 percent ground-water
drainage and only 20 percent overland runoff (Sundstrom, 1970). A detailed
analysis of the surface-water yield and low flow frequencies is given in the.
report by Cushing, Kantrowitz and Taylor, 1973, pages 11 through 37.

GENERAL GROUND-WATER HYDROLOGY 1/

Hydrologic Cyc]e'

The hydrologic cycle is the sum total of processes and movements of the
earth's moisture from the sea, through the atmosphere, to the land, and even-
tually, with numerable delays en route, back to the sea. Many courses that

1/ Taken from Texas Water Development Board Report 195 (November 1975) with
some modification.
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the water may take to complete the hydrologic cycle are illustrated on Figure
17. Water occurring in the study region is derived, for the most part, from
water vapor carried inland from the Gulf of Mexico.

Source and Occurrence A

The primary source of ground water in the study region is the infiltra-
tion of precipitation, either directly as recharge or indirectly as seepage
from streamflow. A large percentage of precipitation is evaporated back to
the atmosphere directly or is consumed by plants and returned to the atmosphere
by transpiration. A large portion also becomes surface runoff because it moves
rapidly over land surfaces which are steep or impermeable. If the rain is in-
tense, surface runoff increases because the time available for absorption is
inadequate even in sandy areas. A portion of the rainfall will percolate down-
ward under the force of gravity to the zone of saturation where all the rock
voids contain.water. The upper surface of the zone of saturation is the water
table. Water percolating down may be intercepted by a local impermeable layer
of rock above the zone of saturation, thus forming a saturation zone above the
main water table known as a perched water table. Two characteristics of funda-
mental importance in the zone of saturation are porosity, or the amount of the
1nterst1ces, voids, or open space contained in the rock; and permeability,

which is the ability of the porous material to transmit water. Fine-grained

sediments, such as clay and silt, generally have high porosity; however, because
of their small voids they have little or no permeability and consequently do

not readily transmit water. Sand and gravel are usually porous and permeable,
the degree depending upon the size, shape, sorting, and amount of cementation

of the grains. In limestone or igneous rocks, or in tightly cemented or com-
pacted ‘rocks, porosity and permeabi]ity are controlled to some degree by the
occurrence and extent of joints, crevices, and solution cavities. For a forma-
tion to be an aquifer, it must be porous, permeable, water- bearlng, and yield
water in usable quantities.

Water in an aquifer is either under water-table or artesian conditions.
In the outcrop area, ground water generally occurs under water-table, or un-
confined cond1t1ons, it is under atmospheric pressure and will rise or fall in
response to changes in the volume of water stored. In a well penetrating an
unconfined aquifer, water will rise to the level of the water table. The
hydraulic gradient in an unconfined aquifer coincides with the slope of the
water table which corresponds to the general slope of the land surface.

Downdip from the outcrop or recharge area, ground water within an aquifer
occurs under artesian or confined conditions as a result of being overlain by
relatively impermeable beds which confine the water under a pressure greater
than atmospheric. In a well penetrating an artesian aquifer, water will rise
above the confining bed and, if the pressure head is large enough to cause the
water in the well to rise above the land surface, the well will flow. The
level or surface to which water will rise in an artesian well is called the
piezometric surface. The hydraulic gradient of an artesian aqu1fer is the
slope of the piezometric surface.
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Recharge, Movement, and Discharge

Recharge is the process by which water is added to an aquifer and may
result from either natural or artificial processes. Precipitation on the out-
crop of an aquifer is generally the most significant natural source of recharge;
however, water may enter from surface streams and lakes on the outcrop and pos-
sibly through intraformational leakage. Artificial recharge is the process of
replenishing ground water in an aquifer and may be accomplished by (1) injection
wells, and (2) infiltration of storm-water runoff, irrigation water or properly
treated industrial waste water and sewage. The amount of recharge must be con-
sidered in determining the amount of water which can be safely developed from
an aquifer, because it must balance the discharge over a long period of time
or the water in storage in the aquifer will eventually be depleted. Factors
which influence the amount of recharge received by an aquifer in its outcrop
area are the amount and frequency of precipitation, rate of evaporation, types
and condition of soil cover, topography, type and amount of vegetation, and the
extent of the outcrop area. In addition, the ability of the aquifer to accept
recharge and transmit it to areas of discharge influences the amount of re-

charge it will eventually receive. Recharge is generally greater during winter
months when plant growth and well use are at a minimum and evaporat1on rates
are low.

Ground water moves in response to the hydraulic gradient from areas of re-
charge to areas of discharge, or from points of higher hydraulic head to points
of lower hydraulic head. Ground water under artesian conditions generally moves
in the direction of the aquifer's regional dip, while movement of ground water
under water-table conditions is closely related to the slope of the land sur-
face. However, in areas of large and extensive withdrawals, ground water moves
from all directions toward the areas of pumpage or lowered pressure. The rate
of movement of ground water is directly related to the porosity and permeabil-
ity of the aquifer. In most sands and gravels, the rate of movement ranges
from tenths of a foot to several feet per day, while in cavernous limestone,
water flows in subterranean channels and may have velocities comparab]e to sur-
face streams.

Discharge is a process by which water is removed from an aquifer and may
be either natural or artificial. Natural discharge includes springs, seepage

"to streams, lakes, and marshes which intersect the water table, transpiration

by vegetation, evaporation through the soil where the water table is close to
the land surface, and intraformational leakage as a result of differences in
head.  Since ground water moves in response to gravity, its natural discharge
from an aquifer is always at a lower elevation than that of the recharge area.
Ground water is artificially discharged from flowing and pumped water wells,
and by drainage ditches, gravel pits, and other forms of excavation that inter-
sect the water table.
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CHEMICAL QUALITY OF GROUND
WATER AS RELATED TO USE 1/

General Chehica] Quality of Ground Water

A11 ground water contains minerals carried in solution, the type and con-
centration of which depend upon the environment, movement, and source of the
ground water. Precipitation is relatively free of minerals until it comes in
contact with the various constituents which make up the soils and component
rocks of the aquifer; then, as a result of the solvent power of water, minerals
are dissolved and carried into solution as the water passes through the aqui-
fer. The concentration depends upon the solubility of the minerals present,
the length of time the water is in contact with the rocks, and the amount of
dissolved carbon dioxide in the water. In addition, concentrations of dis-
solved minerals in ground water generally increase with depth and especially
increase where circulation has been restricted due to faulting or zones of
Tower permeability. Restricted circulation retards the flushing action of
fresh water moving through the aquifers, causing the water to become highly
mineralized. In addition to natural mineralization, man can adversely alter
the chemical quality of ground water by permitting highly mineralized water
to enter fresh water strata through inadeguately constructed wells, by seepage
from brine disposal pits used in disposing of highly mineralized water pro-

duced with oil, and by disposal of animal wastes, sewage, or various industrial.

waste into fresh water strata or into aquifer recharge areas..

The principal chemical constituents found in ground water are calcium,
magnesium, sodium, potassium, iron, silica, bicarbonate, carbonate, sulfate,
chloride, and minor amounts of manganese, nitrate, fluoride, and boron. Con-
centrations of these ions or chemical constituents are commonly reported in
milligrams per liter (mg/1). Milligrams per 1iter are the preferred metric
system units and may be considered equal to parts per million at concentra-
tions less than about 7,000 mg/1.. At higher concentrations the units are not
directly interchangeable, as conversion must take into account the greater dif-
ferences in density of saline waters. The source, significance, the range of
mineral constituents and properties of natural waters for the various aquifers
in the study region are given in Table 8. Chemical analyses of water from
selected wells in the study region are given for the various aquifers dis-
cussed in this report. .

- Water Quality Considerations for
Public Supply, Domestic and Livestock Use

The Delaware State Department of Health (1971) has established standards
of drinking water to apply to all public water suppliers in the state. The

1/ Taken from Texas Water Development Board Report 195 (November 1975) with
some modification.
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Table 8.

Source and Significance of Dissolved-Mineral

CONSTITUENT
OR
PROPERTY

Sitica (S103)

lron (Fe)

Calcium (Ca)
and
Magnesium (Mg)

Sodium (Na)
and -
Potassium (K)

Bicerbonate (HCO3)
and o
Carbonate {CO3)

Suifste (SOg4)

Chioride (Cl)

Fluoride (F)

Nitrate (NO3)

SOURCE OR CAUSE

Dissolved from practically ~ alf

rocks and soils, commoniy less

.than 30 mg/l. High
concentrations, as much as 100
mg/l, generally occur in highly
slkaline water,

Dissolved from practicaliy sll
rocks and solls. May aliso be
‘derived from iron pipes, pumps,
and other equipment.

Dissolved from practicaily all soils
and rocks, but especially from
limestone, dolomite, and gypsum.
Calcium and magnesium are
found in large quanitites in some
brines. Magnesium is present in
farge quantities in sea water.

Dissolved from practically all
rocks and soils. Found also. In
oil-field  brines, sea  water,
industrial brines, and sewage.

Action of carbon dioxide in water
on carbonate rocks such as
limestone and dolomite,

Diisolvod from rocks and soils
containing gypsum, iron sulfides,
and other sulfur compounds.

Commonly present in some
. industrial wastes. - :

Dissolved from rocks and soils.
Present in sewage and found in
large amounts in oil-field brines,
sea water, and industrial brines.

Dissolved in small to minute
quantities from most rocks and
soils. Added to many waters by
fluoridation of municipal sup-
plies.

Decaying organic matter, sewage,
fortilizers, and nitrates in soil.
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Constituents and Properties of Water

SIGNIFICANCE T

" Forms hard scale in pipes and boilers. Carried over

in steam of high pressure boilers to form deposits
on blades of turbines. Inhibits detatioration of
zeolite-type water softeners,

On exposure to air, iron in ground water oxidizas
to reddish-brown precipitate. More than about 0.3
mg/| stain laundry and utensils reddish-brown.
Objectionable for food processing, textile
processing, beverages, ice msnufacture, brewing,
and other processes. U.S. Public Health Service
(1962) drinking water standards state that iron
should not excead 0.3 mg/l. Larger quantities cause
unpleasant taste and favor growth of iron bacteria.

Cause most of the hardness and scale-forming
properties of water; soap consuming (see hardness).
Waters low in calcium and magnesium desired in
alectroplating, tanning, dyeing, and in textile
manufacturing.

L.arge amounts, in combination with chlorida, give

_a salty taste. Moderate quantities have little effect

on -the usefuiness of water for most purposes.
Sodium salts may cause foaming in steam boilers
and a: high sodium content may limit the use of
water for irrigation.

Bicarbonate and carbonate produce alkalinity.
Bicarbonates of calcium and magnesium
decomposa in steam boilers and hot water facilities
to form scale and reiease corrosive carbon-dioxide

. gas; |n combination with calcium and magnesium,

cause carbonate hardness. N

Sulfate in water containing calcium forms hard
scale in steam bollers. in large amounts, sulfate in
combination with other ions gives bitter taste to
water, US. Public Heslth Service (1962) drinkiing
water “standards recommend that the sulfate
content should not exceed 250 mp/I.

tn large amounts in combination with sodium,
gives salty taste to drinking water. In large
quantities, increases the corrosiveness of water.
U.S. Public Health Service (1962) drinking water
standards recommend that the chloride content
should not exceed 250 mg/I.

Fluoride in drinking water reduces the incidence of

tooth decay when the water is consumed during
the period of enamel calcification. However, it may
causa mottliing of the teath, depending on the
concentration of fluoride, the age of the child,
amount of drinking water consumed, and
susceptibility of the individuat (Maier, 1950, p.
$1120-1132)) .

Concentration much greater than the local average
may suggest pollution. U.S. Public Health Service
(1962) drinking water standards suggest a limit of
45 mg/1. Waters of high nitrata content have been
reported to be the cause of methemoglobinemia
(an often fatal disease in infants) and therefore
should not be used in infant feading (Maxcy, 1950,
p. 271). Nitrate shown to be helpful in reducing
inter-crystalline cracking of boiler steel. It
encourages growth of algae and other organisms
which produce undesirable tastes and odors.



Table 8 cont.

CONSTITUENT
OR
SOURCE OR CAUSE PROPERTY
Boron (B) A minor constituent of rocks and

of natural waters.

Dissolved solids Chiefly mineral  constituents
dissolved from rocks and soils.

Hardness at CeCO3 . in most waters nearly il the
hardness is due to calcium and
magnesium. All of the metallic
cations other than the alkeli
metals also cause hardness.

Percent Sodium Sodium in water.
(% Na) .

Specific Mineral content of the water.
conductance o
(micromhos at 26 C)

Hydrogen ion Ackds, scid-gensrsting saits, and
concentration (pH) fres carbon dioxide tower the pH.

Carbonates, bicarbonates,

hydroxides, phosphatas, silicates,
snd borates raise the pH.

Sodium-adsorption Socium in water.
ratio (SAR)

56

SIGNIFICANCE

An excessive boron content will make water
unsuitable for irrigation. Wilcox (1955, p. 11)
indicated that a boron concentration of as much as
1.0 mg/l is permissibie for irrigating sensitive crops;
as much as 2.0 mg/i for semitolerant crops; and as
much as 3.0 mg/i for tolerant crops. Crops sensitive
to boron include most deciduous fruit end nut
trees and navy beans; semitolerant crops include
most small grains, potatoss and some other
vegetables, and cotton; and tolerant crops inciude
alfalfa, most root vegetables, and the date paim.

U.S. Public Health Service (1962) drinking water
standards recommend that waters containing more
than 500 mg/I dissolved solids not be usad if other
less minsralized supplies are available. For many
purposes the dissolved-solids content is a major
limitation on the use of water. A genearal
classification of water based on dissolved-solids
content, in mg/l, is as follows {Winsiow and Kister,
1956, p. 5): Waters containing less than 1,000 mg/I
of dissolved solids are considerad fresh; 1,000 to
3,000 mg/l, slightly saline; 3,000 to 10,000 mg/i,
moderately saline; 10,000 to 35,000 mg/i, very
saling; and more than 35,000 mg/l, brine.

Consumes scap before a tather will form. Deposits
soap curd on bathtubs. Hard watar forms scale in
boilars, weter heaters, and pipes. Hardnass
squivalent to the bicarbonate and carbonate is
calied carbonate hardness. Any hardness in excess
of this is ¢slled non-carbonate hardness. Waters of
hardness up to 60 mg/| are considered soft; 61 to
120 mg/i, moderately hard: 121 to 1B0 mg/|, hard;
more than 180 mg/i, very hard,

A ratio (using milliquivalonts per liter) of the
sodium jons to the total sodium, calcium, and
magnetium ions. A sodium percentage exceading
B0 percent is a warning of a sodium hazard.
Continued irrigation with this typs of water will
impair the tilth and permeesbiiity of the soil.

indicates degree of mineralization. Spaecific
conductance is a measure of the capacity of the
water to conduct an electric current. Varies with
concentration and degree of lonization of the
constituants.

A pH of 7.0 indicates neutrality of a solution.
Values higher than 7.0 denots incressing alkalinity;
values lower than 7.0 indicate Increasing acidity.
pH is n measure of the activity of the hydrogen
lons. Corrosiveness of water penerally Iincreases
with decreasing pH. However, sxcessively sikaline
waters may also attack metals.

A ratio for soil extracts and irrigation waters used
10 express the reiative activity of sodium jons in
exchange reactions with soil (US. Salinity
Laborstory Steff, 1964, p. 72, 156). Defined by
the following equation:

Nat

SAR =
Catt + MgHt
2

where Na*, Ca++, snd Mg*+ represant the
concentrations In millisquivalents per liter (me/1)
of the respective ions.
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standards are designed to protect the public and may be used to evaluate pub-
lic and domestic water supplies. Some of these standards, in milligrams per
liter, are as follows: -

Maximum
Concentration
- , , ~ Recommended

~ Substance . . L L (mg/1)
Chloride (C1) - 200.0
Iron (Fe) 0.3
Manganese (Mn) ' 0.05
Nitrogen (N) (Nitrate plus Nitrite) 10.0
Sulfate (S0,) | 100.0
Total dissolved solids 500.0

In areas where the nitrate concent of water is excessive, a potential
danger exists. Concentrations of nitrate in excess of 45 mg/1 in water used
for infant feeding have been related to the incidence of infant cyanosis
(methemoglob1nem1a or "blue baby" disease), a reduction of the oxygen content -
in the blood constituting a form of asphyxia (Maxcy, 1950, p. 271). Since
nitrates are considered to_be the final oxidation product of nitrogenous
material, their presence in concentrations of more than a few milligrams per
liter may indicate present or past contamination by sewage or. other organic
matter (Lohr and Love, 1954, p. 10). Excessive concentrations of iron and
manganese in water cause redd1sh brown or dark gray precipitates that stain
clothes and plumb1ng fixtures. Water having a chloride content exceeding
250 mg/1 may have a salty taste, and sulfate in excess of 250 mg/1 may produce
a 1axat1ve effect. .

The hardness in water is caused principally by the concentration of cal-
cium and magnesium. Excessive hardness of water causes an increase in soap
consumption and encrustation and formation of scale in hot water heaters,
water pipes, and cooking utensils. The hardness of water becomes objection-
able when it exceeds 100 mg/1 (Hem, 1959, p. 147). A commonly accepted classi-
fication of water hardness is shown in the following table:

Hardness Range (mg/1) Classification Usability
60 or less Soft Suitable for many uses
without further softening
61 to 120 v - Moderately Usable except in some .
hard industrial applications
57 .



Hardness Range (mg/1) Classification Usability
121 to 180 Hard | Softening required by some
industries
More than 180 Very hard Softening desirable for

most purposes

The total dissolved solids content is a major 1imiting factor in the use
of water. The following general classification of water is based on dissolved
solids (Winslow and Kister, 1956, p. 5).

Description Dissolved Solids Content (mg/1)
Fresn Less than 1,000
Slightly saline 1,000 to 3,000
Moderately saline 3,000 to 10,000
Very saline ' © 10,000 to 35,000

Brine More than 35,000

Quality 1imits for livestock are variable. The 1limits of tolerance de-
pend principally on the kind of animal and, according to Heller (1933, p 22),

the total amount of soluble salts in the drinking water, more so than the kind

of salt, is the important factor. According to Hem (1959, p. 241), a high
proportion of sodium or magnesium and sulfate in highly mineralized waters
would make them very undesirable for livestock use. Heller also suggests that
as a safety rule 15,000 mg/1 dissolved solids content should be considered the
upper 1imit for most of the more common livestock animals. According to Hem
(1959, p. 241), the California State Water Pollution Control Board (1952)
quotes other investigators who have found concentrations as high as 15,000
mg/1 to be safe for limited periods but not for continuous use. In a publi-
cation (1950) relating to practices in Western Australia, the officers of the
Department of Agriculture of that state quote the following upper limits for
dissolved solids concentration in livestock water (Hem, 1959, p. 241).

Aninal "~ Dissolved Solids (mg/1)
Poultry | 2,860
Pigs - 4,290
Horses 6,435
Cattle (Dairy) 7,150
Cattle (Beef) 10,000
Adult Sheep 12,900
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Water Quality Considerations for Irrigation Usé

The chemical composition of ground water is important in determining its
usefulness for irrigation in that it should not adversely affect the produc-
tivity of the land. The extent to which chemical quality limits the suita-
bility of ground water for irrigation depends on the nature, composition, and
drainage of the soil and subsoil; the amounts of water used and methods of
application; the kinds of crops grown; and the climate of the region, including
the amounts and distribution of rainfall.

The most important characteristics in determining the quality of ground
water for irrigation, according to the U.S. Salinity Laboratory Staff (1954,
p. 69) are (1) total concentration of soluble salts; (2) relative proportion
of sodium to other cations; and (3) concentration of boron or other elements
that may be toxic.

High concentrations of dissolved salts in irrigation water may cause a
buildup of salts in the soil solution and may make the soil saline. Increased
salinity of the soil may drastically reduce crop yields by decreasing the
ability of the plants to take up water and essential plant nutrients from the
soil solution. The tendency of irrigation water to cause a high buildup of
salts in the soil is called the salinity hazard of the water. The specific
conductance of the water is used as an index of the salinity hazard.

High concentrations of sodium relative to the concentrations of calcium
and magnesium in irrigation water may adversely affect soil structure. Cations
in the soil solution become fixed on the surface of the soil particles; cal-
cium and magnesium tend to flocculate the particles, whereas sodium tends to
deflocculate the colloidal soil particles. Consequently, soils may become
plastic, movement of water through the soil can be restricted, drainage prob-
Tems can develop, and cultivation can be rendered difficult. This adverse
effect on soil structure caused by high sodium concentrations in an irrigation
water is called the sodium hazard. An index used for predicting the sodium
hazard is the sodium-adsorption ratio (SAR), which is defined by the equation
given in Table 8. '

Water Quality Considerations for Industria] Use

The chemical quality of water suitable for industry is not necessarily
referenced to potab11ity and may or may not be acceptable for human consump-
tion. The tolerance in chemical quality of water for industrial use differs
widely for different industries and different processes. Suggested water-
qua11ty tolerances for a number of industries are presented in Table 9 (Amer-
ican Water Works Association, 1950, p. 66-67). Water used by industry may be
classified into three principal categories: cooling water, boiler water and
process water.
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Cooling water usually is selected on the basis of temperature and chemi-
cal quality since any characteristic which may adversely affect the heat
exchange surface is undesirable. Chemical substances such as calcium, mag-
nesium, aluminum, iron, and silica may cause the formation of scale. Exces-
sive hardness is objectionable because it contributes to the formation of
scale in steam boilers, pipes, water heaters, radiators, and various other
equipment where water is heated, evaporated, or treated with alkaline materials.
The accumulation of scale increases costs for fuel, labor, repairs and replace-
ment, and lowers the quality of many products. Some calcium hardness may be
desirable because calcium carbonate sometimes forms protective coatings on pipes
and other equipment and reduces corrosion. A high concentration of dissolved
solids in a water may be closely associated with its corrosive properties,
especially if chloride, calcium, magnesium chloride, sodium chloride in the
presence of magnesium, acids, and oxygen and carbon dioxide are among the sub-
stances. MWater that contains a high concentration of magnesium chloride may
be highly corrosive because the hydrolysis of this salt yields hydrochloric
acid.

Water used for boilers generally must meet rigid chemical-quality stan-
dards, especially in high-pressure boilers where the problems of encrustation
and corrosion are greatly intensified. Iron oxides in boiler water may cause
priming and foaming and magnesium chloride to break down and form hydrochloric
acid. In addition, magnesium, calcium, and silica in most waters cause scale,
and in the case of silica, the tendency for forming scale intensifies with in-
creased boiler pressure. Suggested water-quality tolerances for boiler water
(Moore, 1940, p. 263), in milligrams per liter for various pressures in pounds
per square inch (psi), are as follows: . :

Over
Constituent or Property 0-150 psi 150-250 psi 250-400 psi 400 psi
Turbidity ' 20 100 5 1
Color . 80 40 5 2
Oxygen consumed 15 10 4 3
Dissolved oxygen* 1.4 14 .0 .0
Hydrogen sulfide (H,S) Gk Kikd 0 0
Total hardness as CaCOj 80 40 10 2
Sulfate-carbonate ratio
(Na,S0,:Na,C03) 1:1 2:1 3:1 3:1
Aluminum oxide zA1203) 5 5 .05 .01
Silica (Si0,) 40 20 5 : 1
Bicarbonate (HCO3)* ' 50 30 , 5 0
Carbonate (C03) 200 , 100 40 20
Hydroxide (OH? 50 a0 .30 .15
Total dissolved solids***  3,000-500 2,500-500 1,500-100 50
pH value (minimum) _ 8.0 ‘ 8.4 9.0 9.6
* Limits applicable only to water entering boiler, not to original water

supply.
**  Except when odor in live steam would be objectionable.
*f* Depends on design of boiler.
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Some treatment of boiler water may be needed, and it may be better to
appraise the water source from the viewpoint of suitability for treatment
rather than for direct use of raw water.

Process water is that water which is incorporated into or comes in con-
tact with final manufactured products and is subject to a wide range of
quality standards, usually rigidly controlled since they involve physical,
chemical, and biological factors. In textile manufacturing, water used must
generally be Tow in dissolved-solids content and free of iron and manganese
which cause staining. The paper industry, especially where high-grade paper
is made, requires water in which all heavy metals are either absent or in small
concentrations, and water approaching the quality of distilled water is re-
quired for the manufacture of pharmaceuticals. Water free of iron, manganese,
and organic substances is generally required by many beverage industries. Un-
like cooling and boiler water, much of the process water is consumed or under-
goes a change in quality in the manufacturing process and generally is not
available for reuse.

THE AVAILABILITY OF GROUND WATER

Ground water is available in the Coastal Plain of Delaware from 12 aqui-
fers of which 11 (except for their subcrop area beneath the Quaternary deposits)
are artesian in character and one, the Quaternary and subcrop deposits of the
artesian aquifers, is a water-table reservoir. The 12 ground-water aquifers
are: (1) the upper sand zone of the Potomac Formation; (2) the lower sand
zone of the Potomac Formation; (3) the Magothy agquifer; (4) the sand of the
Englishtown-Mount Laurel Formations; (5) the Rancocas aquifer; (6) the Piney
Point aquifer; (7) the Cheswold aquifer; (8) the Federalsburg aquifer; (9)
the Frederica aquifer; (10) the Manokin aquifer; (11) the Pocomoke aquifer;
and_$12) the Quaternary aquifer, also called the Pleistocene and Columbia
aquifer.

The Potomac Aquifers

The nonmarine Potomac Formation in Delaware contains upper and lower
sandy zones which vary considerably in thickness and water-transmitting pro-
perties. About 170 square miles of the artesian part of the Potomac Formation
in Delaware were studied by Sundstrom and others, 1967. Their report de-
scribes the complexity of the geology and hydrology. The report should be
studied in detail to understand the complexities of both the geology and hy-
drology of the two Potomac Formation aquifers. ‘
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Location of the Potomac Formation

13

The outcrop or subcrop of the Potomac Formation is shown in Figure 2.
The structural map of the basement of the crystalline rocks on which the
Potomac Formation lies is shown in Figure 4. The position of the Potomac
Formation in a generalized cross-section of Delaware is shown in Figure 3.
A map of the thickness of the Potomac Formation is shown in Figure 5. A

“structural map of the top of the Potomac Formation is shown in Figure 6.

Development of the Potomac Aquifers

The Potomac aquifers are completely developed so far as large wells are
concerned in the area where development equals or exceeds the available re-
charge as shown on the water problem map in Figure 15. The area of the Potomac
aquifers developed to date is shown in Figure 18.

Undeveloped Areas and Potential Use of the Pbtohac Aquifers

The area of potential use of the Potomac aquifers is shown in Figure 18.
Downdip from the area of potential use, the aquifers are believed to contain
saline water. '

ﬁydrologic Potential of the Potomac Aquifers

The hydrologic potential of the Potomac aquifers is small in terms of
supplying large quantities of water to wells. In the upper Potomac aquifer in
the artesian part of the aquifer the transmissivity, storage and available
drawdown were so low .that only one well yielding 750,000 gallons a day was
developed in the 5,000 acre tract of the Tidewater (now Getty) 0i1 Company;
whereas, the company was able to develop more than four million gallons a day
in the same tract from the lower artesian aquifer of the Potomac. The reason
for the greater production 1ies primarily in the larger available drawdown in
the wells of the lower artesian aquifer. Based on the 12-year pumpage record
of the tidewater well field and the observed decline in water levels elsewhere
in the two Potomac aquifers, two rating curves (Figure Al) were developed to
give the effect of pumping on the upper and lower aquifers away from the
Tidewater (Getty) well field. By applying these curves to five selected cen-
ters of pumping, Sundstrom and others, 1967, demonstrate the effects of 15
selected patterns of development along the Chesapeake and Delaware Canal.
These are given in Table B1. Table Bl indicates that five million gallons a
day might be developed from a well field similar to the Getty well field
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located in the extreme western part of the canal area in Delaware. This
amount of development would be predicated on the assumption that no new sub-
stantial amounts of pumping would take place in the canal area in Delaware

or adjoining Maryland from the Potomac aquifer. The centers of pumping tested
in the 1967 study by Sundstrom and others are shown in Figure A2. The loca-
tion of wells in the Potomac aquifer used for well data is given in Figure A3.
Data on water levels, well data, and screen settings are given in Table B2.
Specific capacities of wells and test wells in the Potomac aquifers are given

-in Table B3. Coefficients of transmissivity and storage determined from pump-

ing tests of Potomac aquifer wells are given in Table B4.

Available Water from the Potomac Aquifers

Figure 17 shows that the present deve]opment of the outcrop-subcrop area
has reached or exceeded the available recharge in the eastern half of the area.
The amount of deve]opment perm1ss1b1e in the western half of the subcrop area
is not known, but is probably small in terms of supplies to wells of medium to
large capacit1es. In the western part of the canal area studied by Sundstrom
and others, 1967, there still remains a capacity of about five million gallons
a day provided the well field is properly planned and developed and provided
no other development takes place adjacent to the well field either in Delaware
or Maryland. South of the Chesapeake and Delaware Canal, between the canal and
the position of the fresh-salt water interface in the Potomac Formation,. some
additional water, perhaps three or four million gallons a day, may be developed
from the Potomac aquifers.

Limits in Development of the Potomac Aquifers _

The known development and hydrology of the Potomac aquifers indicate that
the 1imits of additional development of the aquifers is about eight or nine
miilion galions a day with proper use of the aquifers.

Quality of Water in the Potomac Aquifers

The quality of ground water and areas of potential saline water intrusion
in the Potomac aquifers are shown in Figure 19. The chemical constituents in
ground water in the Potomac aquifers (concentration of constituents in milli-
grams per liter) are given in Table 10.
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Table 10.

Quality of Ground Water and Area of Potential Saline-Water Intrus1on
-in the Nonmarine Cretaceous Aquifer, as Shown in Figure 19.

Chemical constltuents in ground water in the nonmarine Cretaceous aquifer
(concentration of constituents in milligrams per liter)

Area 1 2 3 4 5
Dlssolved <100 100-250 250-500 500-1000 >1000
Hardness 5—60 2-50 <10 <15 15-60
Sodium 2-14 14-70 H7o-2od 200-340 >300
Bicarbonate 6-80 80-180 180-450 450-750 -_—
Sulfate <1-25 3-25 20;40 . 20-60 -
Chloride 2-15 2-20 2-10 5-200 5200

Fluoride - 0,0;0.3 0.1-0.6 b.e-s.oA 1.0-4.0 -

" Nitrate <1-24 <1.6 <1.5 <1.3 R
Silica 10 10-15 1 v0-15 10-15 .-

mggggnggg 0-10 . 0.10.6 | 0.01-0.35 | 0.04-0.4 -
pH " sser0 7.0-8;0 , .8.6—8.6 $8.2-8.9 | ---

*Dissolved solids x 1.60 = specific conductance (Micromhos at 25°C)
From Cushing, Kantrowitz and Taylor, 1973.
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Salt-Water Problems in the Potomac Aquifers

Although salt-water problems have not occurred in the part of the Potomac
aquifers yielding fresh water, salt-water problems could occur as shown on the
map in Figure 19. This area is in the subcrop area where the water levels in.
wells adjacent to the wetlands of the Delaware Estuary have been drawn down
below sea level. To date no problem has developed from this situation, but a
problem may occur later if the water Tevels in wells continue to be pumped
down below sea level. There is also a danger of salt-water problems along the
western part of the Chesapeake and Delaware Canal where the sands of the
Magothy. aquifer are in direct contact with the upper Potomac aquifer and the
Magothy sands outcrop in the Canal which contains salt water.

Unknown Hydrology of the Potomac Aquifers

Much of the hydrology of the very complex aquifers of the Potomac Forma-
tion has been studied. The irregular occurrence of the sands-still leave some
doubt about the total available water, especially in the western part of the
canal area where development has been Timited. In the fresh-salt water inter-
face area in the Potomac aquifers, data are still too meager for exact delinea-
tion of the interface.

The Magothy Aquifer

The hydrology of the Magothy aquifer in and near its subcrop in Delaware
is closely associated with the upper aquifer zone of the Potomac Formation.
The marine sediments that compose the Magothy aquifer rest directly on the non-
marine sediments of the upper Potomac Formation. Where the sands of the
Magothy aquifer 1ie on sand of the Potomac, hydraulic -continuity exists be-
tween the two aquifers. As the aquifers become deeper downdip, marine clay . .
sediments thicken and probably separate the two aquifers to some extent. The
Magothy aquifer and the upper sands of the Potomac probably shou]d be con-
sidered a single aquifer in hydrologic treatment.

The or1g1na1 water levels in the Magothy were 1nf1uenced by the hydraulic
association with the water levels in the upper Potomac. In the subcrop area
the altitude of the water levels in the over1y1ng Pleistocene sediments con-
trolled the altitude of the water levels in the nonartesian part of the Magothy
aquifer. They also controlled the artesian pressure on both the Potomac and
Magothy aquifers where they are confined. Measured artesian pressures in the
Potomac aquifer zones suggest that by similarity the original artesian pressure
in the Magothy aquifer, where it is conf1ned ranged from about 15 to 20 feet
above sea level.
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Location of the Magothy Aquifer

The subcrop of the Magothy aquifer occupies two small areas as shown in
Figure 2. The configuration of the top of the aquifer to a depth 1,400 feet
below sea level is shown in Figure 20, A structural map of the Magothy Forma—
tion above the fresh-salt water interface is shown in Figure 5.

Development of the Magothy Aquifer

The Magothy aquifer is developed in two areas shown in Figure 20. Pump-
ing from the Magothy-Potomac upper zone south of the Chesapeake and Delaware
Canal has been on a small scale. In 1959, the total pumpage mostly from the
upper Potomac was reported (Rima and others, 1964) to be only 80,000 gallons-
a day for all purposes.

Undeveloped Areas and Potential Use of the Magothy Aquifer

The potential undeveloped area of the Magothy aqu1fer is shown in Fig-
ure 20.

Hydrologic Potential and Available Water from the Magothy Aquifer

The hydraulic coefficients that control the water-yielding properties of
the Magothy aquifer are not sufficiently known for a good appraisal of the
aquifer. Geologic evidence indicates the aquifer is of a Teaky nature in the
updip part and becomes more confined downdip. The more leaky part of the
aquifer lies on and is hydrologically connected in places to the upper zone
of the Potomac. Based on one pumping test at Middletown, the transmissivity
of the Magothy is 4,000 gallons per day per foot as compared to an average
transmissivity in 11 wells in the upper Potomac of 5,900 gallons per day per
foot in the Chesapeake and Delaware Canal area (Sundstrom and others, 1967).
The canal area comprises an area of about 170 square miTes. The area of the
Magothy from the beginning of the subcrop to.the fresh-salt water interface is
also about the same size. The available drawdowns in the upper Potomac aquifer
and in the Magothy are similar in range of depths. Assuming that the trans-
missivity of 4,000 gallons for the Magothy is representative of all the aqui-
fer, then a comparison with the average transmissivity of the upper Potomac
zone indicates that the Potomac upper aquifer will yield about one and one-
half times as much water as the Magothy. Sundstrom and others (1967) tested
15 patterns of development at five hypothetical centers of pumping stretched
across the canal area and assumed that the upper Potomac aquifer would be
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pumped at the five centers from one or more wells at rates ranging in total
from 0.0 to 1.75 million gallons a day. Of the 15 patterns tested that were
feasible, the maximum rate of pumpage from the upper Potomac aquifer in the
canal area was 4.7 million galions a day from the five centers. The 4.7
million gallons a day in the canal-area would indicate 3.1 million gallons a
day from Magothy from a similar hypothetical analysis of the Magothy laid out
in the same direction across the county and centering in the vicinity of
Middletown. The production well yields would probably range from 250 to 300
gallons a minute. The area as a whole is not favorable for centers of large
development of water. For smaller supplies (wells yielding 10 to 50 gallons

a minute), the Magothy north of the fresh-salt water interface is a good
source of water.

Quality of Water in the Magothy Aquifer

Areas of similar chemical quality of ground water and areas of potential
salt-water intrusion into the Magothy aquifer are shown in Figure 21. For
detailed discussions of the danger of salt-water intrusion into the Magothy
and upper Potomac aquifers, see Sundstrom and others, 1967; Sundstrom and
Pickett, 1971; and Cushing, Kantrowitz and Taylor, 1973. The chemical con-
stituents of the ground water from the Magothy for areas shown on Figure 21
is given in Table 11,

The Englishtown and Mount Laurel Aﬁuifers

Location of the Englishtown and Mount Laurel Aquifers

The subcrops of the Englishtown-Mount Laurel aquifers also sandwich in
the Marshalltown Formation, which interconnects the two aquifers, but is of

little value as an aquifer itself. The subcrops of the three formations are
shown in Figure 2.

Hydrology of the Englishtown -and Mount Laurel Aquifers

The Englishtown aquifer and the Mount Laurel aquifer are minor aquifers
of fair to poor water-yielding properties which are unimportant in terms of
large individual supplies of water, but are.of considerable importance from
the Chesapeake and Delaware Canal southward past Middletown for rural inhabi-
tants. The two aquifers are separated by the Marshalltown Formation which,
according to Pickett (1970a), consists of dark greenish gray, massive, g]au-
conitic, very silty fine sand. The entire unit, including the Englishtown
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Table 11.

Quality of Ground Water and Area of Potential Saline-Water Intrusion

in the Magothy Aquifer, as shown in Figure 21

Chemical constitdents in ground water in the Magothy aquifer (concentration
of constituents in milligrams per liter)

Area 1 2 3 4 5
Dissoved TS 100-250 250-500 | 500-1000 >1000
Hardness 4—?0 4-70 <20 --- <20
Sodium 3-12 12-95 >§5 —-- >400
Bicarbonate | 5-100 100-250 >250 ——- >900
Sulfate 1-12 9-15 >10' -—- >60
CI'Ilyl_ori_de S I I 2-5 <10 - 350
Fluoride . |0.1-0.3 0.2-1.1 >1.0 v5.0
Nitrate 0-1 0-2 S <2
Silica 3-16 6-15 210 >10
Iron and |, o oy 0.03-4.4 <1 --- <1
manganese
PH 6.8-8.2 >7.0

6.1-7.5

>8.0

*Dissolved solids x 1.60 = specific conductance (Micromhos at 25°C)

From Cushing, Kantrowitz and Taylor, 1973.
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and Mount Laurel aquifers, may be considered as one hydrologic unit, although

the Marshalltown probab]y contributes 1ittle to the available water from the
entire section..

The pumpage in 1959 was reported, by Rima and others (1964), to be on the
average of 460,000 gallons a day from the Englishtown-Mount Laurel aquifers.
Of this amount, rural water suppTies used 290,000 gallons a day; the town of
Middletown used 120,000 gallons a day; and‘vegetab]e’processing industries
used 50,000 gallons a day. Some 1ncrease in pumpage probably has taken pTace
since: 1959 but it is believed that the increase is not large because of the
minor increase in rural development since 1959.

The specific capacities. of 25 wells in the Englishtown-Mount Laurel aqui-
fers are reported by Rima. Of the 25 wells, only two have specific capacities
above two gallons a minute per foot of drawdown. The specific capacities of
16 wells range between one and two gallons a minute per foot of drawdown and
the remaining seven wells have specific capacities of Tess than one gallon a
minute per foot of drawdown. The yield of the 25 wells ranged from 10 to 123
gallons a minute. Only five wells yielded 60 or more gallons a minute.

The most reliable value of transmissivity of the aquifers was determined
from a pumping test at Middletown in 1961. Rima reports the transmissivity to

be 1,800 gallons per day per foot and the coefficient of storage to be 0.00025.

The transmissivity of the aguifers is generally very low.

Avai]abi1ity of Water from the Eng]ishtown and Mount Laurel Aquifers

The availability of water im large quantities for individual supplies
from the Englishtown-Mount Laurel aquifers is impracticable because the water-
yielding properties of the aquifers are only fair to poor. To develop a sup-
ply of @ million gallons a day would require, under favorable conditions, 10
to 15 costly and dispersed wells. On the other hand, the aquifers are impor-
tant for rural supplies and small users of water in the area south of the
Chesapeake and Delaware Canal southward past Middletown. Small users of water
could probably withdraw a combined total of two to five milTlion gallons
throughout the area.

The Rancocas- Aquifer

Location of the Rancocas Aquifer

The subcrop of the Rancocas aquﬁfer'is shown in Figure 2. The subcrop
and structure of the top of the formation #s shown in Figure 7. The configura-
tion of the top and areas of use and of potential use of the Rancocas aquifer
are given in Figure 22 and Table: B5.
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Developed and Undeveloped Areas of the Rancocas Aquifer

The areas of use and potential use of the Rancocas aquifer are shown in
Figure 22.

Hydrology of the Rancocas Aquifer

The Rancocas aquifer supplies more than 25 percent of the ground water
used in New Castle County south of the Chesapeake and Delaware Canal (Rima and
others, 1964). The aquifer is used for public supply at Middletown and
Townsend, for supply at the Delaware State Correctional Institution near
Smyrna, for industrial and commercial establishments and for much of the
rural area. The Rancocas aquifer is available in the southern third of New
Castle County and subcrops in the Middletown-Odessa area {see Figure 2). Water
in the aquifer occurs under both water-table and artesian conditions.

The water levels in the subcrop of the Rancocas aquifer are close to
those in the overlying Pleistocene water-table aquifer, discussed later. The
artesian pressure is also influenced by the altitude of the water table in the
subcrop. Early water-level measurements of artesian pressure in the Rancocas
at Clayton, about a half-mile south of the New Castle-Kent County line, indi-
cate that the original artesian pressure was about 25 feet above sea level.

The specific capacities of 25 wells in the Rancocas aquifer are reported
by Rima and others (1964). The specific capacities ranged from 0.7 to 6.5
and averaged 2.3 gallons a minute per foot of drawdown. Sundstrom and Pickett
(1968) reported specific capacities in five wells in the Rancocas aquifer in
New Castle and Kent Counties as shown in Table B7.

The transmissivity of the Rancocas aquifer has been computed from pumping
tests made by A, C. Schultes and Sons Well Drilling Company in three wells at
the Delaware Correctional Institution about two miles north of Smyrna. The
transmissivity ranges from 14,000 to 19,200 gallons per day per foot. The
four determinations of transmissivity are given in Table B3. The graphic plot
of pumping-test data and computation of the coefficients of transmissivity and
storage in Delaware State Correctional Institutional well (Gc54-2) are given
in Figure A4. The time-distance-drawdown graphs, based on the coefficients
of transmissivity and storage obtained from the pumping test in well Gc54-2,
are given in Figure A5.

Coefficients of storage in the Rancocas aquifer vary widely. In the sub-
crop area the coefficient of storage approaches the specific yield of the
aquifer which may be 5 to 15 percent. In the southern part of the county,
the aquifer is tightly confined and the coefficients of storage shown in
Table B7 range from 0.00019 to 0.00028.
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The subcrop area of the Rancocas, shown in Figure 2, is a recharge area
and can be treated analytically as a recharge boundary or line source of water
for the artesian part of the aquifer. Some recharge to the artesian .aquifer
also occurs from vertical leakage through the overlying confining beds in the
extreme southern part of the county. Downdip from extreme southern New Castle
County, hydraulic boundary conditions are unknown. The Rancocas loses its
identity as a formation in Kent County. The relation of pumpage in the
Wheatley well to water level changes in the town of Clayton well indicates
there is little, if any, barrier boundary effect discernable (Sundstrom and
Pickett, 1968).

The available drawdown in the subcrop area of the Rancocas is equal to
the thickness of the aquifer plus the overlying saturated portion of the water-
table aquifer of the Pleistocene. In the water-table part of the aquifer, it
would be impracticable to use all of the available drawdown because of the
diminishing yield of the well as the aquifer becomes unwatered. In the arte-
sian part of the aquifer, the available drawdown is the distance to the top of
the aquifer as shown in Figure 13 plus the altitude of the artesian pressure
above sea level. The range in available drawdown in the artesian part of the
aquifer is from about 50 to 250 feet, with the greatest available drawdown in
the extreme southern part of the county. In the subcrop area of the Rancocas
the water-table aquifer is discussed in conjunction with the overlying water-
table aquifer of the Pleistocene.

Availability of Water from the Rancocas Aquifer

The Rancocas aquifer is an important source of small supplies of water
throughout the area in which the aquifer exists in southern New Castle County.
It is important as a source of water to wells yielding 300 or more gallons a
minute in the artesian part of the aquifer only in the area east and northeast
of Smyrna. The limited capacity of wells is attributed largely to the Tow
specific capacity of wells and to the limited available drawdown. Some evi-
dence is available at Clayton (Wheatley well) and at the Delaware Correctional
Institution well, Gc54-2, that specific capacities in the Rancocas wells might
be improved considerably by using more screen, large well-type construction and
better development of wells. If specific capacities of wells could be im-

proved, much more water could be obtained with the Timited available drawdown
that exists. ,

. In appraising the availability of water from the Rancocas in Kent County,
Sundstrom (1968) points out that the ultimate amount of water available from
the aquifer depends upon the plan for total development. He demonstrated the
feasibility of a line of seven wells, 5,000 feet apart, pumping 300 to 350 gal-
lons a minute and yielding a total of 3.3 million gallons a day (Table B9).

If the more favorable specific capacities of the Wheatley well (4.6 gallons a
minute per foot of drawdown) and of the Delaware Correctional Institution well
(3.4 gallons a minute per foot of drawdown) could be developed at all hypothet-
ical wells, then it would be possible to readjust the pumpage slightly
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and develop about six million gallons a day from a string of wells pumping from
the deeper part of the Rancocas aquifer across part of Kent and New Castle
Counties. The ultimate yield of the Rancocas aquifer in the two counties is
predicated on proper spacing and rate of pumping. If wells yielding 300 or
more gallons a minute are used, the six million dallons a day indicated is
probably the maximum rate for the aquifer in the two counties. If smaller
wells are used, more water can be obtained.

Quality of Water in the Rancocas Aquifer

The areas of similar chemical quality of ground water and area of poten-
tial salt-water intrusion in the Rancocas aquifer are shown in Figure 23. The
chemical constituents in ground water in the Rancocas aquifer in milligrams per
liter are given in Table 12.

Salt-Water Problems in the Rancocas Aquifer

The Delaware Bay extends 48 miles from the Atlantic Ocean to Liston Point,
Delaware. The estuary of the river then continues upstream 86 more miles to
Trenton, New Jersey. Above Trenton, the river ceases to be tidal. At the be-
ginning of the estuary at Trenton, the stream contains fresh water and the
river's estuary remains relatively uncontaminated by salt water for many miles
downstream from Trenton. At Memorial Bridge near Wilmington during periods of
Tow river flow and high tide from the bay, chlorides are often above 1,000
parts per million and on occasions reach 1,700 or more parts per million.
Downstream from Memorial Bridge about twelve and one-half miles at Reedy Island
Jetty, Delaware, and about nine and one-half miles above the beginning of Kent
County, the chlorides during similar periods will reach more than 6,000 parts
per million. During these periods of high chloride, the Tow for the day may be
no more than 2,000 parts per million below the daily high. All of Kent County
is bounded on the east by the middle and lower part of the Delaware Bay, where-
in the lower part of the chloride concentration approaches that of the ocean.

The Rancocas aquifer outcrops in New Castle County adjacent to the
Delaware River Estuary from a point opposite Reedy Island southward to the
mouth of Blackbird Creek, an airline distance of about seven miles (see Rima,
et al, 1964). These outcrop extremities 1ie 5 to 10 miles north of Kent
County. In discussing the possibility of brackish water encroachment from the
estuary to the fresh-water aquifers in southern New Castle County, Rima,et al,
1964, have this to say:

"At the time of this investigation in 1962, no evidence was
found of the encroachment of brackish water into fresh-water aqui-
fers in southern New Castle County from either the Delaware
estuary or the Chesapeake and Delaware Canal. Nonetheless, the
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Table 12.

Qua11ty of Ground Water and Area of Potential Saline-Water Intrusion
in the Rancocas Aquifer, as Shown in Figure 23 :

Chemical constituents in ground water in the Rancocas aqu1fer
(concentration of constituents in milligrams per liter)

Area 1 2 3 4
DZE%?;ZEd ‘,;100 100-250 250-500 >500
H;rdness | 50 | 50-155 | 30-170 | <30
é;&ium S a0 270 | a-iso | »200
Bicarbonate f w0 | s0-200 | 200500 | 500
Sulfate 0.0 0-15 0-12 | 10-15

“ Ch]or;dé Ak <10 .. >‘<10 4-55 “ <]5
Fluoride <0.3. |.0.1-0.9 0.2-2.0 3.5-4.2 |
Nitrate 0.1-12 | 0.1-30 &2 <l
Silica \'.' 10-25 10-40 10-20 10-20
Iron and 0.1-3.0 | 0.1-6.0 <0.5 <0.5
manganese
pH 5.6-6.8 7.2-?;§v | 7.8-8.5 8.1-8.4

*Dissolved solids x 1.55 = specific conductance (Micromhos at
250(:) . : o

F}om Cushing, Kantrowitz and Taylor, 1973.
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presence of bodies of brackish water along the northern and

eastern borders of the area should be considered as potential

threats to:the future development of aquifers in southern New
, Cast]e County.

"The most 11ke1y p]aces for encroachment to occur are near’
the suboutcrops of the principal aquifers beneath the Delaware
estuary and the Chesapeake and Delaware Canal. The suboutcrops
beneath the canal are covered by not more than a few feet of
silt of low permeability. The suboutcrops beneath the estuary,
however, are somewhat better insulated from the brackish water by
the presence of thick alluvial muds, which 1ine the channel of
the estuary. As these muds are considerably less permeable than
the aquifers, some protection from encroachment is afforded the
adjacent aquifers. Nevertheless, movement of water from the
estuary into the fresh-water aquifers will occur if the natural
hydraulic gradient is reversed by pumping from the aquifer. Con-
sequently, much care should be exercised in developing large
ground-water supplies close to the estuary."

A well to the Rancocas aquifer about two miles north of Smyrna yields
water of only one part per million of chloride. The well is owned by ‘the
Delaware Correctional Institution and was drilled in 1967. However, three
wells east (Woodland Beach) and southeast of Smyrna yield and are reported to
yield brackish water. These wells are reported to be drilled to a depth of
about 270 feet and only cased to a depth of 170 feet. The wells have been
reported to draw water from the Rancocas. Considering the depth of the casing
and the position of the Rancocas, it appears doubtful that the wells obtain
water from the Rancocas.

Most of the Rancocas aquifer ava11ab1e for deve]opment in Kent County .
Ties west and southwest of Smyrna and is 10 to 22 miles remote from the near-
est point the Rancocas outcrops or passes under the valley fill of the Delaware
Estuary. The remote position of the estuary from the most usable part of the °
aquifer in Kent County precludes any problem of sa]t-water contamination in the
Rancocas aquifer in the county.

The Piney Point Aquifer

Location of the Piney Point Aquifer

A structural map of the Piney Point Formation is shown in Figure 8. The
Piney Point aquifer in Delaware is a segment of an extensive hydrologic unit
that has continuity from the Atlantic Coast between the Atlantic City area and
Cape May and extends southwesterly, veering more to the south as progression
goes southwestward and southward to the other known extremity of the aquifer
in Virginia. Thus, the aquifer is known to extend from the Atlantic Coast in
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New Jersey, through parts of Kent and Sussex Counties, Delaware, across the
eastern shore of parts of Maryland to the Potomac River in the vicinity of
Piney Point, where the aquifer gets its name, and beyond into Northcumberland
and Westmoreland Counties, Virginia (Otton and Heidel, 1966). The aquifer is
unusual in that it has no outcrop. E. G. Otton (1955) in discussing the Piney
Point, reveals that the Piney Point has not been recognized in surface exposure
and has not been known to lie above an altitude of 75 to 80 feet below sea
1eve} In Kent County the top of the Piney Point ceases about 200 feet below
sea level.

Areas of Deveigpment and Potential Deve]opmeﬁt of the Piney Point Aquifer

Configuration of the top and areas of use and of potential use of the
Piney Point aquifer are shown in Figure 24.

Hydrology of the Piney Point Agquifer

The ground-water hydrology of the Piney Point aquifer has been reported
and analyzed in considerable detail, especially as the hydrology applies to
the Dover area, by Sundstrom and Pickett, 1968. The original artesian pressure
in the Piney Point aquifer is not precisely known. The annual report of the
New Jersey State Geologist for 1899 reports a well to the Piney Point aquifer
in Kent County, Delaware, at the mouth of the Mahon River. The well was .
drilled in 1897 and the water rose 16 feet above tide or about 20 feet above
sea level. A test well drilled to the Piney Point at Milford in 1938 is re-
ported by Marine and Rasmussen, 1955, to have had artesian pressure 17 feet
above mean sea level.

The specific capacities of 12 wells drawing water from the Piney Point
are given in Table B10. The specific capacities range from 0.3 to 14.6 gal-
lons a minute per foot of drawdown. Two of the specific capacities listed
are less than unity and represent one well that is near the downdip extremity
of the aquifer at Milford. Eliminating these two observations of specific
capacity, the remaining 10 wells have specific capacities ranging from 2.7 to
14.6 and averaging 6.6 gallons a minute per foot of drawdown. Specific capa-
cities averaging as low as 6.6 indicate only moderate water-yielding proper-
ties of the aquifer. The relatively low specific capacities also make
necessary high pumping 1ifts to pump substantial quantities of water. Low
specific capacities also affect the allowable rate of pumping. Assuming that
a well has been properly designed, properly constructed and properly developed,
the specific capacities give clues not only to the amount of water that can be
developed from the well, but also to the hydrology of the ground-water reser-
voir from which the well obtains water. If a well meets all of the criteria
of good design, construction and development and is highly efficient when
pumped, then there is a definite relation of well diameter, specific capacity
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of.the well and the coefficients of transmissivity and storage in the aquifer.
This relationship has been illustrated graphically by Meyer (1963) and is
shown in Figure A6.

The transmissive properties of the Piney Point aquifer have been computed
from pumping tests in wells in Kent County made by the Layne-New York Company,
Shannahan Artesian Well Company, A. C. Schultes and Sons Drilling Company and
R. D. Varrin, Director of the Water Resources Center of the University of Dela-
ware. One pumping test made in a well to the Piney Point in Cambridge, Mary-
land, by R. H. Brown and T. H. Slaughter 1is included in this report. The co-
efficients of transmissivity determined by 13 computations from pumping test
data from eight wells ranged from 6,000 to 41,000 gallons a day per foot in
Kent County and from 42,500 to 47,500 gallons a day per foot in the well at
Cambridge, Maryland. Non-leaky drawdown curves for six Piney Point wells are
given in Sundstrom and Pickett, 1968. In the thicker part of the Piney Point
aquifer (see thickness map, Figure 6 in the 1968 report), extending from Port
Mahon almost true southwest to the state line, five wells, zero to three and
one-half miles off this line, and extending a distance 10 miles southwestward
from the Dover Air Force Base, have coefficients of transmissivity ranging from
21,000 to 39,000 gallons a day per foot. The average of the five coefficients
of transmissivity is 31,800 gallons a day per foot. The low coefficients of
transmissivity were found in two wells about five miles updip and the third
about three miles updip from the thick axis of the aquifer. Coefficients of
transmissivity determined from pumping tests are given in Tables B11 and B12.

Two coefficients of storage for the Piney Point aquifer are available.
One at the Dover Air Force Base was computed from a pumping test in which the
water levels in well Je32-4 were observed while well Je32-5 was pumping. The
other coefficient of storage was determined at Cambridge, Maryland, in well
DorCe4 while well DorCe2 was pumping. The two locations are about 50 miles
apart, but the two determinations are almost identical. At the Dover Air Force
Base, R. D. Varrin determined the coefficient of storage to be 0.0003. R. H.
Brown and T. H. Slaughter of the U. S. Geological Survey determined the coef-
ficient of storage at Cambridge to be 0.00036. The coefficient of storage for
the Piney Point used in this report is 0.0003. The low coefficient indicates
a relatively non-Teaky type artesian reservoir.

Sundstrom and Pickett, 1968, devote much discussion to the determination
of the aquifer coefficients and the relation of the computed coefficients to
the actual drawdowns that have been observed. The entire hydrology section of
the 1968 report should be studied as a supplement to this report.

Available Water from the Piney Point Aquifer

The quantity of water available from the Piney Point aquifer in Kent
County is controlled by the geologic and hydraulic characteristics of the
aquifer and also by the location of the downdip extremity by the fresh-salt
water interface in the aquifer. The data available from the wells drilled
into the Piney Point show the aquifer has fairly good water-yielding
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properties near and in the thickest part of the aquifer and poor water-yielding
properties toward each flank of the aquifer. The axis of the best part of the
aquifer would extend in an almost true north-east-southwest 1ine across Kent
County passing through the Dover Air Force Base well Je32-5. The distance
across Kent County on this line is about 21 miles. Several patterns of hypo-
thetical wells in lines varying from one to three were laid out and tested for
feasibility and to ascertain the probable yield of the Piney Point aquifer.

Two feasible patterns of hypothetical wells, the allowable rate of pumping from
each well, and the computed drawdown in each well are given in Tables 18 and 19
in the report by Sundstrom and Pickett (1968).

In the hypothetical plan given in Table 18, the pumpage would be limited
to 500 and 600 gallons a minute from the 22 wells, and the combined yield
would be 17 million gallons a day. The aquifer is approaching full develop-
ment in parts of the Dover and Dover Air Force Base area.

Quality of Water in the Piney Point Aquifer

Areas of similar chemical quality of ground water in the Piney Point aqui-
fer are given in Figure 25. The chemical constituents in ground water in the
Piney Point aquifer in milligrams per liter are given in Table 13.

Salt-Water Problems in the Piney Point Aquifer

There are no known or anticipated salt-water problems in the Piney Point
aquifer in Delaware. The aquifer lies about 200 feet beneath Delaware Bay.
The aquifer becomes less transmissive downd1p before the fresh-salt water
interface is encountered.

The Cheswold Aquifer

Location of the Cheswold Aquifer

The subcrop area of the Cheswold in Delaware is shown in Figure 2. The
configuration on the top of the Cheswold is shown in Figure 26.
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SEE TABLE I3 FOR RANGE IN
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Table 13.

Quality of Ground Water in the Piney Point Aquifer,
as Shown in Figure 25

Chemical constituents in grouhd water in the Piney Point aquifer
(concentration of constituents in milligrams per liter)

Area 1 2 3 4

Dissolved 200-250 250-500 500-1000 >1000

solids*
Hardness 90-200 20-90 15-45 >30
Sodium 4-30 30-190 190-500 >500
Bicarbonate | 170-250 200-500 400-800 >600
Sulfate 3-15 3-20 7-100 >100
Chloride 1-7 1-25 3-200 +200
Fluoride <0.4 0.4-1.6 1.4-2.3 0.7-2.0°
Nitrate <2 <2 <2 .<3‘
silica © 45-60 10-45 15-30 10-45
Iron and .6.1-1.5 0.0-0.4 o;o-o.é >1.0
manganese : :
oH 7.7-7.9 | 7.9.8.6 | 7.8-8.5 7.8-8.9

*In area'], dissolved solids x 1.40 = specific conductance
(Micromhos at 25°C)
In areas 2, 3, and 4, dissolved solids x 1,55 = specific con-

ductance

From Cushing, Kantrowitz and Taylor, 1973.
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Development of the Cheswold Aquifer

The area in which the Cheswold aquifer has been developed is shown in
Figure 26. Sundstrom (1968) reports that the Cheswold aquifer was producing
30 percent of all of the ground water used in Kent County and most of the
water was used in the Dover-Dover Air Force Base area. The Cheswold is a
good aquifer in the Dover area and is developed to its capac1ty Elsewhere
northwest, west and south of the area, the Cheswo1d aquifer is only fair to poor
in water-yielding properties.

Undeveloped Areas of the Cheswold Aquifer

The undeveloped areas of the Cheswold aquifer are shown in Figure 26. As
noted above, much of these areas are underlain by a Cheswold aquifer of poor
water-yielding potential, but useful for local rural and domestic supply.

Hydrology of the Cheswold Aquifer

According to a report by Woolman, State Geologist of New Jersey, 1899,
the original artesian pressure in the first well drilled to the Cheswold aqui-
fer in Dover was 12 feet above sea level in 1893. Prior to 1893, Woolman
reports that Dover obtained its water supply from a four-inch well that ter-
minated in a sand a few feet above the sands to which the new well was drilled.
The static water level reported is eight feet less than the original static
water level reported for the Piney Point.

Pumpage from the Cheswold aquifer has been continuous for 75 years or
more at a rate that has grown from a flowing well of 36 gallons a minute in
1893 to a complex of pumped wells that now produce an average of more than
five million gallons a day in the county. The one hundredfold increase in the
rate of pumping has caused the artesian pressure to decline sharply. The arte-
sian pressure has been-observed daily in all of the wells at the Dover Air
Force Base, weekly in the City of Dover wells, and in an unused well about
midway between Dover and the Air Force Base. The record shows that the aver-
age high water level for July, 1965, was 97 feet below land surface or 67
feet below mean sea level at unused well Jd52-1 and is the recorded monthly
low for the period of record. The average pumpage of the City of Dover and
the Air Force Base totaled 4,600,000 gallons daily for the month of June of
the same year. '

The specific capacities of 14 wells drawing water from the Cheswold aqui-
fer are given in Table B10. The specific capacities range from 0.9 to 25.4
gallons a minute per foot of drawdown. The average specific. capacity of the
14 wells is 11.2 gallons a minute per foot of drawdown. Only four of the 14
wells for which specific capacities have been determined are located outside
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the Dover-Dover Air Force Base area. The specific capacities of the four wells
range from 0.9 to 7.6 and average 4.7 gallons a minute per foot of drawdown.
Most of the wells to the Cheswold aquifer to the northwest, west and south of
the Dover-Dover Air Force Base area are believed to have low specific capaci-
ties, evidenced by their moderate to low yield.

The transmissive properties of the Cheswold aquifer have been computed
from pumping tests made by Jack R. Woods, Superintendent of Public Works, City
of Dover; Shannahan Artesian Well Company, and R. W. Sundstrom of the Water
Resources Center, University of Delaware. The coefficients of transmissivity
determined by seven computations from pumping test data from six wells ranged
from 11,200 to 32,800 galions a day per foot. The average coefficient of trans-
missivity is 18,300 gallons a day per foot.

Two coefficients of storage for the Cheswold aquifer have been computed
from pumping tests conducted by the Shannahan Artesian Well Company and by
R. W. Sundstrom in two wells. Both wells are owned by the City of Dover, one
at the East Dover Elementary School and one at the Danner Farm well site. The
coefficients of storage in both wells indicate artesian conditions. The coef-
ficient of storage at the East Dover Elementary School is 20 times higher than
that at the Danner Farm well, although both are low. The coefficient of stor-
ag$]ag ESSBEast Dover E1ementary School is 0.0062 and at the Danner Farm test
we .

The outcrop of the Cheswold aguifer in the northern part of Kent County
is sufficiently close to the pumping in the Dover-Dover Air Force Base area
so that its favorable recharge image effect on the pumping levels in the wells
is substantial and must be taken into account in computing the mutual inter-
ference between wells. Likewise, in any other part of the northern half of the
county the recharge boundary effect will be favorable to the computed draw-
downs. .

The transmissive properties of the Cheswold vary greatly from place to
place. Northwest, west and south of the Dover-Dover Air Force Base area, the
water-yielding propert1es of the Cheswold are not conducive to large y1e1d1ng
wells. No wells in this area are known to yield more than 300 gallons a min-
ute, some are in the 100 to 200 gallons a minute range, many are in the 100
gallons a minute or less range, and in some localities, the Cheswold does not
yield a satisfactory supply. Although the Cheswold has poor water-yielding
properties in such places, it is believed that the continuity of the aquifer
is such that no barrier boundaries of substantial magnitude exist.

The available drawdown at the time pumping began in the Cheswold aquifer
ranged from no drawdown at 12 feet above sea level in the northwestern part
of the county in the outcrop area to about 360 feet below sea level downdip
at Milford. At Dover and at Milford the development of the Cheswold has been
so intensive that the pumpage during peak demands in 1965, 1966 and 1967 has
caused the drawdown to reach the top of the aquifer in four of the seven wells
of the City of Dover and in one well in Milford. Table B13 lists the Towest
pumping levels and the dates they occurred in the City of Dover wells along
with the remaining available drawdown. The Tow drawdowns occurred
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during periods when the pumpage in the Dover area from the Cheswold aquifer
averaged about 6,500,000 gallons daily. Additional draft on the Cheswold
will necessitate adJustment in the rate of pump1ng of some of the Dover City
wells.

Available Water from the Aquifer and Limits of Development

Sundstrom and Pickett (1968) wrote about the City of Dover wells to the
Cheswold aquifer as follows: -

"The available drawdown in the Cheswold aquifer has been
exceeded in four of the seven City of Dover wells during periods
of heavy draft of about 6,500,000 gallons a day in 1965, 1966 and
1967. Without readjustment of the rate of pumping in the over-
pumped wells, it appears that additional draft cannot be made on
the Cheswold and still supply the peak demand at Dover. On the
other hand, with readjustment of the pumpage from some of the
city wells, it might be possible to maintain pumping operations
at the present average daily pumpage of about 5,500,000 gallons
daily and allow a planned distribution of pumpage in other parts
of the county to about eight million gallons daily from the Ches-
wold aquifer. The present maximum rate of pumping in the Dover
area of 6,500,000 gallons daily and the excessive drawdown in four
of the city wells does not allow additional draft from the Cheswold
without a]ter1ng the rate of pumping from at least four of the
city wells.'

Michael Apgar of the Delaware Department of Natural Resources and Environ-
mental Control reports that this has a]ready been done (personal communication).

Quality of Water in the Cheswold Agquifer

“Areas of similar chemical quality of ground water and the area of poten-
tial salt-water intrusion into the Cheswold aquifer are shown in Figure 27.
The chemical constituents in the ground water in the Cheswo]d aqu1fer in mi1li-
grams per liter are given in Table 14.

Salt-Water Problems in the Cheswold Aquifer

Salt-water problems may arise in the subcrop area of the Cheswold aquifer
where the subcrop and overlying Quaternary deposits are in contact with the
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Table 14.

Quality of Ground Water and Area of Potential Saline-Water Intrusion
in the Cheswold Aqu1fer, as Shown in Figure 27

Chemical constituents in ground water in the Cheswold aqu1fer (concen-
trat1on of constituents in m1111grams per liter)

Area 1 2 ' 3 ' 4 5 .
Dissoived | <100 100-250 250-500 | 500-1000 | >1000
Hardness <75 75-100 20-100 | <40 -
Sodium . 5-30 30-150 | 150-200 >200
Bicarbonate | <50 50-200 200-400 | >400 450
Sulfate | - 5-20 2-10 >10 -—-

Chioride - 1-5 2-10 10-100 >100
Fluoride ] - 0-0.5 0.2-0.5 >0.3 ---
Nitrate --- 0-8 | <1 <] .b <]
Stlica —-- 30-60 | 5060 50-60 | ---
;gﬂgaﬁgge - 0.02-0.6 | 0.15-0.75 - -
pH --- 7.0-8.3 7.0-8.5 >8.5 ---

*In areas 1, 2, and 3, d1sso1ved solids x 1.36 = specific conductance
(Micromhos at 25°C)
In areas 4 and 5, d1sso1ved s011ds X 1.59 = specific conductance

From Cushing, Kantrowitz and Tay1or, 1973.
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marshland containing tidal salty water. The area needs considerably more
observation and study to define positively the conditions of and prospects of
salt-water encroachment in and from the subcrop area.

The Federalsburg Aquifer

In 1969, Sundstrom wrote on the hydrology of the Miocene aquifer above
the Cheswold, which was recognized in electric logs of wells at Dover and
Milford, Delaware. Cushing, et al, (1973) observed the hydrology of the aquifer
in nearby Federalsburg, Maryland, and named the aquifer the Federalsburg in
U. S. Geological Survey Professional Paper 822.

Location of the Federalsburg Aquifer

The configuration of the top of the Federalsburg aquifer is shown in Fig-
ure 28, as defined by Cushing, et al, (1973).

Development of the Federalsburg Aquifer

The Federalsburg aquifer has been developed in the Dover and Milford areas
in Delaware. The areas of development are shown in Figure 28.

Undeveloped Areas of the Federalsburg Aquifer

The undeveloped area of the Federasturg aquifer in Delaware is shown in
Figure 28.

Hydrology of the Federalsburg Aquifer

A Miocene aquifer above the Cheswold is shown on the electric log of
Me15-29. The electric log shows the aquifer from a depth of 276 feet to 358
feet with intervening clayey sections. The sands total about 62 feet in
thickness with the best half of the sand sections at the top between depths
of 276 and 314 feet. The aquifer appears to be separated from the Cheswold
in test well Mel5-29 by a dense clay 20 feet thick lying 420 to 440 feet below
the surface and by a clay of lesser density (more sandy) 10 feet thick lying
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between 466 to 476 feet below the surface. The aquifer is separated from the
overlying Frederica aquifer by 46 feet of clay 228 to 274 feet below the sur-
face. The electric log of test well 0g31-1 at Gravel Hill about 15 miles
south-southeast of Mel5-29 suggests the continuity of the aquifer from M11ford
and places it 518 to 586 feet below the land surface.

The original: artesian pressure in the Miocene aquifer between the Cheswold
and Frederica aquifers is unknown. It probably was about the same as that in
the Cheswold aquifer, which has been estimated to have been between 16 and 20
feet above mean sea level. In August 1952, the Layne-New York Company recorded
the static water level in city well Le55-5 as 17 feet below land surface or
about three feet above sea level. This measurement was made before an eight-
hour acceptance test and is believed to be low because of pumpage for well
development before the acceptance test took place. Darton (1896) reports the
artesian pressure in a Frederica aquifer well at Milford 14 feet above sea
level. It is possible that the measurement was taken after the well had flowed
for a short period of time. Meager data on the fresh-salt water interface in
the Miocene aquifers below and including the Frederica aquifer suggest the
original artesian pressure was equal to or slightly greater than 18 feet above
mean sea level, but less than 20 feet above mean sea level.

The first pumpage of any magnitude began in 1952 when the City of Milford
began using well Le55-5 in Kent County north of the Kent-Sussex County Tine.

The well was initially tested at 500 gallons a minute. During the year of 1955,

the average daily pumpage amounted to 248,000 gallons. In 1956 the average
increased to 312,000 gallons a day. For the four-year period, 1958 through
1961, the pumpage averaged 260,000 gallons a day. The present rate of pumping
is estimated at about 300 gallons a minute or about 400,000 gallons a day.

Water-level measurements have not been made to determine the decline in
artesian pressure in the aquifer. The theoretical decline that should take
place at any time after pumping began at any place on the piezometric surface
can be computed by using the time-distance-drawdown graphs referred to later
in this section.

The specific capacity of well Le55-5 at Milford was computed from an
eight-hour test on August 26, 1953. The specific capacity of the well was
four gallons a minute per foot of drawdown at the end of the test. Both ma-
jor sand sections were screened in the well and the well was gravel packed
throughout the aquifer.-.lt is believed that the specific capacity probably
represents a maximum for the aquifer. The well is about nine times more pro-
ductive than a test well at the Torsch Canning Company, where only the upper
section of the aquifer is believed to have been tested. The Torsch test well
yielded only 55 gallons a minute. Another test in the Milford area reports
100 gallons a minute with a drawdown of 77 feet indicating a specific capacity
of 1.3 gallons a minute per foot of drawdown. No tests of the specific capa-
city of the aquifer are known outside of the Milford area.

Specific capacities of wells in Sussex County and the surrounding area

are given in Tables B14 and B15. The tables show that wells drawing water
from the water-table aquifer of the Pleistocene or the Pleistocene and
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subcropping Miocene sands have the higher specific capacities. O0f the 42 wells
Tisted, three wells had specific capacities of 40 or more gallons a minute per
foot of drawdown, one well had a specific capacity of 34.5 gallons a minute per
foot of drawdown, six wells ranged between 30 and 20 gallons per minute per
foot of drawdown. Al11 wells except one (10.6 gpm/ft) that had specific capa-
cities of more than 10 gallons a minute per foot of drawdown obtained water
from the water-table aquifer. . The 20 wells listed in Table B14 of low specific
capacity, with three except1ons, draw water from the artesian aquifers of
Miocene and Eocene age. The three exceptions are believed to be poorly con-
structed wells in the Pleistocene. The 17 wells, except two, drawing water
from the artesian aquifers, had spec1f1c capac1t1es of less than five gallons

a minute per foot of drawdown.

The specific capacity of a well not only controls the amount of water that
can be developed from a well, but also affects the amount of power required to
pump a given quantity of water. Wells with very low specific capacities are
therefore costly to pump. The overall evaluation of the aquifers based on
specific capacities clearly demonstrates that the water-bearing properties of
the Pleistocene and subcropping Miocene are good to excellent, whereas, the
specific capacities of the wells in the artesian aquifers show the water-bearing
properties to range from very poor to only fair, except in the Manokin aquifer
when the water-bearing properties are usually good.

Pumping Tests to Determine Transmissivity and Coefficients of Storage

Pumping tests made in areas surrounding western Sussex County have been
used to determine the coefficients of transmissivity and storage in the arte-
sian and water-table aquifers of western Sussex County. The coefficients of
transmissivity and storage coupled with other hydraulic characteristics of the
aquifers have been used to appraise the available water from the artesian aqui-
fers. The water-table aquifer of the Pleistocene and the Pleistocene and sub-
cropping Miocene sands have been appraised by other methods of applied hydrol-.
0gy, and are partially supported by the results of pumping tests. The coef-
ficients of transmissivity and storage determined from pumping tests in Sussex
County and surrounding area are given in Table B16. Some of the computations
of transmissivity and storage were computed from pumping tests made for pur-
poses of acceptance of the well, and in some instances, lack the refinement
desired. On the whole, it is believed that the data given for transmissivity
and coefficients of storage in Table B16 are in the right order of magnitude
and serve reasonably well for quantitative computations that follow in later
sections of this report.

The transmissivity of the aquifer has been computed from the pumping test
made in well Le55-5 by the Layne-New York Company on March 30, 1962. The
graphic plot of the pumping test data and the computation of the coefficient of
transmissivity are given in Figure A7. The results of the computation give a
low transmissivity of 9,400 gallons per day per foot. The low transmissivity
indicated an aquifer of only fair to low water-yielding properties. Based on

97



examinqtion of the electric logs and on inspection of the drill cuttings, the
transmissivity and permeability are also low at wells Mel5-29 and 0g31-1.

The coefficient of storage of the aquifer has not been determined from a
pumping test. The electric log of test well Mel15-29 shows that the aquifer is
tightly confined by dense clay above the aquifer and possibly less tightly con-
fined by clays below the aquifer. For the purpose of computing time-distance-
gg?wdown relation, a coefficient of storage of 0. 0003 has been assumed (Figure

The available drawdown in the aquifer ranges from 270 feet in well Mel5-
29 in the northwestern part of the area to the depth of the aquifer before the
fresh-salt water interface is reached. The available drawdown probably ranges
from 270 to 600 or more feet below sea level. More than half of the aquifer in
Sussex County probably contains fresh water. This part of the aquifer under-
1ies the northern, northwestern and western parts of the county.

Available Water from the Federalsburg Aquifer

On a basis of long-term pumping, the yield of wells will be less than 300
gallons a minute, and many may be as low as 100 gallons a minute or less. In
downdip areas, where the pumping 1ift can be much greater, yields may increase.
The time-distance-drawdown relation of the effect of pumping is given in Fig-

ure A8. The graph shows large drawdown in the area of the pumped well, but only

18 feet at a distance less than two miles from the pumped well, after a long
period of pumping. The aquifer may support a large number of small, costly

wells. The ultimate yield of the aquifer is estimated to be less than five

million gallons a day. _

Quality of Water in the Federalsburg Aquifer

Areas of similar chemical quality of ground water in the Federalsburg
aquifer are shown in F1gure 29. Chemical constituents in the ground water in
the Federalsburg aquifer in milligram equivalents per liter are given in
Tab]e 15.

Salt-Water Problems in the Federalsburg Aquifer

The area of potential salt-water intrusion in the subcrop area beneath
the wetlands adjacent to Delaware Bay is shown in Figure 29.
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Table 15.

Quality of Ground Water and Area of Potential Saline-Water Intrusion

in the Federalsburg Aquifer, as Shown in Figure 29

Chemical constituents in ground water in the Federalsburg aquifer (concen-
tration of constituents in milligrams per liter)

Area 1 2 3 4 5
Dissolved <100 - 100-250 250-500 500-1000 >1000
solids*

Hardness <h 5-170 1ﬁ0-150 50-100 <50~>200
Sodium <7 6-25 25-200 300-350 >350
Bicarbonate <55 55-225 |. 225-450 | 450-750 >750
Sulfate 10-20 2-10 4-25 25-150 >150
Chloride <5 <5 2-50 50-150 >150
Fluoride <0.3 0.2-0.5 | 0.2-0.7 0.7-1.0 >1.0
Nitrate 0.5-51 <1.0 <1.0 <1.0 <1.0
Silica <15 15-60 50-60 50-60 50-60
;gggaﬁgge 0.05-0.8 | 0.05-2.4 | 0.02-0.4 | 0.04-3.0 >3.0
DH 4.6-7.0 7.0-8.5 7.5-8.0 8.0-8.5 >8.5

*In areas ‘1, 2, and 3, dissolved solids x 1.35 = specific conductance

(Micromhos at -25°C)

In areas 4 and 5, dissolved solids x 1.55 = specific conductance

From Cushing, Kantrowitz and Taylor,'1973.
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The Frederica Aquifer

Location of the Frederica Aquifer

The configuration of the top of the Frederica aquifer is shown in Figure
30. The aquifer is available for development in the southern two-thirds of
Kent County and all of Sussex County except the southeast corner.

- Development of the Frederica Aquifer

The areas of use of the Frederica aquifer are shown by Cushing and others
(1973) in Figure 30. Sundstrom and Pickett, 1968 and 1969, wrote:

"The Frederica aquifer is of importance in Kent County and in
the northern part of Sussex County. Sundstrom (1968) grouped the
Frederica and overlying Miocene sands together and reported that
in Kent County the amount of pumpage from the aquifers was about
2,600,000 gallons daily. He also reported that peak demands
reached 1,500,000 gallons daily from the two aquifers in the City
of Milford. The report stated that these rates of pumping in
Milford probably can go no higher without rearranging rates and
locations of pumping. In the northern part of eastern Sussex
County, other industrial wells add to the draft on the Frederica
aquifer and draw from it to the 1imit during the heavy summer can-
ning, vegetable and poultry processing season. The Frederica
aquifer has been used in the Milford area for a long period of
time. Darton (1905) of the U. S. Geological Survey reports that
in 1898 he received a letter from a City official of Milford who
said: 'The depth of our well is 228 feet, ten-inch diameter. We.
can pump from the well 250 gallons a minute. Temperature 58°F.
Water rises 4 feet above the surface.' This well may be the first
well to the Frederica aquifer in Milford and is at the same loca-
tion at which the City of Milford is pumping water from the
Frederica today."

Undeveloped Areas of the Frederica Aguifer

The Frederica aquifer has not been developed in about three-fifths of the
area it occupies in Delaware. The potential area of use is shown by Cushing,
et al, (1973) in Figure 30. :
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Hydrology of the Frederica Aquifer

The average daily consumption from the Frederica and younger aquifers of
the Miocene is about 2,600,000 gallons., The Frederica and younger Miocene
aquifers supply about 14.5 percent of the ground water produced in Kent County
in 1966. The Frederica aquifer is developed from the central part of the
county southward to the county 1ine. The Frederica and overlying Miocene sands
supply the towns of Felton, Frederica, Harrington and Milford. These aquifers
also supply several food processing and poultry industries. The City of Mil-
ford is the largest user where peak demands have reached 1,500,000 gallons
daily and probably can go no higher without rearranging rates and loci of

pumping.

Pumpage from the Frederica aquifer in the Milford area is estimated to be
over a million gallons a day. The City of Milford pumps an average of about
50,000 gallons daily from wells 1 and 2 at the downtown water plant. Indus-
tries processing vegetables, poultry and canning food products use water from
the Frederica on a variable seasonal basis. The pumpage is about five percent
of the ground water used in eastern Sussex County.

The deciine in water levels in the Frederica has been great because of the
Tow coefficient of storage, the low transmissivity of the aguifer, the rela-
tively low specific capacity of wells and the concentration of pumping in one
locality. Decline in static level of over 100 feet has been noted in a Milford
well. This large decline, however, is believed to be due, in part, to the,
drawdown caused by the pumping of other wells. Records of water-level fluc-
tuations are inadequate to relate correctly with w1thdrawa1 to the decline in
artesian pressure on an observed bas1s

Two determinations of specific capacity of wells in the Frederica aquifer
range from 4.3 to 5.6 gallons a minute per foot of drawdown. No determinations
of specific capacity in the Frederica downdip from Milford are available. The
examination of the electric log of the test well at Gravel Hill (0g31-1) sug-
gests that the water-yielding properties of the Frederica are considerably less
than at ‘Milford. At Milford the specific capacities are moderately low. Ap-
proximately 25 feet of drawdown is required to produce 100 galions a minute.

At Harrington in Kent County, about eight miles west of Milford, Sundstrom
(1968) computed the transmissivity of the Frederica to be 12,300 gallons per
day per foot (Figure A9). The transmissivity of the Frederica aquifer has not
been determined in the report area. It is believed that the transmissivity at
Milford is in the same range as the transmissivity at Harrington. Downdip
from Milford the transmissivity is believed to decrease.

Coefficients of storage have not been determined in the Frederica aquifer.
The aquifer appears to be tightly confined by dense clays and probably has co-
efficients of storage similar to the Cheswold aquifer. The coefficient of
storage of the Cheswold is about 0.0003 and this figure has been used for the
Frederica aquifer.
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No significant hydraulic boundaries in the aquifer have been identified.
The aquifer subcrop in northern Kent County is about 23 miles north of the
report area and is too remote to act effectively as a recharge boundary for
pumpage at Milford. Tne transmissive properties diminish in the downdip
direction from the northwestern boundary, although this decline is so gradual
that it probably should not be simulated as a barrier boundary.

The available drawdown in the Frederica aquifer below the original arte-
sian pressure is about 190 feet at Milford and probably reaches about 600
feet in the southern extremity of the area. The time-distance-drawdown rela-
tion based on an assumed storage coefficient and a coefficient of transmissivity
determined at Harrington are given in Figure A10. Declines in the artesian pres-
sure caused by heavy pumping in Milford limit further development locally. Out-
side of Milford very 1ittle pumping has taken place from the Frederica.

Quantity of Water Available from the Frederica Aquifer and
Limits of Development

The quantity of water available from the Frederica aquifer is not large.
This is demonstrated by placing a hypothetical 1ine of 11 wells across the

aq#ifer south of Milford and computing the drawdowns caused by pumping each
well.

The computations were made by applying the Theis non-leaky nonequilibrium
equation to determine the time-distance-drawdown relation caused by pumping
each well. The computations show that in less than 30 years (10,000 days) the
allowable drawdown will be reached or nearly reached with pumping rates of only
200 to 250 gallons a minute. The combined yield of all 11 wells is only
3,600,000 gallons a day.

It may be assumed that the yield of the wells would be more several miles
downdip where the allowable drawdown is greater. This assumption, however, is
probably not true, for there is evidence from test wells at Lewes and Gravel
Hill that this advantage may be cancelled by the poorer water-yielding proper-
ties of the Frederica downdip. A well to the Frederica at Gravel Hill drilled
in 1962 is reported by Paul White, the driller, to have yielded on test 30
gallons a minute. The Frederica will supply water to wells of small yield
over the northern part of the area, and will probably yield 10 or more million
gallons a day to small wells properly spaced. The cost of drilling the wells
and producing water from them will be high. The development of the aquifer
with wells yielding 100 gallons a minute or more will probably not produce
much more than three and a half million gallons a day.
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Quality of Water in the Frederica Aquifer

Areas of similar chemical quality of ground water from the Frederica aqui-
fer are shown in Figure 31. The chemical constituents in the ground water in
the Frederica aquifer are given in milligrams per liter in Table 16.

Salt-Water Problems in the Frederica Aquifer

The area of potential salt-water intrusion in the subcrop area is shown
in Figure 31. The position of the fresh-salt water interface is unknown. By
applying the Ghyben-Herzberg principle (1889,1901) to the original artesian
pressure of the Frederica, the fresh-salt water contact should be 600 or more
feet below sea level. On this basis, the Frederica should contain fresh water
throughout most of the report area. Slaughter (1962) reports a well at Bishop-
ville, Maryland, less than a mile south of the area, contained salt water at
640 feet.

The Manokin. Aquifer’

Location of the Manokin Aquifer

The subcrop of the Manokin aquifer and the configuration on the top of
the aquifer are given in Figures 2 and 32. In the subcrop area, the Manokin
is overlain by the Quaternary deposits and in much of the area is a part of the
water-table aquifer of the Quaternary.

Development of the Manokin Aquifer

The areas of use of the Manokin are shown in Figure 32. In the subcrop
area some wells that are considered to have the Quaternary deposits as their
source of water may also draw water from the Manokin.

Undeveloped Areas of the Manokin Aquifer

The areas of potential use of the Manokin aquifer are shown in F1gure 32
from Cush1ng, et al, 1973.
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Table 16.

Quality of Ground Water and Area of Potential Saline-Water Intrusion

in the Frederica Aquifer, as Shown in Figure 31

Chemical constituents in ground water in the Frederica Aquifer (concen-

tration of constituents in milligrams per 1iter)

Area 1 2 3 4 5
Dissolved <100 100-250 250-500 500-1000 >1000
Hardness <h 5-200 50-70 20-50 <20->500
Sodium <10 4-50 50-150 150-300 >300
Bicarbonate <50 50-250 250-350 350-500 >500
Sulfate -— 2-10 5-15 15-100 >100
Chloride - 2-10 2-50 50-150 >150
Fluoride -—- 0.1-0.3 - - 0.8-1.0
Nitrate -— <] <1 1.0-1.2 1.0-3.0
Silica -—— 30-60 50-60 50-60 50-60
Iron and : :
manganese - 0.01-0.% <0.3 <0.3 0.2-2.0
pH --- 7.5-8.0 >8.0. >8.0 >8.0

*Dissolved solids x 1.55 = specific conductance (Micromhos at 25°C)

From Cushing, Kantrowitz and Taylor, 1973.
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Hydrology of the Manokin Aquifer

The hydrology of the Manokin aquifer has been studied in two parts by
Sundstrom and Pickett, 1969 and 1970. In the eastern part of Sussex County,
the subcrop of the Manokin occupies an area of about 75 square miles and in
the western part about 125 square miles. Thus, the Manokin becomes an inte-
gral part of the overlying Quaternary aquifer over an area of about 200 square
miles in Delaware. Downdip from the subcrop, the Manokin begins to become
confined by overlying silts and clays and becomes artesian in water-yielding
properties. The water levels in the Manokin in the subcrop area are the same
as those in the overlying Quaternary deposits and range from sea ievel to about
48 feet above sea level. In the artesian part, the artesian pressure at
Selbyville was reported 23.3 feet above sea level in 1957.

The specific capacities of 10 wells pumping water from the Manokin, or
Manokin and Pleistocene, range from 10 to 49 and average 23.4 gallons a minute
per foot of drawdown. Eight of the 10 wells yield 500 or more gallons a min-
ute and two wells yield more than 1,000 gallons a minute. The maximum yield
is 1,200 gallons a minute. The high specific capacities, coupled with the
high yield of wells, indicate that the Manokin aquifer has good to excellent
water-bearing properties.

The transmissivity of the Manokin artesian aquifer has been computed from
pumping tests at Bethany Beach in Sussex County, near Salisbury, Maryland and
at Snow Hill, Maryland. The coefficient of transmissivity at Bethany Beach is
60,000 gallons a day per foot, computed from a pumping test conducted by the
Middletown Drilling Company. Near Salisbury and at Snow Hill, pumping tests by
the U. S. Geological Survey gave transmissivities of 40,000 gallons a day per
foot at both places. The graphic . plot of the pumping-test data and computa-
tion of the coefficient of transmissivity at the Bethany Beach well Qj32-12
are shown in Figure Al11. The time-distance-drawdown graphs, based on the
transmissivity at well Qj32-12 and an assumed coefficient of storage and rate -
of pumping, are given in Figure A12. The electric log of well Pf23-2 (Fig-
ure A13) south of Georgetown indicates that the water-bearing properties of
the Manokin are probably better at well Pf23-2 than they are at Bethany Beach;
therefore, the higher transmissivity at Bethany Beach appears to be more ap—
plicable than the lower transmissivities determined in Maryland. ‘

The coefficient of storage has not been determined in the report area. In
the subcrop area of the aquifer the effective specific yield is probably about
0.15 and in the same order of magnitude as the overlying Pleistocene sediments.
In the artesian part of the Manokin the coefficient of storage is low, probably
in the order of 0.0005 or Tess. Gil1 (1962) reports the determ1nat1on of 26
coefficients of storage from aquifer tests in the Cohansey sand (Manokin?) in
Cape May County, New Jersey, ranging from 0.0027 to 0.0012. The New Jersey
coefficients may suggest some vertical leakage to the aquifer. In computing
the time-distance-drawdown graphs in Figure A12 a coefficient of storage of
0.0005 was used.

The Manokin aqu1fer does not reach suff1c1ent depth in the report area
to encounter the interface between fresh and salt water. The interface occurs
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several miles downdip from the southern boundary of the report area and in the
coastal outcrop area several miles east and southeast.

The hydraulic boundary that is important to the artesian part of the
Manokin aquifer is the favorable recharge boundary of the subcrop. The sub-
crop is so close to the artesian part that the favorable effect of recharge
from the subcrop will be substantial throughout the artesian portion. In
using the time-distance-drawdown curves in Figure Al2 to estimate the effect
of pumping in the artesian area, favorable corrections of drawdown will have to
be computed, based on the position of pumping and the recharge effect for that
position. The recharge corrections can be computed by applying the image well
theory described by Ferris, et al, (1962). In the downdip direction, or else-

where in the Manokin, no barrier boundaries are believed to exist close to the
report area.

The available drawdown in the Manckin in the subcrop area includes the
thickness of the Manokin aquifer plus the saturated thickness of the overlying
Pleistocene. The saturated thickness of both aquifers ranges from about 90 to

about 200 feet. In the artesian part of the Manokin, the available drawdown
ranges from about 100 to 225 feet.

Quantity of Water Available from the Manokin Agquifer

The quantity of water available from the Manokin is considered in two
parts. The first part is the amount available in the 200 square miles of sub-
crop shown in Figure 2. The second part is the amount from that area of the
Manokin which is confined and under artesian pressure. The amount of water
available from the 200 square mile subcrop area is included in the available
water from the Quaternary water-table aquifer discussed later. The available

water from the artesian part of the aquifer is estimated to be 40 to 50 million
gallons a day.

Quality of Water in the Manokin Aquifer

Areas of similar chemical quality of ground water in the Manokin aquifer
are shown in Figure 33. Chemical constituents in ground water in the Manokin -
aquifer in milligram equivalents per liter are given in Table 17.

Salt-Water Problems in the Manokin Aquifer

Potential saline intrusions into the subcrop area of the Manokin are shown
in Figure 33. The interface of fresh-salt water in the artesian part of the
aquifer is probably too far downdip in the aquifer to be a problem in Delaware.
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Table 17.

Qua11ty of Ground Water and Area of Potential Saline-Water Intrusion

in the Manok1n Aquifer, as Shown in Figure 33

Chemical constituents in ground water in the
Manokin aquifer (concentration of con-

stituents in milligrams per liter)

Area 1 2
Dgg%g;gfd <150 150-250
'Hardness 5-GQ 60-150
Sodium 5-20‘ 20-55
3icarbonate 3-125 100-225
Sulfate 0—23’ 0-7
Chloride <10 10-60
Fluoride 0.0-0.2 0.0-0.3
i Nitrate 0.0-6.0 0.1-3.5
| Silica 20-40 15-45
;;zgaﬁgge 0.3-5.0 0.06-12.0
~ pH 6.0-6.8 6.4-8.0

*Dissolved solids x 1,68
(Micromhos at 25°C)
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The Pocomoke Aquifer-

Location’of the Pocomoke Aquifer

The configuration of the top of the Pocomoke aquifer is shown in Figures
2 and 34. The aquifer lies directly beneath the Quaternary water-table aqui-
fer. Throughout the area occupied by the Pocomoke aquifer in Delaware, the
water-table aquifer of the Quaternary (P1e1stocene) and the Pocomoke are com-
mon to each other.

Develqpment of the Pocomoke Aquifer

The areas of use of the Pocomoke are shown in Figure 34. In some places
the deeper water table of the Pocomoke is preferred because of the better
quality of water contained in it.

Undeveloped Areas of the Pocomoke Aquifer

The undeveloped area of the Pocomoke in De1aware is sHan in Figure 34.

Hydrology of the Pocomoke Aquifer -

The hydrology of the aqu1fer is dlscussed later in this report as a part

of the water- table aquifer of the Quaternary (P1e1stocene)

Quality of Water in the Pocomoke Aquifer

Areas of similar quality of ground water in the Pocomoke aquifer are shown
in Figure 35. Chemical constituents in the ground water in the Pocomoke in
milligram equivalents per 11ter are given in Table 18,

Salt-Water Problems in the PocOméke”Aquifef

The area of'potentiaT_salt-water intrusion into the Pocomoke aquifer in
Delaware is shown in Figure 35.
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AREA OF POTENTIAL SALINE- WATER
INTRUSION

SEE TABLE (8 FOR RANGE IN
CHEMICAL CONSTITUENTS.
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Table 18.

Quality of Ground Water and Area of Potential Saline-Water Intrusion
in the Pocomoke Aquifer, as Shown in Figure 35

Chemical constituents in ground water in the Pocomoke aquifer

(concentration of constituents in milligrams per liter)

Area 1T 2 3 4
Dissolved <100 100-150 250-500 500-1,000
Hardness <25 25-50 50-200 50-200
Sodium <10 10-25 35-175 175-350
Bicarbonate <25 25-125 180-430 190-440
Sulfate 1-17 --- <1-6 <1-30
Chloride 3-15 5-15 20~-100 100-450
Fluoride 0.0-0.3 -— 0.2-0.5 ———-
Nitrate 0.0-29 -— 0.2-4.1 -—
Silica 20-40 - 15-30 <15
Iron and
Manganese 0.0~20 - 0.3-3.0 0.0-2.0
pH 5.6-7.1 --- 7.3-8.4 -—-

*Dissolved solids x 1.53 = specific conductance
(Micromhos at 25°C)

From Cushing, Kantrowitz and Taylor, 1973.
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The Quaternary Water-Table Aquifer

Availability of Water from the Water-Table Agquifer in the Coastal Plain

in New Castle County

The available water from the water-table aquifer in the Coastal Plain of.
New Castle County is small in terms of an adequate supply to large-capacity
wells of 500 or more gallons a minute each. This is especially true north of
the Chesapeake and Delaware Canal. Although the water-table aquifer where the
Pleistocene sediments contain 10 or more feet of saturated material covers 182

- square miles, the thickness of saturation of 40 feet or more needed to assure

large-capacity wells occupies only 11 square miles, of which eight are south of
the Chesapeake and Delaware Canal. The P]eistocene water-table aquifer prob-
ably will supply large-capacity wells in these isolated areas in amounts equal
to the available recharge which would amount to about three million gallons a

. day north of the canal and about eight million gallons a day on the south side

of the canal in the Middletown-Odessa and Smyrna areas. The total available
supply-to large-capacity wells in the county -is about 11 million gallons a day.

The P1e1stocene aquifer is an important source of water to small wells
over the entire area of 182 square miles where it has 10 or more feet of
saturated thickness. Although the Pleistocene aquifer is a poor source of
large supplies of water in the county, it has importance in maintaining the

. base flow of streams, in furnishing plant 1ife moisture, in maintaining a

reservoir of recharge water for the artesian aquifers, and in maintaining the
hydraulic gradient that halts the ingress of salt water a1ong the Delaware
Estuary and Bay.

The prospects of supplementing the water supply of New Castle County by -
the use of artificial recharge to the ground-water reservoir of the Pleisto-
cene aquifer is brought into focus in the report by Sundstrom (1971). Whether
or not such recharge is practicable and feasible can be told only after re-

~quired research and study are made.

Availability of Water from the Quaternary and Miocene Qutcrop

Water-Table Aquifers in Kent County

The Pleistocene deposits cover about 88 percent of the land area in Kent
County and almost everywhere small to moderate supplies for rural and domestic
purposes can be obtained, although the aquifer may be only a few feet thick.

In other parts of the county, where the Pleistocene aquifer is thicker, and in
many instances underlain by Miocene outcrop or near outcrop sands, the total
aquifer thickness has been observed to reach a thickness of 178 feet and y1e1ds
of 1,000 gallons a minute are reported
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In appraising the availability of water from the Pleistocene and Miocene
outcrop aquifers, it must be kept in mind that any development of the water-
table aquifers is retated and will have an effect on the fairweather discharge
to the streams. If the low flow stream discharge can be neglected, then the
Pleistocene and underlying Miocene outcrop aquifers probably could be pumped at
a rate of 100 million gallons daily or more without seriously depleting the
reservoir. If such a high rate of withdrawal is undertaken, there might be an
associated problem of salt-water encroachment close to sources of salt water
unless proper planning and pumping rates are maintained. The problem is dis-
cussed in the report by Sundstrom and Pickett, 1968.

Hydrology of the Pleistocene and Subcropping Miocene Water-Table
Agquifer 1n Sussex County

The Pleistocene and, in some localities, subcropping Miocene sands form
a water-table aquifer that supplies water to wells in all of Sussex County.
The aquifer provides approximately 90 percent of the ground water pumped in
the area. The water-table aquifer not only supplies water to municipalities,
industries, irrigators, and the rural area; but also provides (1) a reservoir
of water available to the artesian aquifers as a continual source of recharge;
(2) a supply of water furnishing the fairweather flow of the streams; and (3)
a supply of water that maintains the hydraulic gradient that prevents ingress
of the salt water into the ground-water reservoirs from Delaware Bay, the
Atlantic Ocean, the tidal estuaries and the tidal marshlands in part of the
coastal area. In some of the coastal area, the altitude of the water-table is
not adequate to protect the deeper sections of the water-table aquifer. The
many functions of the water-table aquifer make it necessary to give considera-
tion to each of the functions the aquifer is now providing and integrate into
these functions the effect of new and further development of the aquifer. If
new development is done wisely, the aquifer can supply large quantities of ad-
ditional water without seriously harming its contribution to the fairweather
flow of the streams or its role in protecting against salt-water encroachment.
In fact, there are many thousands of acres where the water table is too high,
- and withdrawal of ground water would help alleviate swampy conditions and
excess evaporation and would induce more recharge to replace water pumped.

Estimated Thickness of Saturation in the Water-Table Aquifer

The thickness of saturation in the water-table aquifer in the Pleistocene
in Sussex County has been computed and is illustrated in Figure 36. The thick-
ness of the saturated portion of the Pleistocene has been determined from the
altitude of the water-table aquifer in 467 wells and the base of the Pleisto-
cene, as shown in Figure 36. Records of wells giving the land surface, the
altitude of the water-table, the depth of penetration in the water-table aqui-
fer below sea level, the depth of the base of the Pleistocene and in some wells
and the known thickness of the water-table aquifer is given in Table B18. The
thickness of saturation in the Manokin has been estimated from its thickness
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in the e1ght wells that penetrate the aquifer. The average thickness of the
Manokin in the eight wells is 45 feet, and this thickness is previously used

in the computations of water in the Manokin subcrop. Three wells that penetrate
the Pocomoke subcrop have thicknesses of water-bearing sand that average 30

feet. This average is used in the later computations of available water from -
the Pocomoke subcrop.

No estimate of the thickness of other subcropping Miocene sands was pos-
sible because of lack of data. The other subcrops, while adding to the total
supply of the water-table ground-water reservoir, are unknown, but are believed
to be minor when considering the aquifer as a who]e The altitude of the water
table in the Pleistocene is known with much more accuracy than is the position
of the base of the Pleistocene., For this reason, the thickness of the water-
table aquifer, including the Manokin subcrop, ranges from 41 to 194 feet.

Estimated Volume of Saturation in the Nater%Tab]e Aquifer \Ab

The volume of saturated material in the water-table aquifers of the Pleisto-
cene, the Manokin subcrop and the Pocomoke subcrop has been computed. In com-
puting the volume of saturated material, the volume of saturated material above
and below sea level was first computed. The report area was subdivided into
5-minute grids of latitude and Tongitude, as shown in F1gure 1. The area within
each grid in acres was determined. The average thickness of saturation above
sea level was determined from the altitudes of the water levels of wells within
the grid. The volume of saturation in each grid in acre-feet is the product
of the area of the grid in acres multiplied by the average thickness of satura-
tion in feet. The results of these computations for the- volume of saturation
in the Pleistocene above and below sea level are given in Table B19, In deter-
mining the thickness of saturation below sea level, the base of the Columbia
Group (Pleistocene) is shown in Figure 11. The sum of the altitude above sea
level, taken from the average altitude of the water level and the depth to the
base of the Columbia Group, equals the total thickness of the saturated portion
of the Pleistocene at concurrent points of measurement. The thickness of:
saturation in the Pleistocene is shown -in Figure 36. . The saturated subcrops
~of the Manokin and Pocomoke both are below sea level. - The volumes of saturated
material in both aquifers have been computed by the product of the area in
- acres of the aquifers multiplied by their thickness in feet.

The Pleistocene aquifer contains about 22 mi]]ion acre—feet of saturated
material above sea level, and about 40 million acre-feet of saturated material
below sea level, totaling 62 million acre feet. The volume of saturated mater-
ial in the subcrop of the Manokin is estimated to be 4,500,000 acre-feet. The
volume of saturated material in the subcrop of the Pocomoke is only 1,900,000
acre feet.

The total volume of saturated material in the water-table aquifer of the
Pleistocene and subcropping Manokin and Pocomoke aquifers is about 68 million
acre-feet, or more than 20 cubic miles.
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Effective Yield of the Water-Table Aquifer

The sands and gravels that form the water-table aquifer will yield gn]y a
part of the water contained in storage when the aquifer is pumped or drained
by natural ground-water flow to a stream, spring or lake. Many water-table
aquifers, similar to that of Sussex County, have effective specific yields to
wells or natural drainage of 11 to 19 percent of the volume of the aquifer
unwatered. In Sussex and Kent Counties, two wells tapping the water-table
aquifer were observed and the declines during the extreme drought period from
June to October, 1968, were analyzed for effective yield. Likewise, the rises
during the extreme wet period from July 21 to August 20, 1969, when 13.27
inches of rain fell at Georgetown, were analyzed for effective recharge to the
aquifer. Figure A4 shows graphically the fluctuation in the two wells from
March 1967 to December 1969. The effect of drought that extends over a long
period of time, generally, is subject to analysis with better results because
during the prolonged drought little or no recharge is taking place over the
area under study. In making recharge ana]yses during periods of heavy preci-
pitation the amount of rainfall often varies widely from place to place, and
the water levels observed at one place may not be precisely correct in magni-
tude to correlate with precipitation that was measured elsewhere.

The period of dra1nage analyzed extends from water-level measurements made
in wells Md22-1 and Qe44-1 on June 6, 1968, to the measurements made in the
wells on October 4, 1968. During th1s per1od the precipitation at Georgetown
was deficient by 9.76 <inches and at no time, except July 4, 1968, did more
than an inch of prec1p1tat1on fall. The rainfall on July 4 was . 1.35 inches.

No rainfall during the period is believed to be adequate to affect the decline
of the water table. The water table declined 5.8 feet in well Md22-1 and 5.0
feet in well Qed4-1 between June 6, 1968, and October 4, 1968. The gravity
drainage or specific yield in terms of deficiency in precipitation to total
decline in well Md22-1 is equal to 9.76/5.8 x 12 = 14.0 percent and in well
Qed4-1 is equal to 9.76/5.0 x 12 = 16.2 percent. The figures of 14.0 and

16.2 percent represent a ratio of the deficiency in rainfall to the decline in
water level and approaches the true drainage or specific yield value. The :
average of these two values is 15.1 percent.  Sundstrom (Sundstrom and P1ckett
1968) in discussing the effective specific yield of the water-table aquifer . in
Kent County, used 15 percent for his quantitative computat1on of the aquifer.
The same figure is used for Sussex County. . ‘

The period of recharge to the aquifer analyzed extends from water-Tevel
measurements made in wells Md22-1 and Qe44-1 on July 23, 1969, to a measurement
made in well Md22-1 on September 11, 1969, and by an est1mated water Tevel in
well Qe44-1 on September 11, 1969, by extend1ng the rate or rise observed from
July 23 to August 28 onward to September 11, 1969. The rise in water level for
the above per1od July 23 to September 11, 1969, was 5.7 feet in well Md22-1
and 5.1 feet in well Qedd-1. During the period July 19 to August 21, 1969, a
period of 34 days, 13.27 inches of rain fell at Georgetown. Based on an aver-
age annual rainfall of 46.75 inches of rain at Georgetown, the 13.27 inches of
rain in a 34-day period represents an excess over average precip1tat1on of 8.91
inches. The excess prec1p1tat1on when related to the rise in water levels in
in wells Md22-1 and Qed44-1, shows that excess precipitation in depth is equal
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to 14.6 percent of the rise in water level in well Qe44-1 and 13 percent of the
rise in water level in well Md22-1.

Meyer and Bennett (1955) show graphically the water-level fluctuations in-
a well at the nearby Salisbury, Maryland, airport in response to precipitation-
that occurred from May 13 to 18, 1948. The graph is of value in quantitative
analysis of the Pleistocene water-table aquifer in reflecting the relationship
of water added to the aquifer to the volume of material saturated. During the
five-day period 5.80 inches of rain caused the water level to rise to 48.12
inches. The volume of water precipitated on the surface above the aquifer

amounted to a 1ittle more than 12 percent of the volume of the aquifer saturated.

In the ear]y part of the five-day period 2.31 inches of precipitation fell,
causing a rise in the water table of 16.2 inches. During this period, the vol-
ume of water from rainfall is more than 14 percent of the volume of material
saturated. The figure of 14 percent is nearly representative of the effective
specific y1e]d and approaches closely the figure of 15 percent used by Sundstrom

and Pickett in the Kent County, Delaware, study (1968) and in the Sussex County
studies (1969 and 1970).

The Water-Table Aqu1fer and Its Relation to Streamflow

The water-table aqu1fer of the Pleistocene supplies nearly a11 of the
fairweather flow of the streams. When the stage of the aquifer is high, the
discharge from it is high. When the water level in the aquifer diminishes, its
discharge also declines. Precipitation or lack of precipitation causes the
aquifer to fluctuate considerably, often in short periods of time. Figure
A15 shows the composite fluctuation in 13 water-table wells in Delaware over
a period of more than 11 years. Examples of the relation of the stage of the
ground-water reservoir to the flow of streams can be demonstrated by the fluc-
tuations in wells Md22-T1 and Qe44-1, shown in Figure A14 and the relation of -
the fluctuation of stage of the water table to the discharge of the Nanticoke -
River near Bridgeville, Delaware, and to the discharge of the Pocomoke River
across the state line near Willards, Maryland. In June, 1968, the water level
in well Md22-1 measured 6.6 feet below land surface. As the drought continued,
the water Tevel in well Md22-1 was measured 9.9 feet below land surface and in
well Qed44-1 was measured 11.6 feet below land surface. The average daily dis-
charge of the Pocomoke River for the same period was 49.2 cubic feet per second.
In September 1968, the drought had decreased the average monthly flow of the
Nanticoke to 34.2 cubic feet per second. - The relation of ground-water stage to
the average monthly discharge of the two rivers is summarized in Table B20
(Sundstrom and Pickett, 1970). Table B20 shows that the average daily dis-
charge for the Nanticoke dropped from 46.9 million gallons a day to 22.1 mil-
lion gallons a day, representing a decrease in discharge of 24.8 million gal-
lons a day in the four-month period. The average daily discharge of the Poco-
moke dropped from 31.8 million gallons a day to three million gallons a day in
the four-month period. During the drought period, the flow of both streams
was mostly water-fed by the water-table aquifer.

In a three-year study of the Pleistocene water-table aquifer in the Salis-
bury area of Maryland, a few miles south of western Sussex County, Rasmussen
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and Andreasen (1959) found very close relation between the stage of the water
table and the base flow of Beaverdam Creek. The relation is shown in Figure
A16. Similar studies now in progress by the U. S. Geological Survey and the
Delaware Geo]og1ca1 Survey will soon define the relation of the stage of.the
water level in Pleistocene wells with the stage of the Nanticoke and other
Delaware streams in more detail. The studies are important in defining the
ground-water contribution and the overland runoff to the streams.

Specific Capacities of Wells in the Water-Table Aquifer

Specific capacities have been determined in 72 wells in the water-table
aquifer. In 28 of these wells the specific capacity ranges from 2.2 to 10.0
gallons a minute per foot of drawdown. A1l of the wells having a specific
capacity below 10 are smaller-diameter wells, generally used for rural water
supply. The Tow specific capacities of these wells are not representative
of the specific capacities that would be obtained from larger-diameter and
better-constructed wells at the same location. The 44 wells that have higher
specific capacities, ranging from 10.0 to 49.0 gallons a minute per foot of
drawdown, are more representative of the better-developed wells in the area.
The specific capacities of the better wells are better indicators of the true
water-yielding properties of the aquifer. Of the 44 wells that have specific
capacities over 10 gallons a minute per foot of drawdown; 29 wells range from
10 to 20 gallons a minute per foot of drawdown, nine wells range from 20 to
30 gallons a minute per foot of drawdown, two we]]s range from 30 to 40 gallons
a minute per foot of drawdown, and four we]]s have specific capacities above 40
gallons a minute per foot of drawdown. The average specific capacity of the
44 wells is 27.3 ga110ns a minute per foot of drawdown. The specific capacity
of individual wells is given in the report by Sundstrom and P1ckett (1969)
and in the Tab]e B16.

Transmissivity of the Water-Table Aquifer

The transmissivity of the water-table aquifer has been determined from
pumping tests conducted at Lewes and Rehoboth Beach by the Y. S. Geological
Survey during the course of ground-water studies at the two cities. Seven
pumping tests, five at Lewes and two at Rehoboth Beach, give coefficients of
transmissivity ranging from 45,000 to 135,000 gallons a day per foot. The
average of the seven determinations is 88,000 gallons a day per foot. One
coefficient of transmissivity was determined at Laurel by permeability deter-
minations made from samples collected in a place while digging a well by hand.
The transmissivity was later determined by multiplying the average permeabil-
ity by the thickness of the aquifer. The computed transmissivity at Laurel
is 114,000 gallons a day per foot. For purposes of quantitative study and
analyses in this report, a transmissivity of 100,000 gallons a day per. foot
has been used. Transmissivities determined from individual tests have been
reported by Sundstrom and Pickett (1969). :

123



- The time-distance-drawdown graph in Figure A17 demonstrates the effect of
pumping a well at a rate of 1,000 gallons a minute on the water levels in the
water-table aquifer after pumping continually for 100 and 1,000 days at dis-
tances ranging from 10 to 25,000 feet. Figure A17 is based on the assumption
that no recharge takes place during the period of pumping and that the aquifer
is not affected by gravity drainage. For the 100-day pumping period, no re-
charge from rainfall would be unusual and for the 1,000-day period would be
impossible, according to rainfall records. Figure A15 shows the effect of
recharge from rainfall and drought on the water level in the water-table aqui-
fer. Figure A15 clearly demonstrates by fluctuations in the water level in
1951-52 and in 1957-58 that the effect of rainfall and drought on the water
level in a few months is greater than the effect of pumping a well continuously
for 100 days on the water level in the water-table aquifer 1,000 feet from the
pumped well.- Figure A17 also demonstrates that during the 100 days of continu-
ous pumping, the effect of pumping on the water table would only reach less
than a mile, and that beyond 1,000 feet from the pumped well the effect would
be less than four feet. The graphs in Figure A17 have been computed using a
coefficient of transmissivity of 100,000 gallons a day per foot and a spec1f1c
yield, or coeff1c1ent of storage, of 0.15.

Table B17 g1ves the yield and spec1f1c capacity of large-diameter wells

tapp1ng the Quaternary deposits and est1mated transm1ss1v1ty of the aquifer
from Richard H. Johnston (1974).

Coefficients of Storage in the Water-Table Aquifer

Coefficients of storage have been determined from observations in three -
wells during pumping tests to determine aquifer coefficients. All of the
determined values are too low. The true coefficient of storage probably ap-
proaches the effective specific yield of the aquifer. Earlier discussion in
this report indicates that the effective specific yield is in the order of
0.15. In nearby Salisbury, Maryland, Rasmussen and S]aughter (1957) report a
coefficient of storage for the aquifer of 0.15. The figure is in harmony with
the effective specific yield determined in this study from the fluctuation of
water levels in wells Md22-1 and Qe44—1. The figure of 0.15 was used for the
effective specific yield in appraising the water-table aquifer in Kent and
Sussex Count1es (Sundstrom and P1ckett 1968 and 1969) -and is the figure used
here1n ' ’

Recharge -to the Water-Table Aquifer

Recharge to. the water-table aquifer is a substantial part of the precipi-
tation that falls on the surface of Sussex County. The average amount of pre-.
cipitation is 46.55 inches annually. On an average daily basis, the precipita-
tion is equal to slightly more than two billion gallons a day for the report
area or about 2,200,000 gallons a day per square mile. Barksdale and others
(1958) estimated 20 to 21 inches of the annual rainfall was available to
recharge the outcrop and subcrop of the Raritan aquifer in Delaware. The same
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amount or slightly more should be available to recharge the water-table aquifer
in Sussex County. In the Salisbury area of Maryland, Rasmussen and Andreasen
(1959) report recharge to the water-table aquifer of 42.63 inches over a two-
year period. In Sussex County, an average annual recharge of 21 inches seems
reasonable. If this estimate is reasonable, then the average annual recharge
to the area as a whole is about 950 million gallons daily, or one million
gallons per day per square mile. The recharge is adequate to keep much of the
aquifer brimful as shown in Figure 37, and in several areas swamps are general.
Pumpage in parts of the aquifer might lower the water table and induce con-

siderably more recharge. The stage of the aquifer-is illustrated in Figures
38 and 39, ' ‘

Discharge of the Water-Table Aquifer

Discharge from the water-table aquifer is a continuous process. It pro-
vides the fairweather flow of the streams, the ground water that is used in
Sussex County, the recharge to the underlying artesian aquifers and a part of
the evaporation directly to the atmosphere, and a part of the transpiration of.
trees and plants growing in the area. The discharge of the water-table aquifer
to the fairweather flow of the streams is quantitatively the most important.

Many hydrologists have studied the relation of ground-water discharge to
the total discharge of streams. Two important studies of this relation have
been made in the nearby Beaverdam Creek watershed just south of the report area
in Maryland. Rasmussen and Andreasen (1959) made a two-year study and found
that nearly 26 percent of the rainfall that fell on the watershed reached
Beaverdam Creek as ground-water discharge. Meyer and Bennett (1955) analyzed .
14 years of streamflow records and reported the average daily discharge of

‘the stream as 764,000 gallons a day per square mile, of which 602,000 gallons

a day per square mile was ground-water discharge. For the purpose of this
study, Meyer's and Bennett's figure for ground-water discharge has been used
because the precipitation during the two-year study of Rasmussen and Andreasen
was 5.64 inches annually less than normal.

The discharge of the Nanticoke River over a period of 24 years has aver-
aged 776,000 gallons a day per sguare mile. The Nanticoke average discharge
per square mile is almost identical with that reported by Meyer and Bennett.
Using the same proportion for ground-water discharge as Meyer and Bennett used,
the ground-water discharge of the Nanticoke River near Bridgeville was 611,000
gallons a day per square mile. .Based on this analysis and applying it to
Sussex County as a whole, the gravity drainage of ground water received by
streams amounts to about 580 million gallons a day, or about 61 percent of the
recharge to the aquifer. The overland or flood runoff to streams that does not
enter the ground-water reservoir averages only 157 million galions a day.
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Availability of Water from the Water-Table Aquifer in
Eastern Sussex County

Pleistocene deposits cover or underlie the entire area of eastern Sussex
County. The water-table aquifer formed by the Pleistocene and subcropping
Manokin and Pocomoke sands ranges from 70 to 150 feet in thickness and pro-
vides moderate to large supplies of water to wells. In appraising the avail-
ability of water from the aquifer, it must be kept in mind that the aquifer is
not only a source of water to wells, but it also provides the fairweather flow
of the streams in the area, provides the hydraulic gradient that protects the
aquifer from the ingress of salt water, provides recharge to the artesian
aquifers, and provides more than 90 percent of all of the ground water used.
The nearly 18 million gallons a day that are now used show little or no effect
on the aquifer., The effect of departures from normal precipitation is estima-
ted 10 to 20 times greater than the effect of pumping.

A11 of the water-table aquifer coefficients are favorable for large de-
velopment of ground water throughout most of the area. Development of large

supplies are feasible, except where limited by the salt-water problems or by

the need for maintaining fairweather flow of streams. It is evident that by
proper and planned development more than 100 million gallons a day can be

~developed from the water-table aquifer without seriously. harm1ng the other
. useful functions of the aquifer. '

Availability of Water from the water-Tab1e Aguifer in
Western Sussex County

The amount of ground water available from the water-table aquifer of the
Pleistocene and subcropping Miocene sands is large and exceeds 100 million
gallons daily. To assess the yield of the aquifer more closely, many hydrolog-
ic facts concerning the aquifer must be kept in mind, and in developing plans
to use the aquifer these hydrologic facts must be weighed and applied in de-
ciding the best and proper use of the aquifer. For example, if the ground-
water contribution to streamflow were disregarded, Sundstrom and Pickett (1970)
show that the gravity drainage amounting to 280 million gallons a day, plus
salvaged evaporation, could be used to boost the yield of the aquifer to wells
past 300 million gallons daily. Such development might be very beneficial to
agricultural pursuits and at the same time would be detrimental to the water -
supply, recreational facilities and sanitary aspects of the streams.

Some of the hydrologic factors that affect the water-tab]e aquifer dis-
cussed in this report are: (1) on the average, slightly more than one billion
gallons of water fall in the report area daily; (2) of the water that precipi-
tates on the area, about 460 million gallons a day are available for recharge;
(3) about 280 million gallons a day reach the streams as gravity drainage or
ground-water discharge; (4) about 12 miilion galions daily are pumped from wells;
(5) an unknown small amount moves downdip in subcropping artesian ground-water
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reservoirs; and (6) the remainder of the recharge is dissipated by evapotrans-
piration or change in the volume of storage within the aquifer.

In considering the precipitation that falls on the area, these observa-
tions are apparent: (1) wet periods and droughts can make the water table
fluctuate five to seven feet in a period of a few months (Figures Al4 and Al15);
(2) drought periods have reduced the ground-water discharge to many small
streams to zero, and in the Nanticoke at Bridgeville, the ground-water dis-
charge to the river has been observed as low as 6.3 cubic feet per second,
representing a ground-water flow to the river of only about 37 gallons a
minute for each square mile of drainage area; (3) precipitation that falls on
the area exceeds the recharge to the ground-water reservoir by an average of
more than 640 million gallons a day with much of the water falling in areas
where the water-table aquifer is brimful and in areas of swamps where the sur-
face is covered with water at the time precipitation falls; (4) precipitation

that falls on the area exceeds the overland surface runoff to streams by about
924 mi1lion gallons a day. '

In considering recharge to the water-table aquifer, these observations
are apparent: (1) of the estimated average 460 million gallons daily available
to recharge the aquifer, about 12 million gallons a day are removed from the
aquifer by pumps, and about 280 million gallons a day are fed to the streams
by gravity drainage; (2) the remaining 168 million gallons are largely paid out
from the ground-water reservoir by evapotranspiration. Presently, the recharge
to the aquifer is taking place under natural conditions. The aquifer could
probably be developed to take more induced recharge by lowering the water
table in some areas where it is close to the surface. This is possible in
both intake and discharge areas. The streamflow would be affected in dis--
charge areas; swamps would be affected in the intake areas.

A study of 24 years of streamflow data on the Nanticoke River near Bridge-
ville indicates that, on the average, the discharge of the river is 776,000 gal-
lons a day per square mile of drainage area of which 79 percent of the dis-
charge is computed to be from ground-water gravity drainage. The Nanticoke re-
cords further show that during three months of drought in July, August and Sep-

~tember 1957, the flow of the river only amounted to 207,000 gallons a day per
square mile of drainage area, or about 143 gallons a minute per square mile.

On September 29, 1943, the discharge of the river declined to 54,000
gallons a day per square mile, or less than 40 gallons a minute per square
mile. The records show that storage is needed to supplement the ground-water
discharge in order to maintain the flow during prolonged drought. '

Under prudent planning, development and management, the combined supply
of ground and surface water supplying the streamflow in the area can be _
reasonably stabilized so that the ground-water supply can be increased ten-
fold over the present usage or to about 120 million gallons a day. In.ac-
complishing the increased ground-water withdrawal, water lost to evapotrans-
piration in the high water table and swampy areas should be salvaged as much
as possible to minimize the effect on the fairweather flow of the streams.

Base flow of the streams can be supplemented by pumped ground water during
extreme drought periods if necessary.
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Quality of Water from the Quaternary Aquifer

Tables 19 and 20 show that the water from the Quaternary aquifer is
generally of good quality except for the high iron and manganese content of
samples of water from some of the wells. The low hydrogen ion concentration
in the water from many of the wells indicates that the water is acid in
character, Consideration must be given to treatment of the water in several
areas to make it suitable for some uses. Areas of similar chemical quality
of ground water and areas of potential salt-water intrusion into the Quater-
nary aquifer are shown in Figure 40. :
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Table 19.

" Quality of Ground Water and Potential Saline-watef Intrusion
' in the Quaternary Aquifer, as Shown in Figure 40

Chemical constituents in ground water in the
Quaternary aquifer (concentration of con-
stituents in milligrams per liter)

Area 1 : 2
Pissolved <100 100-250
Hardness : <35 35-150
Sodium 2-20 12-70
Bicarbonate 5-40 10-140
Chloride 5-20 -10-70
Fluoride <0.2 <0.2
Silica 10-30 15-40
;;z'g‘ and 0.02-21 0.02-17
pH 5.4-7.0 5.8-7.5

*In area 1, dissolved solids x 1.20 = specific
conductance (Micromhos at 25°C)
In area 2 dissolved solids x 1.45 = specific
conductance

From Cushing, Kantrowitz and Tay]or; 1973.
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Table 20.

Chemical Constituents in Water from 19 Wells
Tapping the Columbia Deposits

(Chemical Constituents in Milligrams Per Liter)

I , 1 . 2 - : . = i . . " A . . . o ,‘ . , 1 4 o g

Chgg?zgitugggpgity Minimum Maximum | Average
Silica (Si07) 9.8 25 | 16
Iron (Fe) - .00 2.1 . .33
Calcium (Ca) | 1.6 17 7.6
| Magnesium (Mg) - 0.4 13 5.2

Sodium and Potassium (Na + K) . 3.7 40 . 15
Bicarbonate (HCO3) 4 38 17
Sulfate (S0g) . 0.4 40 13
Chloride (C1) 4 | 86 21
Nitrate (NO3) 0 36 | 13
Dissolved Solids 50 ) 235 n3.
Hardness (as CaC03): | |

Calcium, Magnesium 5 ' 93 39

Noncarbonate 0 64 18
pH : | 5.4 7.5 6.1
From R. H. Johnston, 1974.
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WATER RESOURCES PROBLEMS

THE SALT-WATER PROBLEM

This section of the report d1scusses the probab111ty of sa]t water prob-
lems in the aquifers of eastern Sussex County. The Atlantic Ocean, the
Delaware Bay, the four intand bays (Rehoboth, Indian River, Little Assawoman,
and Assawoman) and the tidal estuaries dra1n1ng to these bays all contain

- highly mineralized water. The Atlantic Ocean is in direct contact with the .

water-table aquifer from Cape Henlopen to the southern end of the area near
Fenwick Island. The inland bays, whose outlets are to the ocean and the tidal
estuaries’ discharging into the bays, all overlie the Pleistocene water-table
aquifer. ~In most places the aquifer is discharging fresh water into.the in-
land bays and tidal estuaries. The subcrops of some of the artesian aquifers
extend as far as northern Kent County so that they are crossed by Delaware. Bay -
as much as 40 miles upstream from the mouth of the bay.

The Delaware Bay, with its mouth in direct contact with the Atlantic
Ocean, extends 48 miles upstream to the beginning of the Delaware River Es-
tuary at Liston Point, Delaware. The estuary of the river then continues up-
stream 86 more miles to Trenton, New Jersey. Above Trenton, the river ceases
to be tidal and the river proper begins. At the beginning of the estuary at
Trenton, the stream contains fresh water and the river's estuary remains rela-
tively uncontaminated by salt water for many miles downstream from Trenton.

At Memorial Bridge near Wilmington during periods of low river flow and high. . ..
tide from the Bay, chlorides are often above 1,000 parts per million and on
occasions reach 1,700 or more parts per million. Downstream from Memorial
Bridge about 12.5 miles at Reedy Island Jetty, Delaware, and about 9.5 miles
above the New Castle-Kent County boundary line, the chlorides during similar
periods will reach more than 6,000 parts per m1]11on During these periods

of high chloride, the low for the day may not decline more than 2,000 parts per
million from the high for the day. About two-fifths of eastern Sussex County
is bounded on the northeast by the lower part of Delaware Bay, where the chlo-
ride concentration of the Bay approaches that of the Atlantic Ocean. The sub-
crops of the lower Miocene artesian aquifers are of sufficient distance. up-

' stream to be crossed by the middle section of the bay.

The Piney Point Aquifer Crossed by Delaware Bay

The Piney Point aquifer lies at depths of 200 feet or more below sea level
where it is crossed by Delaware Bay. The Cheswold, Frederica and minor Miocene
aqu1fers containing fresh water 1ie above the Piney Point and are also crossed
in subcrop by the Delaware Bay in northern Kent County. . No evidence of contam-
ination from the Bay has been found in the overlying Cheswo]d or Freder1ca
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aquifers in the subcrop area in Kent County. The confining clays and over-

lying sands of the Cheswold and Frederica containing fresh water preclude
salt-water contamination in the Piney Point.

The Interface Between Fresh and Salt Water in
the Piney Point Aquifer

The interface between fresh and salt water is beljeved to be close to the .
Kent-Sussex County boundary Tine. A test well drilled to the Piney Point at
MiTford in 1968 obtained water that contained 540 parts per million of chlo-
ride. ~ This amount of chloride in relation to the depth of the aquifer and the
or1g1na1 artesian pressure lends evidence that the fresh-salt water. interface
is nearby. The chloride content, although not suff1c1ent1y high to make the

water unusable for some purposes, is more than twice as high as recommended for

public consumption on public carriers by the U. S. Public.Health Service. If:
the chlorides found in the water in the test well are an indicator of the
proximity of the interface, then the water should increase considerably in
salinity a few m11es downdip.

~ The Cheswold Aquifer Crossed by the Delaware qu

In con51der1ng the salt-water problem in Kent County in 1968 Sundstrom
‘wrote the following about the outcrop of the Cheswold: :

"The outcrop of the Cheswold aguifer extends across the north-.
ern part of Kent County. In the extreme northeastern part of the
County, the Cheswold outcrop is.about two mites wide where it is
crossed by the Delaware Bay. The problem of the possibility of

vsalt-water leakage from the estuary of the Delaware to the outcrops

- of the ground-water aquifers crossed by the estuary was given con- .
siderable study during an earlier investigation in 1967 of the .

" availability of ground water from the Potomac Formation to the
north in New Castle County. No evidence of contamination of the.
Potomac Formation by the estuary was found, and Dr. R. R. Jordan
of the Delaware Geological Survey reports a Delaware Research
Foundation study in progress in which he was of the belief that
the nature of the sediments in the bed of the estuary that pro-
tected the Potomac were such that they formed a protective seal of
the bottom of the estuary downstream past the southern New Castle
County line. :

"Dr. Jordan has continued his study of the Delaware Estuary and
Bay sediments and presented his findings in a paper presented at the
Northeastern Section Meeting of the Geological Soc1ety of America in - -
Washington, D.C., February 17, 1968. The paper is ent1t1ed
'Suspended and Bottom Sediments in the Delaware Estuary.' Jordan's
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study reveals that in the Bay 10 to 11 miles southeast of Woodland
Beach, Delaware, a transition from fine to coarser sediments begins
and that the sediments get progressively coarser to the mouth of the
Bay where sand predominates. The Bay crosses the outcrop of the
Cheswold aquifer about 9 to 12 miles above the transition zone of
the fine to coarser sediments in the Bay as described by Jordan.

The outcrop of the Cheswold is overlain by fine Bay bottom sediments,
and the distance to the coarser sediments affords protective cover
to the outcrop of the aquifer. Protection from salt-water intrusion
is further provided by the high water table in the Cheswold outcrop
and overlying Pleistocene. (See the Smyrna Hydrologic Atlas of the
U. S. Geological Survey.) Pumping has been in progress from the
Cheswold for more than 75 years with no reports of . intrusion into
the aquifer anywhere in the County."

The Interface Between Fresh and Salt Water in
the Cheswold Aquifer

The position of the interface in the Cheswold is unknown. The aquifer
yields fresh water at Milford and at Gravel Hill near Georgetown. In 1968,
A.C. Schultes and Sons drilled test well Me15-29 at Milford and sampled the
water from sands in the Cheswold from 370 to 430 feet below land surface.

The analysis of this sample showed nine parts per million of chloride. In
1969, Paul White Drilling Company drilled test well 0g31-1 and obtained a
sample of water from the Cheswold. The United States Geological Survey ana-
lyzed the water and found 10 parts per million of chloride. This suggests
that the Cheswold aquifer probably contains fresh water to. a depth consider- -
ably below 600 feet below sea level. The test of the Cheswold near Georgetown
and an ear]y test near Lewes indicated that the Cheswold was not a promising -
aquifer in terms of yield to wells. Dr. Pickett in Figure 9 of this report
indicates that the Cheswold probably pinches out at a depth of about 700 feet
below sea level. On this basis a fresh-salt water interface in the Cheswo]d
does not exist in the report area. .

The Frederica Aquifer Crossed by the DeTaware Bay

The Frederica aquifer subcrops beneath the Pleistocene éediments in north-
ern Kent County. In 1968, Sundstrom in studying the salt-water problem in
Kent County wrote about the Frederica aquifer crossed by the Delaware Bay as
follows:

. “The outcrop of the Frederica aquifer is crossed by the Dela-
ware Bay five to seven miles upstream from the transition zone
from fine to coarser sediments and is about four miles closer to
the zone than the outcrop of the Cheswold aquifer. The Frederica
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outcrop is not only protected by the fine sediments in the bottom
of the Bay, but it is also protected by the high water table in the
outcrop and overlying Pleistocene and by the clay cover downdip
that forms the confining beds of the Frederica artesian aquifer.

No evidence of salt-water contamination of the Frederica was found
and it is believed that the agquifer is safe from salt-water
encroachment.”

The Interface Between Fresh and Salt Water in
the Frederica Aquifer

The Frederica contains fresh water at Milford, Lewes, Cape Henlopen and
Gravel Hill near Georgetown. At Cape Henlopen and Gravel Hill the Frederica
is reported to yield only 15 to 30 gallons a minute. The drill cuttings at
Gravel Hill were inspected and indicated a poor-yielding aquifer. Dr. Pickett
indicates in Figure 9 that the Frederica aquifer probably pinches out at a
depth of about 400 feet below sea level. A fresh-salt water interface in the
Frederica aquifer probably does not exist in the report area.

Minor Artesian Aquifers in the Miocene Above the
Frederica Crossed by the Delaware Bay

Shallow artesian aquifers above the Frederica are found in the southern
part of Kent County. These aquifers and perhaps others exist in the northern
part of eastern Sussex County. Concerning the salt-water problem where these
aquifers are crossed by the Delaware Bay, Sundstrom (1968) wrote::

"Shallow artesian aquifers above the Frederica aquifer are

found in the southern part of the county. Two of these. aquifers

" are used in the vicinity of Milford and perhaps elsewhere in the
southern part of the county. Little is known about the areal
extent of the reservoirs away from Milford. The outcrops of the
aquifers, if they exist, probably lie south of the transition zone
between the fine and coarser sediments and would probably be more
susceptible to salt-water intrusion if the protective hydraulic
gradient of the Pleistocene over their subcrop were lowered below
sea level. There is no evidence of salt-water contamination of the
shallow Miocene artesian aquifers."”

The Delaware Geological Survey reports the log of a well, Mh41—1; at -
Shorts Beach on Delaware Bay. The log records brackish water in Pleistocene
sediments 36 to 50 feet below the surface, and in Miocene sands 138 to 150
feet below the surface. The surface altitude at the well is five feet. The
drillers log of the well shows only sand sections between Pleistocene and
Miocene sediments; thus the Miocene sands appear to be in direct contact with
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Pleistocene sands. Contamination might be accounted for by either low water-
table altitude or by hurricane flooding or by both.

The Subcrop of the Manokin Aquifer and the Relation to
Salt Water of the Atlantic Ocean and to the -
Salt Water of the Inland Bays and Estuaries

The subcrop of the Manokin aquifer with the overlying Pleistocene removed
is shown in Figure 2. In this illustration, Dr. Pickett shows the Manokin sub-
crop removed by erosion along the Delaware Bay during Pleistocene time except
for a narrow tongue of the subcrop reaching the Bay near the outlet-of the
Broadkill River. The Broadkill River, containing saline water, crosses Pleisto-
cene sediments over much of the eastern central part of the subcrop. In both
the area of the tongue and in the area crossed by the Broadkill, the altitude
of the water table is not adequate to protect some parts of the aquifer from
salt water. The low altitudes below the five foot contour 1ine are shown in
Figure 38 and demonstrate some of the danger points. The depth to fresh or
salt water in most of the water-table aquifer is established by the altitude
of the water table and by the ratio of the densities of the fresh water in the
aquifer to the salt water in contact with the fresh water.

The Interface Between Fresh and Salt Water in
the Manokin Aquifer

In the subcrop where the fresh water head has been more than four feet
above sea level and the surface has not been periodically flooded with salt
water from hurricane storms, there seems to be little danger of the presence
of salt water in the aquifer. The base of the subcrop Manokin reaches a maxi-
mum depth of about 150 feet below sea level. Where the fresh water head is
less than four feet above sea level or where salt water floods from storms have
occurred, there is a good possibility of salt water in the subcrop. Based on
the altitude of water levels in the aquifer, it is believed that the closest
source of salt water is at the subcrop near Delaware Bay or the estuary of the
Broadkill River. The Delaware Bay area is the most likely source of contamina-
tion. In the artesian part of the Manokin aquifer, the artesian head is ade-
quate to protect the aguifer.

The Subcrop of the Pocomoke Aquifer and Its Relation to
Salt Water of the Atlantic Ocean and Salt Water of the Bays

The Pocomoke subcrop 1ies beneath the Pleistocene water-table aquifer.
Dr. Pickett shows the position of the subcrop in Figure 2. The eastern boun-
dary of the subcrop is shown four to eight miles inland from the Atlantic
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Ocean and is overlain by salt water only in the northern part by Indian River
Bay and by a small branch of Little Assawoman Bay in the eastern part. The
contact, of course, is separated by the Pleistocene aguifer which overlies the
Pocomoke. The Pleistocene sediments are in direct contact to the east with
the ocean and the inland bays. Indian River Bay contains highly mineralized
water. Dr. John C. Kraft, Chairman of the Geology Department, University of
Delaware, determined the salinity content of the bay in two sections through
the tide cycle. The lower section, which represents the midsection of the bay
proper, shows water containing 28,000 to 30,000 parts per milTion of salinity.
The upper section shows water containing 6,000 to 11,000 parts per million of
salinity through the tide cycle in the upper part of the bay. Dr. Kraft's
observations were made July 17 and 20, 1967, and are given in Figure A18.

Most of the Pocomoke subcrop and overlying Pleistocene aquifer are protec-
ted from salt-water intrusion by adequate head of fresh water in the water-
table aquifer. However, some of the area lies beneath a water table less than
four feet above sea level. In the areas of low water table the same discussion
given to the Manokin applies to the Pocomoke except that the Pocomoke, as shown

in Figure 2, is more remote from the ocean than the Manokin is from the Delaware

Bay. The areas of low head in the water-table aquifers of the Manokin, Poco-
moke and Pleistocene are shown in Figure 38.: The illustration also shows the
thickness of the Pleistocene aquifer above the Manokin and Pocomoke. The total
thickness of Manokin and Pocomoke subcrops combined with that of the Pleisto-.
cene aquifer is generally less than 160 feet in thickness.

The Quaternary and Subcropping Miocene Water-Table Aquifer Adjacent
to Delaware Bay, the Atlantic Ocean, the Inland Bays
.and Stream Estuaries

Most, if not all, of the salt-water problems in the water-table aquifer
of the Pleistocene and subcropping Miocene sands will occur in the area shown
in Figure 38 where the altitude of the water table is five feet above sea Tevel
or less. More than 20 percent of the report area is bounded by the five foot
contour. In this area there are a few localities in which fresh water cannct
be obtained from the water-table aquifer. This is true at some localities on
the barrier beach in the southern part of the area. Some of the salt water in
the aquifer probably has never been replaced by fresh water because of the Tack
of fresh-water head to displace the salt water. Figure 38 shows several loca-
tions where the fresh-water head is only one, two, or three feet above sea
level. Sundstrom and Pickett's report of 1969 lists 69 wells in the water-
table aguifer in which the water level has been measured three feet or less
above sea Tevel. In these areas of very low water-table altitude and close
proximity to salt water, the possibility of contamination must be considered,
although it is believed that most of the wells of small yield that are now
producing fresh water will continue to produce fresh water. In areas of Tow
water-table altitude where pumping has been heavy, trouble can be expected and
has been encountered, especially at Lewes and Rehoboth Beach. Problems at both
places have been a]]ev1ated by moving away from the area of contam1nat1on and
to an area of higher fresh-water head in the aquifer.
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The water-table aquifer, where the water table is five feet or less, is
estimated to contain more than 300 billion cubic feet of material saturated
with fresh water. Only about three percent of it lies above sea level. Salt-
water problems can occur at many places in the area. In some places where the
aquifer contains only salt water there is no remedy, except to go elsewhere
for water. In most of the area, pumping of small quantities of water probably
will not present a problem. Where heavy continuous pumping is contemp]ated
the wells should be developed in areas where the water-table head is 10 feet
or more above sea level.

GROUND-WATER CONTAMINATION

Man-made ground-water contamination problems are many. Examples of such
contamination can be cited; but it is believed that no overall study of the
damages has ever been made. New Castle County has done a very large amount of
work to determine the cause and cure of the Llangollen landfill leachate prob-
lem. The results of these studies have been documented for the Department of
Public Works, New Castle County, by Roy F. Weston and Associates, 1972 and
1974; by R. W. Sundstrom, 1974; and by the Delaware Department of Natural
Resources and Environmental Control. Delaware has many more landfill proj-
ects; but the effect of contamination from leachate, if any, is unknown for
most of them. _

Dredging along the Chesapeake and Delaware Canal is thought to be respon-
sible for high chlorides in -shallow wells in the vicinity of the dredging spill.
This contamination may be of short duration over a term of a few years because
of the natural hydraulic gradient back toward the canal.

Fertilizers (chemical and animal, especially chicken) pose problems of
added nitrates to the water-table ground-water reservoir. However, an allow-
able concentration of 45 parts per million in the ground water is seldom
exceeded.

Salt-water intrusion has taken place in the water-table aquifer along the
coast in eastern Sussex County. Bethany Beach, Rehoboth Beach and Lewes .all
have had their problems. Large-capacity wells were developed in areas where
the fresh-water head was less than 10 feet above sea level and when heavy
pumping started, the pumping levels were lowered many feet below sea level.
Encroachment took place in accordance to the relation of fresh water to salt
water as described in Append1x C of this report. Lewes and Rehoboth Beach took
care of their problem by moving their production wells to an area where the
altitude of the water table was higher.

The magnitude of the effect of contamination of ground-water reservoirs
from cesspools and septic tanks is unknown. \

141



POTENTIAL PROBLEM AREAS

The New Castle County "corridor", when considered in terms of the "cor-
ridor" itself and in terms of the requirements of New Castle County, lies in a
water-short area where there is not enough available ground water within the
corridor to supply the area. It has been pointed out that under present con-
ditions of development about five million gallons a day might be produced in a
5,000 acre area at the western end of the Chesapeake and Delaware Canal in
Delaware. If pumpage should be developed in an adjoining area of Maryland,

the overall pumpage would be reduced in Delaware by the pumpage in adjoining
development in Maryland.

In the Lewes area development should be upgradient from the 10-foot con-
tour shown on the water table. In upgradient areas adjacent to the 10-foot
water-table contour, pumpage probably should be limited to 500,000 gallons a
day per square mile and farther upgrad1ent beyond the first mile to 750,000
gal]ons a day per square mile.

In the Dover area, Dover and the Air Force Base can still develop the
Piney Point in its deepest and best section in a southwesterly direction to
the Maryland state line, see Sundstrom and Pickett, 1968. Dover could also

find favorable supplies in the Quaternary deposits in parts of southern and
western Kent County.

AREAS OF NEEDED RESEARCH AND STUDY CONCERNING THE PROSPECTS
OF USING ARTIFICIAL RECHARGE OR OTHER NEW SOURCES OF WATER

Comprehensive research and study of the prospects of using artificial re-

charge as -a supplement to the water supply of New Castle County is needed.

Such research and study must establish, without a doubt, whether or not the
development of supplemental water supp1y from artificial recharge is a feasible
and practicable development from the economic, environmental, engineering,

hydrologic, geologic, sanitary and public welfare cons1derat1on Among many
prob]ems that must be resolved are:

1. Is there available water, over and above present and future require-
ments, from the Brandywine, Red Clay and White Clay Creeks and the Christina
River for supplying artificial recharge? If there is a substantial amount of
water from these sources, can these sources fulfill the feasibility and practi-
cability requirements for development? Are there better methods of using the
water? ‘ :

2. Can flood waters be stored from the Brandywine, Red Clay and White
Clay Creeks for artificial recharge? Are detention reservoir sites available
and feasible for storing the needed water? Are there better methods of holding
and using the flood waters?
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3. Can urban storm runoff through storm sewers be effectively captured
and used for artificial recharge?. Would the amount of water captured be sig-
nificant in the total water requirement needs? Would such development meet .
feasibility and practicality requirements? o

4. Can the proper treatment of 70 or more million gallons a day of ef-
fluent from municipalities and industries provide a supply of water that meets
all requ1rements for water supply be used for artificial recharge? If this 1s
possible, is this the best way to use the water?

5. Are ground-water reservoirs of adéquate capacity and hydraulic proper-
ties available for rece1v1ng and paying out to pumps the artificial recharge
water?

6. Are artificial recharge waters compatible with the native ground
water? '

7. What method of inducing the recharge water to the aquifer should be
employed? What part of the induced recharge can be recovered?

8. Can the proper treatment of the 1argé supply of effluent water allow

. the direct recycling of the water without going through the artificial recharge

process? If not, can a part of it be used for industrial or agricultural
purposes? '

Problems such as the above must have adequate research, study and inte-
gration into the overall water supply problems of New Castle County before
the prospects of artificial recharge can become a significant part of the
county water supply. In the overall evaluation of water supply and problems
of water supply, New Castle County north of the Chesapeake and Delaware Canal
is in direct need of a new source or sources of water (see Figures 17 and 41).
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SUMMARY AND CONCLUSIONS

NEW CASTLE COUNTY

New Castle County encompasses. portions of two geological provinces whose
ground-water reservoirs vary widely in water-yielding properties. In northern
New Castle County, the Appalachian Piedmont Province occupies about 113 square
miles. The remainder of the county lies in the Atlantic Coastal Plain Province.
The ground-water reservoirs in the Piedmont are contained in very old rocks of
igneous or metamorphic origin. The aquifers of the Coastal Plain are in sedi-
mentary material, '

The ground-water reservoirs of the Piedmont provide about 67 percent of
the flow of the Brandywine, Red Clay and White Clay Creeks and more than 30
percent of the flow of the Christina River. The amount of water contributed
to the streams from the ground-water reservoirs of the Piedmont amounts to an
average of 500,000 gallons a day per square mile of drainage. The ground-water
reservoirs of the Piedmont on the whole are very poor providers of water to
wells except in the Cockeysville Marble. Water occurs in fractures in the rock
and wells must be Tocated such that they intercept fracture concentrations or
the yields will be very low. The yields of 103 randomly located wells (Sundstrom
and Pickett, 1971) average 15.6 gallons a minute. Of the 103 wells, 83 had
yields less than average. Only six wells yield more than 50 gallons a minute.
A number of wells are known that yield considerably more water than those 1ist-
ed by Sundstrom and Pickett {1971). The Artesian Water Company has six wells
in the Cockeysville Marble which have a maximum capacity of greater than 3.5
million gallons a day and are supplying the Artesian Water Company an average
of 1.6 million gallons a day. Artesian presently has an allocation from the
Department of Natural Resources and Environmental Control to pump up te 3.0
million gallons a day and withdraw an annual average of 1.9 million gallons a
day. Extensive monitoring of precipitation, streamflow, well withdrawals and
water levels are required to assess whether this allocation represents a sus-
tainable yield for the aquifer and to determine the impact on existing well
owners and streamflow. The City of Newark has completed several wells in the
Wissahickon schist whose initial capacities range from 100 to 200 gallons a
minute. Weighing all data presented in the New Castle County report, it appears
probable that the development of ground water from wells yielding 75 or more
gallons a minute from the granodiorite, gabbro and schists which comprise 98
percent of the Piedmont area, will not produce more than an average of five
million gallons a day. The Cockeysville Marble probably will yield an average
of two million gallons a day to large wells if solution channels can be found.
The Piedmont aquifers, although poor in water-yielding properties to large wells,
are very important to the large rural area of the Piedmont where individual
supplies of a few gallons a minute will suffice. The Piedmont aquifers are of
great importance to the base flow of the Brandywine, Red €Clay and White Clay -
Creeks and the Christina River which contribute substantially to the water
supply of northern New Castle County. ‘ ’
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The ground-water reservoirs of the Potomac Formation consist of sands in
two hydrologic zones in the Potomac Formation. The Potomac is a formation in
which clays are more dominant than sands. In the outcrop and subcrops of the
two aquifer zones, the sands of the Potomac are mantled in places by sands of
the Pleistocene age so that, in places, sands of the Potomac and Pleistocene

form a single water-table aquifer. The Potomac sands in outcrop or subcrop are

estimated to cover about 60 square miles. Although the available recharge to
the area amounts to about a million gallons a day per square mile, and under
most favorable conditions could be pumped by wells, it is believed that the
saturated thickness and low water-yielding properties of the aquifer in many
places will cut the large-scale development of the outcrop or subcrop of the
aquifer to about a third of its total areal extent, or to an available supply
of about 20 to 25 million gallons a day. Of the available supply, 11 million
gallons a day are now developed leaving 9 to 14 million gallons a day for
future use. In the Chesapeake and Delaware Canal area, study has indicated
the maximum amount of water from the artesian part of the Potomac aquifers to
be about 11 million gallons a day, of which 4 million gallons per day have
been developed. The canal study covers about 170 square miles extending six
miles on each side of the canal in Delaware. There may be two to four million
gallons a day available south of the area studied and north of the interface
between the fresh and salt water in the aquifers. In all, about 18 to 25
million gallons a day are believed to be available from the Potomac outcrop-
subcrop area and the artesian aquifers of the Potomac.

.The available water from the Magothy aqu1fer is d1ff1cu1t to determ1ne
because of lack of the hydraulic coefficients required to determine the water-
yielding properties of the aquifer. At Middietown the transmissivity of the
aquifer is 4,000 gallons a day per foot of drawdown. If the Middletown test
is representative of the aquifer as a whole, the water-yielding properties
are about two-thirds that of the upper Potomac aquifer in the canal area.
Using the hydraulic data of the upper Potomac aquifer in the Chesapeake and
Delaware Canal area and applying it to the Magothy with proper adjustments,
it appears that about three million gallons a day are available from the

-Magothy from properly spaced wells ranging in yield from 250 to 300 gallons a -

minute. For smaller supplies (wells yielding 10 to 50 gallons a minute), the:
Magothy, over an area of about 170 square miles north of the fresh-salt water
interface. in the aquifer, is a good to fair source of supply for rural water.

The availability of water in large quantities for large supplies is im-
practicable from the Englishtown-Mount Laurel aquifers because of the Tow
water-yielding properties of the aquifers. At Middletown the transmissivity
of the aquifers is only 1,800 gallons a day per foot, or less than half of the
transmissivity of the Magothy aquifer, The aquifer is of value only to those
who need small supplies for individual use.

The Rancocas is an important source of water in small quantities through-
out the area in which the aquifer exists in southern New Castle County. The
Rancocas aquifer is important as a source of -water to wells yielding 300 or
more gallons a minute in the area east and northeast of Smyrna in New Castle
County. This is also true in a southwesterly direction from Smyrna in Kent
County. The ultimate yield of the Rancocas aquifer in the deeper part in the
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two counties probably will not exceed six or seven million gallons a day to
wells properly spaced yielding 300 or more gallons a minute. A larger total
supply can be developed from wells yielding smaller amounts of water.

The available water from the water-table aquifer in the Coastal Plain of
New Castle County is small in terms of an adequate supply to large-capacity
wells of 500 or more gallons a minute each. This is especially true north of
the Chesapeake and Delaware Canal. Although the water-table aquifer, where
Pleistocene deposits contain 10 or more feet of saturated material, covers 182
square miles, the thickness of saturation of 40 feet or more needed to assure
large-capacity wells occupies only 11 square miles, of which 8 are south of
the Chesapeake and Delaware Canal. The Pleistocene water-table aquifer prob-
ably will supply large-capacity wells in these isolated areas in amounts equal
to the available recharge, which would amount to about three million gallons
a day north of the canal and about eight million gallons a day on the south
side of the canal in the Middletown-Odessa and Smyrna areas. The total avail-
able supply to large-capacity wells in New Castle County is about 11 million
gallons a day.

The Pleistocene is an important source of water to small wells over the
entire area of 182 square miles where the Pleistocene has 10 or more feet of
saturated thickness. Although the Pleistocene is a poor source of large sup-
plies of water in the county, it has importance in maintaining the base flow
of streams, in furnishing plant 1ife moisture, in maintaining a reservoir of
recharge water for the artesian aquifers, and in maintaining the hydraulic
gradient that halts the ingress of salt water along the Delaware Estuary and
Bay. : ‘

The prospects of supplementing the water supply of New Castle County by
the use of artificial recharge to the ground-water reservoir of the Pleisto-
cene is brought into focus in the New Castle County report (Sundstrom and
Pickett, 1971). Whether or not such recharge is practicable and feasible can
be told only after required research and study are made. :

KENT COUNTY

The four major artesian aquifers of Kent County are the Rancocas, Piney
Point, Cheswold and Frederica. The major water-table aquifer is found in the
Pleistocene deposits that cover most of the surface of Kent County and in the
underlying outcrop and near outcrop sands of the Miocene. Minor artesian
aquifers are found in the Miocene deposits in the southern part of the county
above and below the Frederica aquifer.

In Kent County the Rancocas aquifer is available for development in the
extreme northern and northwestern parts. The aquifer will supply water to
wells generally in amounts ranging from 50 gallons a minute in the extreme
northwestern part of the county to as much as 600 gallons a minute near the
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downdip extremity of the aquifer at Clayton. The hydraulic properties of the
aquifer have been determined and applied to assess the quantity of water avail-
able from the aquifer. Sundstrom and Pickett (1968) demonstrate that the ulti-
mate yield under planned development does not exceed four million gallons a

day in Kent County. The aquifer, because of its low specific capacity, coef-
ficient of transmissivity, coefficient of storage and limited available draw-
down is classified as fair to poor as a source of moderate quantities ranging
from 200 to 600 gallons a minute.

The Piney Point aquifer is available for its maximum development along the
axis of its thickest section which 1ies in a northeast-southwest direction
from Port Mahon through the Dover Air Force Base well Je32-5 and beyond across
Kent County, a distance of 21 miles. Two hypothetical plans for developing
the aquifer have been presented in the Kent County report (Sundstrom and
Pickett, 1968). The first plan shows that if 22 wells were used producing
500 to 600 gallons a minute, the aquifer would produce about 17 million gallons
a day. The second plan demonstrates the use of 11 wells pumping 800 to 1,000
gallons a minute, which would produce about 14 million gallons a day. Both
plans appear to be feasible and represent about the maximum amount of water
that can be obtained with the given rates of pumping in the two hypothetical
plans. Both plans take advantage of the thickest section of the aquifer.
There is good evidence presented in the report, however not conclusive, that
the water-yielding properties of the Piney Point deteriorate rapidly both up-
dip and downdip from the thick section of the aguifer and in Kent County at
a distance of about 12 miles in each direction the Piney Point ceases to be
an aquifer!of importance.

Except in the northern part, the Cheswold aquifer is available in much of
Kent County. It is a highly-developed aquifer in the Dover-Dover Air Force
Base area where peak pumpage from it reaches an average of about 6,500,000
gallons a day. Evidence is presented that this rate of pumping is about the
maximum from the aquifer without readjustment of pumping rates in some of the
wells in Dover. With adjustments, the total withdrawal from the Cheswold can
be increased to eight million gallons daily. The Cheswold aquifer is rated
good in the Dover-Dover Air Force Base area, but elsewhere ranges from fair
to poor. ' ‘

The Frederica aquifer is available in the southern part of the county.
The hydraulic properties, as defined by the specific capacity, coefficient
of transmissivity, coefficient of storage and available drawdown, are rela-
tively Tow and for these reasons the aquifer is classified as only a fair
water producer. Few wells produce over 300 gallons a minute from the artesian
part of the aquifer and most of the wells produce much less. The maximum
production of the Frederica, under planned control of spacing and yield, is
about five million gallons a day.

Minor artesian aquifers above and below the Frederica exist in the south-
ern part of Kent County and are developed in the Milford area. The trans-.
missive properties of the aquifers have been tested and found to be low. The
areal extent of the aquifers is not known and the available drawdown in them
is small. It is estimated that the aquifers will not produce more than one
million gallons a day. '
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Pleistocene age sediments cover about 88 percent of Kent County. In many
places subcropping sands of Miocene age underlie the Pleistocene sediments to
form a combined water-table aquifer. The aquifer furnishes meager to copious
supplies of water to several hundred wells in the rural area of Kent County.
Based on the saturated thickness of the water-bearing material in 161 wells,
the water-table aquifer contains about 280 million cubic feet of water. The
water in this reservoir is the recharge to the underlying artesian aquifers in
their outcrop section; with the discharge from the aquifer that provides the .
fairweather flow of the streams; with the discharge from the aquifer that is
yielded to evapotranspiration; with the hydraulic gradient that prevents the
ingress of salt water in the Delaware Bay area; and with the supply to many
hundred rural and city wells in Kent County. A1l of these functions of the
aquifer pose related problems that require consideration in the ultimate and
wise use of the aquifer. Under proper development, it is evident that a mini-
mum of 100 million gallons daily can be developed without destroying the other
useful functions of the aquifer.

Salt-water contamination from the Delaware Bay and associated tidal
estuaries and marshland adjoining the bay appears to be a problem only to the
development of ground water in the Pleistocene and underlying Miocene water-
table aquifer adjacent to the salt water. The water-table aquifer is now dis-
charging water to the bay and is protected by the high hydraulic gradient in
the aquifer. The gradient could be reversed by pumping too close and too
heavily near the source of salt water. If this should happen, salt water would
start to move into the fresh water aquifer.

The Kent County report (Sundstrom and Pickett, 1968) concludes that there
are about 34 million gallons daily available in the county from the artesian
reservoirs and more than 100 million gallons daily available in the county
from the water-table aquifer of the Pleistocene and subcropping Miocene sands.
These available quantities are predicated on the proper development of the
entire aquifers in the county.

.

¢

EASTERN SUSSEX COUNTY

Sundstrom and Pickett (1969) summarize and give the following conclusions
about their study of eastern Sussex County:

The availability of ground water from the aquifers yielding potable water
in eastern Sussex County has been determined or estimated by methods of applied
ground-water hydrology. The report discusses and appraises the availability -
of ground water from seven artesian aquifers and one water-table aquifer. The ¢
artesian aquifers are the Piney Point, the minor Miocene aquifer below the
Cheswold, the Cheswold, the Federalsburg, the Frederica and the minor Miocene
aquifers above the Frederica and the Manokin. The water-table aquifer is com-
posed of sediments of Pleistocene age and subcropping Manokin and Pocomoke
aquifers of Miocene age.
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The Piney Point aquifer is available in the extreme northern part of the
area in a.strip less than four miles wide, bordering the northern boundary.
Based on analysis of water from the aquifer, Milford is close to the fresh-
salt water interface. The transmissive properties of the aquifer are extremely
low. The extremely low transmissivity and the extremely low specific capacity
of the Milford well indicate yields less than 30 gallons a minute. Wells will
be costly to drill and pump. Total development of ground water in eastern
Sussex County by many small wells will produce not more than one-half million
gallons a day. For these reasons, the aquifer is not recommended for develop-
ment.

A minor Miocene aquifer below the Cheswold is available in the extreme
north and northwestern parts of eastern Sussex County in a strip 6 to 12 miles
wide. Downdip from this strip the aquifer is believed to contain salt water.
Low specific capacity of wells coupled with Tow transmissivity of the aquifer
preclude the development of wells with yields over 200 gallons a minute. The
low aguifer coefficients and low specific capacities of wells indicate the
costs of producing water from the aquifer will be high. The aquifer may sup-
port a large number of small wells, but the total production from them is not
likely to exceed three million gallons a day.

The Cheswold aquifer is available in the northern half of eastern Sussex
County. It is encountered at a depth of 365 feet below sea level at Milford
and about 600 feet below sea level at Lewes and Georgetown. It is believed
that the aquifer disappears at a depth of about 700 feet below sea level in

the vicinity of Rehoboth Beach and north of Millsboro. The aquifer is estimated

to have a Tow transmissivity of about 6,000 gallons a day per foot.at Milford.
The transmissivity is believed to diminish in a downdip direction to an ex-
tremely low figure. Wells at Milford and near Georgetown have extremely low
specific capacities. The unfavorable water-yielding properties of the aquifer
indicate costly development. Generally, the gquantity of water available from
each well will not exceed 100 gallons a minute in the northern part or 30 gal-
lons a minute in the southern part of the aquifer. The aquifer as a whole is
unlikely to be developed. If developed, the production of 50 or more small
wells is estimated at about 3,500,000 gallons a day.

The Federalsburg aquifer is available in the northern part of eastern
Sussex County. At Milford the aquifer is reached at 270 feet below sea level.
At Gravel Hill, about four miles northeast of Georgetown, the top of the aqui-
fer is 520 feet below sea level. Elsewhere little is known about the depth or
areal extent of the aquifer. The aquifer may be available in the northern and
northwestern parts of the area. The yield of wells in the northern part of the
area is generally expected to be less than 300 gallons a minute. Most of the
wells may yield as little or less than 100 gallons a minute. If the aquifer .
is extensive, the estimated production will be less than five million gallons
daily. ‘

The Frederica aquifer is available over the northern part of eastern
Sussex County. The aquifer is developed to capacity in Milford. Away from
Milford, in the northern part of the area, wells yielding up to 250 galions a
minute may be developed. The meager data available in the central part of the

150

N



Yo

report area indicate wells of only low capacity (50 gallons a minute or less)
are obtainable. In the northern half of the report area, the aquifer may sup-
ply 3,500,000 gallons a day to many small wells.

The minor Miocene aquifer above the Frederica is used in the Milford area
and is believed to supply water at Slaughter Beach. The aquifer may extend
over more than the northern half of eastern Sussex County. In Milford the
transmissive properties of the aquifer are slightly less than the underlying
Frederica. Two city wells at Milford yield about 250 gallons a minute each.
Downdip the water-yielding properties of the aquifer are believed to diminish
progressively. If the aquifer is extensive in eastern Sussex County, it may
yield a total of four to six million gallons a day to many small wells.

The Manokin aquifer subcrops beneath Pleistocene sediments in an area of
about 75 square miles in the southern part of eastern Sussex County. The
southern and thickest part of the subcrop extends from the mouth of the Broad-
ki1l River on Delaware Bay to the vicinity of Georgetown on the western bound-
ary of the area. The thickness of the subcrop ranges from 0 to 40 feet. It’
is estimated that the subcrop contains about 144,000 acre-feet (47 billion
gallons) of water available to wells. The water in the subcrop is not under
artesian pressure. The subcrop, therefore, is part of the water-table aquifer
of the overlying Pleistocene aquifer discussed later in this summary. The
artesian part of the aquifer extends downdip from the southern extremity of
the subcrop and is available for development to the southern boundary of the
area. The artesian part of the aquifer has good to very good water-yielding
properties. At Bethany Beach the transmissivity is 60,000 gallons a day per
foot. It is estimated 20 to 30 million gallons a day can be developed from
the artesian part of the aquifer.

The Pocomoke aquifer occupies an area of about 90 square miles in the
southern part of eastern Sussex County. The Pocomoke aquifer subcrops beneath
the Pleistocene in its entirety. The water in the aquifer is not under arte-
sian pressure. The aquifer is therefore hydraulically a part of the overlying
Pleistocene aquifer. The Pocomoke part of the water-table aquifer contains.
about 200,000 acre-feet (65 billion gallons) of water available to wells.

The water-table aquifer of Pleistocene age is available throughout east-
ern Sussex County. In about 75 square miles the subcrop of the Manokin of
the Miocene is part of and contributes to the overlying water-table aquifer.
In about 90 square miles the subcrop of the Pocomoke of the Miocene is a part
of and contributes to the water-table aquifer. The saturated material of the
water-table aquifer in volume is equal to 10 cubic miles and holds about three
cubic miles of fresh water. The water contained in the aquifer is adequate .
to cover the surface of the report area to a depth of 30 feet. The aquifer
receives on the average about 490,000,000 gallons a day of recharge from pre-
cipitation, most of which is rejected. The rejected recharge is about equally
distributed between fairweather flow of streams and evapotranspiration. In
about 20 percent of the area the water table in the aquifer is five feet or
less above sea level. Salt-water contamination is a problem in parts of this
area and other parts of the area may be vulnerable to salt-water problems in
the future. The water-table aquifer not only supplies more than 90 percent of
the ground water used in eastern Sussex County, but also supplies the water
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for fairweather flow of the streams, water that evaporates from the land and
stream surfaces, water that transpires from the trees and plants, and water
that recharges the artesian aquifers in their subcrops. Predicated on proper
planning, development and use, the aquifer can supply more than 100 million
ga]?gns a day without seriously harming the other useful functions of the
aquifer.

The salt-water problems of the subcrops of the artesian aquifers, of the
fresh-salt water interface in the artesian aquifers and of the water-table
aquifer have been given consideration in the eastern Sussex County report.
The Atlantic Ocean, the Delaware Bay, the four inland bays (Rehoboth, Indian
River, Assawoman and Little Assawoman) and the tidal estuaries draining to
these bays all contain highly mineralized water. Some of these bodies of
water cross the subcrops of the artesian aquifer. In some places the major
salt-water problems of the area occur in the water-table aquifer where the
water table is five feet or less above sea level. Major problems have
occurred in the past at Lewes and Rehoboth Beach. Both cities solved their
problem by moving their well fields. In a few localities the hydrology ap-
plied in relating the low altitude of the water table to the thickness of the
aquifer indicates that the aquifer has always contained salt water and the
only solution is to seek water elsewhere. Where such areas exist there is

evidence that fresh-water supplies can be found within a distance of a few miles

or less.

The conclusions concerning the eight aquifers studied in eastern Sussex
County are: ‘

(1) the extremely poor water-yielding properties of the Piney Point
coupled with the apparent close proximity of the fresh-salt water interface
preclude the development of the aquifer;

(2) the poor water-yielding properties of the minor Miocene aquifer below
the Cheswold preclude development of wells of more than 200 to 300 gallons a
minute, and the total available water from the aquifer from many small wells
is not likely to exceed three million gallons a day;

(3) the unfavorable water-yielding properties of the Cheswold indicate
that it will be costly to develop. Most of the wells are estimated.to pro-
duce at a rate less than 100 gallons a minute and the total available water
does not exceed 3,500,000 galtons a day;

(4) The fair water-yielding properties of the Federalsburg aquifer above
the Cheswold in the northern part of the area indicates wells of 100 to 300
gallons a minute. The southern part of the aquifer will probably yield less
than 100 gallons a minute to wells. The aquifer is estimated to have an avail-
able supply of not more than five million gallons a day to many small wells;

(5) the fair to poor water-yielding properties of the Frederica indicate
wells of 50 to 250 gallons a minute. The aquifer is totally developed at
Milford. It is estimated the available water from the aquifer in the northern
part of the area may be 3,500,000 gallons a day;
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(6) the fair water-yielding properties of the minor Miocene aquifer above
the Frederica produces 250 gallons a minute from each of two wells at Milford.
Downdip the yie]ds probably would diminish to less than 100 gallons a minute.
If the aquifer is extensive, many small wells might produce as much as six
million gallons a day from the aquifer;

(7) the good water-yielding properties of the artesian part of the Manokin
aquifer indicate that it will yield water to wells up to 500 gallons a minute
in some places, and the available water from the aquifer is estimated to be
20 million to 30 million gallons a day;

(8) the water-table aquifer consisting of the Pleistocene deposits and
subcrops of the Manokin and Pocomoke are available for development throughout
the eastern Sussex County area, except in a small part of the area where the
salt-water probiem precludes development. The very favorable water-yielding
properties and available recharge of the water-table aquifer make the aquifer
available for large supplies of water in most of the area. Available recharge
to the aquifer averages about 490 miilion gallons daily. The aquifer not only
supplies more than 90 percent of the ground water used, but it also furnishes
the hydraulic head that protects most of the aquifer from the intrusion of salt
water; the fairweather flow of the streams; the recharge to the artesian aqui-
fers; and the water that is discharged by evapotranspiration. It is evident
that the aquifer can supply more than 100 million gallons daily to wells with-
out seriously hindering the other useful functions of the aquifer, provided the
development is properly planned and the pumping properly distributed.

WESTERN SUSSEX COUNTY‘

In summar1z1ng and giving conclusions of their study of the ava11ab111ty
of water in western Sussex County, Sundstrom and Pickett (1970) wrote:

The geology and hydrology of seven artesian ground-water.reservoirs‘and
one water-table aquifer in western Sussex County have been carefully studied.
From these studies, methods of ground-water hydrology have been applied to -
compute or estimate the amount of ground water available from each of the |
aquifers. The study reveals that the water-table aquifer of the Pleistocene,
Manokin and Pocomoke is by far the most prolific source of ground water in
the area and can be developed throughout the area. Under prudent planning,
development and management, the aquifer is capable of producing more than
120 million gallons a day. By lowering the water table by pumpage in. the -
swampy areas, more recharge might be effected and the amount of water avail-
able in western Sussex County might reach 140 million gallons daily or more.
Pumpage at this rate will probably affect to some extent the fairweather .
flow of ground water to streams; but, if properly planned, the effect will not
be serious because much of the water will be derived from the surface swamps
and shallow ground water that is normally lost to evapotransp1rat1on The
water-yielding properties of the water-table aquifer are good to excellent
over the entire area. The aquifer should supply wells of proper construction
and pumping facilities with supplies of water ranging from about 400 to 1,200
gallons a minute.
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Of the seven artesian aquifers studied, only the Manokin artesian aquifer
of the Miocene has good to excellent water-yielding properties. The Manokin
occurs under both water-table and artesian conditions. In its water-table
area, it is a subcrop of the Pleistocene water-table aquifer. The artesian
part of the Manokin begins at the southeastern edge of the subcrop and extends
under about 77 square miles of overlying Miocene clay., The artesian Manokin
aquifer has a probable transmissivity of about 60,000 galions per day per foot
and probably can be developed to yield about 20 million gallons a day.

The minor Miocene aquifers above the Frederica, the Frederica aquifer, the
Federalsburg aquifer, the Cheswold aquifer, and the minor Miocene aquifer below

the Cheswold are all of Miocene age and have not been developed in western

Sussex County. Tests indicate that the aquifers are of very low transmissivity,

and wells will have a very low specific capacity. Because of the very low
water-yielding properties of the aquifers, it is very doubtful that the aqui-
fers will be developed to any extent. If they are developed, it is doubtful
that the five Miocene aquifers could produce more than 25 to 30 million gal-
lons a day and the yield of the wells would probably range from less than 50
gallons a minute to about 200 gallons a minute.

The Piney Point aquifer is beljeved to contain fresh water only in the
extreme northwestern part of western Sussex County. No well produced water
from the Piney Point. Based on surrounding data, the transmissivity of the
Piney Point is probably less than 10,000 gallons a day per foot and the small
area in the northwestern part of western Sussex County where the water may be
fresh will probably produce only three to four million gallons a day if de-
veloped.

The only salt-water problems in the report area are in the interface area
~ between fresh and salt water in the Piney Point and the minor Miocene aquifer
below the Cheswold. The Cheswold, the Federalsburg and the Frederica lose
their identity as aquifers before they reach the fresh-salt water interface.

The Nanticoke River is tidal at Seaford and contains fresh water under
present hydrologic conditions. If the fresh ground-water discharge were elim-
inated all of the way to the Chesapeake Bay, a salt-water problem of a local
nature might occur in the shallow water-table aquifer near the tidal part of
the river,

Finally, in western Sussex County it is concluded:

(1) the use of ground water from the water-table aquifer can be expanded
tenfold over the present use of the aquifer or to 120 million gallons a day;

(2) the undeveloped artesian part of the Manokin aquifer is a potential
source of about 20 million gallons a day:

(3) the development of the deeper artesian aquifers below the Manokin is
not likely, because of the poor water-yielding properties of the aquifers;

(4) no potential salt-water problems are anticipated;
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(5) research may lead to additional water supply in the swampy areas by
lowering the water table by pumpage to recover recharge water lost by evapora-
tion; and

(6) the maximum use of ground water is predicated on proper planning,
development and management of the aquifers.

Much of the discussion in this report leads to management recommendations,
policies and controls to assure adequate water supply of good quality. This
has been the concern of the Department of Natural Resources and Environmental
Control and the Board of Health for many years. Many of these conclusions have
been discussed with the above departments and the recommendations included in
the report of the Governor's Task Force on Marine and Coastal Affairs entitled
"The Coastal Zone of Delaware, 1972." Legislation may be needed in several
areas of water resources development and management.
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SECTION A- MID-EAST INDIAN RIVER BAY

" 'SALINITY VARIATION
(PARTS PER THOUSAND):

® TIME OF SALINITY MEASUREMENT

0 — g SR . VISABILITY LIMIT
— e : .
81— “«ﬁ " TIDAL CYCLE -
- 28
A 30
w
a
2| w N
ol | 1 1 |
4 6 8 10 12 14 6 18 20 . 22

TIME (HOURS). JULY 20, 967

SECTION B - NEAR WEST'ERN TIDAL LIMIT -INDIAN RIVER
SALINITY | E
( PARTS PER THOUSAND)

- VISABILITY LIMIT

DEPTH (FEET)

N ,

5 7 9 Il 13 15 79 2| 23
' TIME (HOURS) JULY |7,1967

AFTER JOHN C.KRAFT, 1968

FIGURE AI8. SALINITY CROSS SECTIONS OF INDIAN RIVER.
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Table B2.
Records of Wells Drawing Water from the
Potomac Formation in New Castle County, Delaware
Delaware . O | Water | . [Altitude
Geological Depth . : Level Date of | of Ground
Survey " Local in - © |.Ft ¥ Mean | Measure- | Surface
Well Number | - Well Number. | Feet | Screened | Sea Level’ ment in Feet
Ca55-3 o 64.5 | 80 2-29-52 109
Ca55-8 = | , 42 | 81 7-12-53 105
"Cc24-5 “Artesian Water 160 | -12 3-22-50 | 75
. -Company #17 - o ,
Cs24-7 Artesian Water 163 | 0 3-24-50 76
B .. Company #20 : : ‘
Cc24-8 140 . . =22 | 3-24-50 70
Cc34-15 M2 8 12-7-53 23.3
Cc45-5 : » : 302 | 278-288 | -14 | 7-51 65
Cd41-7 ‘ | 2000 | 8%+ | 0 7-55 | 65
Cd41-18 80 | # 3-18-61 | 69
Cd42-13 ' 73 | 19 11-53 40
Cd43-11 L 88 21 4-16-52 13.2
Cd52-13 o 132 | '116-134 5 . .| 8-20-52 12
Cd52-15 73 19 11-53 40
Db11-38 . 192 |- 52 3-12-64 754
Db15-1 | 136 | 27 1951 30
Dc51-9 - Getty #R4 | 340 | 252-270, | 21 | 11-30-55| 40.3
286-312
Dc53-7 Getty #12 657 534-539 16 9-20-54 54.9
Dc53-23 Getty #5¢ | 710 538-543 8 9-16-54 32.2
Dc53-31 Getty #5A 613 400-406, 12 7-19-54 32.0
: 201-207
Eal5-1 55 62 11-27-53 65
Ea33-1 Goodrich TW #2 427 390-410 | 2 11-18-66 60
Ea33-2 Goodrich Obs #1 | 431 408-418 0 11-18-66 60
Ea33-3 Goodrich Obs #2 | 431 398-408 2 11-18-66 60
Fa33-4 Goodrich TW #1 695 580-585, 2 9-30-66 60
598-608
193 .



Table B2 Continued

Delaware e Water Altitude
Geological Depth Level Date of of Ground
Survey Local in Ft ¥ Mean | Measure- Surface
Well Number Well Number Feet Screened | Sea Level ment in Feet
©EBI5-2 Getty #8 636 | 240-245 26 10-13-54 | ' 65.5
_ Eb]5-4 Getty #P3 : 556 . 510-541 14 . -10-25-55 69.5
Eb24-1 - 208 | 9+ 10-19-43 60+
Eb24-2 177 21 8-52. 45
Eb34-3 845 442-462 -2 _ 4-20-67 58.2
Ec11-2 . Getty #7 565+ | 560-565 +19.64 | 1955 41.5
Ecl2-15 Getty #3B 734 340-345 10 - 9-19-54 57.5
Ec12-20 Getty #P9 558 525-558 -14 . 4-56 13t
Ec13-6 - Getty #16 705 523-563, 4 1-5-55 35.5
581-597 ,
Ec14-1 Getty #13 757 | 678-685 6 9-20-54 4.4
Ec15-26 701 631-636, -44% 4-12-61 10t
' 675-695
Ec22-3 261~ 235-260 13 2-16-53 10
Ec32-3 "Union Carbide TW| 420 318-328, 1966
' #2 (Site 1) 338-348 .
Ec32-7 Unjon .Carbide TWt{ 752 586-596. -33 1966-67 11.15
#1 (Site 1)
Ec44-1 350 3-50 25
Ed51-1 473 447-473 1-20-56 11
194 .
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Table B5.

Static Water Levels and Pumpage Data in the Town
of Clayton Well Drawing from the Rancocas Aquifer

Static Water

Altitude of

Level Below |Static Water| {Discharge
Pump Base Level Above |(Yield|Pressure
Date . in Feet MSL GPM LBS Remarks
1954 31 14 350 410 ft. Total
dynamic head
Apr. 1964 98 -b3
July 1965 123 -78 255 63 Pumping level
: 200 ft.
do 318 0 Pumping 1éve1
below 205 ft.
June 1967 103 -58 335 10 Pumping level
205 ft.
Sodrqe of data: Shannahan Artesian Well Company
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Table BS6.

Early Artesian Pressure Data in Wells to the

Rancocas Aquifer in the Clayton Area

Altitude [Altitude of
Depth to of Artesian
‘ Water ini{Measuring| Pressure
Well Date Owner Feet Point in Feet
Hc32-16 | April 1943 W. L. 14 40 26
‘ Nheatley
1b32-1 | Oct. 21, 1949] Marvel 40 65 25
. Everett | .
He32-2 :| Mar: 27, 1950| Town of 22 45 23
Clayton
Table B?.

Specific Capacities of Wells and Test Wells in the
Rancocas Aquifer in New Cgst]e and. Kent Counties, Delaware

Specific Depth
Owners : Capacity| Time of Well
Well Number Owner | Aguifer |GPM/Ft. |Pumped |in Feet
Hc14-3 2 State ofbDe1aware Rancocas 3.4 12 hrs. 271
6c54-3 1 do do 1.1 |12 hrs.| 250
Hc32-2 Town of Clayton do 1.8 272
Hc32-16 4 W, L. Wheatley do 4.6 260
Ib32-1 Marvel Everett do 1.4 296
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Table B9.

Example of Computed Drawdowns Caused
by Pumping Seven Hypothetical Wells in the

Rancocas Aquifer, 5,000 Feet apart, from Clayton
Southwestward toward the State Line in Kent County

Well 1 2 3 4 5 6 7

Rate of Pumpage GPM|350]350(3001300{300}350{350

Drawdown effect, in .

feet, Well 1 140§ 17} 15} 13 12¢ 11} 10

Drawdown effect, in ‘

feet, Well 2 171140 171 15) 13}) 12} 11

Drawdown effect, in

feet, Well 3 ’ 131 154120} 151 131 12} 10

Drawdown effect, in

feet, Well 4 121 131 15]1204% 15| 13 12

Drawdown effect, in S

feet, Well 5 10] 121 13§ 15{120| 15| 13

Drawdown effect, in '

feet, Well 6 111 121 13| 154 17140} 17

Drawdown effect, in

feet, Well 7 100 111 12} 13] 15} 17]140

'Pumping Level, in

feet, (10,000 days)|213]220}205|206(205]2201213
Allowable drawdown 220 feet
Distance between wells 5,000 feet
Time 10,000 days
Transmissivity _ 16,800 gpd/ft.
Coefficient of storage 0.00019
Specific Capacity 2.5 gpm/ft.
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.APPENDIX C: GHYBEN-HERZBERG PRINCIPLE

During the course of an extensive field and office study of the salt-
water problem in the Atlantic City region by Barksdale and Sundstrom (1936),
their report states in part:

"The problem of obtaining fresh water from sands that are
exposed for a part of their extent to the waters of the ocean has
been studied in many parts of the world. The earliest scientific
work on this problem was done in Europe, where the basic prin-
ciples were first pointed out in 1887 by Badon Ghyben, a Dutch
captain of engineers, and in 1900 by Herzberg, who appears to
have had no knowledge of the earlier work. The basic principles
that govern the relation of salt water to fresh water in a water-
bearing sand have now been fairly well established.

"At the contact between the fresh and salt waters the zone.
of diffusion is surprisingly narrow. In Holland, Pennink found
a range of salinity from 100 to 15,000 parts per million of
chloride in distances varying from 60 to 100 feet. In the pre-
sent investigation ranges from 800 to 8,000 parts per million
and from 1,900 to 7,300 parts per million were observed 1n four
feet of depth

"Salt water is heavier than fresh water and tends to fill
the lower parts of a formation. The fresh water in the sand
floats on the salt water much as ice floats on water, with most
of its volume submerged. The position of the contact is deter-
mined by the head of the fresh water above mean sea level and by
the relative specific gravities of the two waters. This is the
principle developed by Badon Ghyben and Herzberg.: o

"This theory is illustrated in Figure 33, A and B (Figure

C1 in this report). Figure 33A shows a simple.U-type with both
ends open to the air. The two legs of the tube are filled with
"two liquids of different specific gravities. The liquids in the
tube will come to rest in such a way that the pressure at the
bottom of one leg is exactly equal to and balanced by that at the
bottom of the other leg. The surface of the lighter liquid will,
therefore, necessarily stand higher than that of the heavier liquid.
Furthermore, as the heavier liquid fills the lower part of the
tube in both legs up to the level of the contact between the
liquids, the pressure at this level is equal in both legs, and
the heights of the two columns of liquid above the level of the
contact are inversely proport1ona1 to the specific gravities of
the liquid.

"In a small island or narrow peninsula composed entirely of
permeable sand and surrounded by sea water, this same balance of
pressure occurs between sea water and the lTighter fresh water.
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Figure C1. Relation between fresh and salt water in water-bearing
sands when not disturbed by pumping.
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Figure 33B represents a cross-section of such an island and shows
that the salt water not only fills the sand around the island,

but also extends entirely under it below the lens-shaped body of
fresh water. 1In such an island the resistance of the sand to the
flow of water causes the fresh water from rainfall to build up a
head above sea level sufficient to cause it to flow out into the
ocean at the shores of the island. It also prevents the mixing of
the salt and fresh waters in the sand below sea level by wave
action., As the sand is permeable in all directions, the fresh-
water head will cause a downward flow of fresh water until it
fills the sand to a depth at which its head is balanced by the
head of the salt water. When equilibrium has thus been reached,
the depth of the fresh water below sea Tevel at any point on the
island will be proportional to the fresh-water head above sea level
at that point, and the ratio between the depth and head of the
fresh water will depend upon the relation between the specific
gravities of the fresh and salt waters.

"The following explanation of the relation between salt water
and fresh water under a small sand island is appliicable both to
Figure 33A and Figure 33B:

Let H = total thickness of fresh water;

h = depth of fresh water below sea level;

t = height of fresh water above mean sea level;
Then H = h + t.

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

H

h+1t=hg

whence h g -1

in any case g-1 will be the d1fference 1n spec1f1c gravity between
fresh water and the salt water,

"If it is assumed that the specific gravity of sea water is
1.025, which is about an average figure, then h = 40t. In other
words, for every foot that the fresh water stands above sea level,
it extends 40 feet below sea level. This ratio.is so extreme that
it is not practicable to show it in the various parts of Figure 33.
For convenience, therefore, the first three parts of this figure
have been drawn with a ratio of 1 to 10 between the head and depth
of the fresh water. This would be the true condition if the
specific gravity of the sea water were 1.100 instead of about
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1.025. The fourth part of this figure is drawn with a ratio of

1 to 5 between the head and depth of the fresh water and represents
an imaginary specific gravity of sea water of 1.200. The general
relation between fresh and salt water shown by these diagrams is
not affected in the least by this assumption of a specific gravity
of sea water greater than the range that occurs in nature. The
specific gravity of sea water varies from place to place, so that
the figure of 1.025 used in the example above is on]y an approxi-
mate average.

“In nature a body of land composed entirely of permeable
material to any great depth is rare. The occurrence of beds or
layers of impermeable material does not change the basic princi-.
ples just discussed, but it does modify their application. If the
island shown in Figure 33B were underlain by clay or bedrock that
reached a level above the bottom of the fresh-water body, condi-
tions such as those shown in Figure 33C would occur. Along the
coast the position of the contact would be determined by the head
of the fresh water, just as in an island composed entirely of
sand, but under the center of the island fresh water would extend
all the way down to the impermeable layer and would not be in
direct contact with salt water.

"The modification of conditions by impermeable formations is
even more marked on the coasts of larger bodies of land, where
water-bearing sands may Tie under and between as well as above
layers of impermeable material and may slope upward to remote in-
take areas well above sea level. Along such a coast the condi-
tions in a permeable sand underlain by impermeable material would
be similar to those in the sand island underlain by impermeable
material, except that the fresh water would be in contact w1th
salt water only on the side exposed to the ocean.

“Figure 33D shows two conditions which occur in water-bearing
sands confined between layers of impermeable material. This dia-
gram differs essentially from the others in that it shows the con-
ditions that occur when the fresh water in the sand is under
artesian head rather than under water-table conditions. In the
upper sand in this diagram the salt water and fresh water are in
balance,' just as in the preceding examples. Salt water fills the
lTower part of this sand, and fresh water fills the upper part of
it. The position of the contact is determined by the head of the
fresh water, which in turn is determined by the elevation of the
intake area. The similarity between the conditions in this sand
and those in the U-tube in Figure 33 is easily apparent.

“In an artesian sand the water is prevented from rising to
the surface by the overlying impermeable bed. It is under a head
that would cause it to rise in a well to a Tevel above the bottom
of the confining bed. The imaginary surface that would pass through
the surface of the water in a well drilled to the sand at any point
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throughout its extent is called the "piezometric surface." The
piezometric surface is therefore a pressure-indicating surface,
and its elevation at any point indicates the head on the water in
the sand at that point. At the intake area of the sand it merges
into the water table which, though not imaginary, might be con-
sidered a part of the piezometric surface. In a section such as
Figure 33D the line representing the piezometric surface is the
hydraulic gradient of the water in the sand along the section. As
there is'no flow in the upper sand in this figure, the line repre-
senting the piezometric surface is level and extends from the in-
take area toward the ocean as far as the fresh water extends in
the sand. ' S

"In the lower sand in Figure 33D the head of the fresh water
is sufficient to cause aflow of fresh water into the ocean below
sea level, forming a suboceanic fresh-water spring.. The fresh
water fills the water-bearing formation down to the bottom edge of
the overlying impermeable layer and far enough helow this Tevel to
permit the water to flow out into the ocean. Here again, the salt
water fills the Towest part of the formation, but as the pressure
in the main body of fresh water is greater than that in the salt
water at the outlet, the salt water has been reduced below the pres-
sure of the salt water by the resistance of the sand of its move-
ment. The line representing the piezometric surface for this. sand
slopes gently downward from the intake area to the point where the
thickness of the sand carrying fresh water is reduced by the intru-
sion of salt water. From that point to the point of discharge the
slope increases. .

"If the basic principles that govern the relation between
fresh and salt waters in water-bearing sands are kept in mind,
it is usually possible to develop a continuous supply of fresh
water from sands that are exposed for a part of their extent to
salt water. The amount of water that can be taken from such a
supply without drawing in salt water will, however, depend on the
methods used.to develop the supply, on local conditions, and
especially on the amount of fresh water available for recharging
the sand. .

"Any general lowering of the head of the fresh water in a
sand exposed for a part of its extent to the waters of the ocean
will permit the salt water to advance farther inland and occupy
more of the sand. The lowering may be caused by natural condi-
tions, such as a dry year or a series of dry years, but lowering
due to such causes is not likely to have any serious consequences,
unless it occurs in conjunction with artificial withdrawal of
water from the sand. This is usually accomplished through wells,
either by pumping or by the natural flow from artesian sands.
Pumping water from a water-bearing sand lTowers the head of the
water in it materially in the immediate vicinity of the point of
pumping and, to a decreasing extent, for a considerable distance

242



T T A G S 0 NN D PR D a8 O AR D S O B W .

away. If this lowering of head or "cone of depression" occurs
above or extends beyond the zone of contact, it will disturb the
balance between fresh and salt water and permit the salt water to
move up through the formation toward the well. The radius and
depth of the cone of influence increase as the rate of pumping
from the well is increased. It might, therefore, be possible to
take a small amount of fresh water from a well in a water-bearing
sand exposed to salt-water contamination without drawing in salt
water, whereas if the same well were pumped at a higher rate the
salt water would enter it.

“The specific gravity of sea water varies slightly from
place to place and sometimes at different depths at the same
place, but it is never much greater than that of fresh water.
For the purpose of this report the specific gravity of fresh
water may be considered to be 1.000. In the summer of 1913,
Begelow (1915) found that the specific gravity of the water off
the Atlantic coast of the northern United States at different
places and at different depths ranged from 1.019 to 1.028.

"Owing to the very small difference between the specific
gravity of fresh water and that of salt water, a s1ight change in
the head of the fresh water produces a very considerable change
in the position of the zone of contact. If a water-bearing sand
is exposed to sea water having a specific gravity of 1.025, the
level of the fresh water in it must be maintained at 2.5 feet
above mean sea level if the zone of contact is to be held at a
depth of 100 feet below sea level. A fresh-water head of five
feet above mean sea level would be sufficient to hold back the sea.
water to a depth of 200 feet below sea level. Similarly, if the
fresh-water head in-such a sand were Towered only 2.5 feet, it~
would permit the salt water to rise 100 feet. If the fresh-water
head in the sand were lowered to sea level, the salt water would
rise to sea level. In a gently sloping confined sand, such as the
upper sand in Figure 34B (Figure C2 in this report), a vertical
rise of 100 feet might represent a movement of the salt water
several miles inland.

"The mere fact that a well or well field in a sand containing
both salt water and fresh water yields fresh water when it is
first pumped is no assurance that it will not eventually yield
salt water., The adjustment of the position of the zone of contact
to the lowering of the fresh-water head caused by pumping would not
be instantaneous, but the upward movement of the salt water would
~ begin as soon as the fresh-water head above the zone of contact was
lowered. The salt water would continue to move upward until equi-
1ibrium was again established or until it entered the well. The
rate of movement of the salt water would be goverened by the rate
of pumpage from the well, because it would be necessary to remove,
by pumping, the fresh water between the original position of the
zone of contact and the position that it would occupy when equili-
brium had again been established. If the well were situated in a
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Figure C2. Effect of pumping water from wells in sands exposed to salt-water con-
tamination.
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uniform sand and if the Towering of head were enough to draw salt
water intoc it eventually, a considerable part of the fresh water
between the well and the zone of contact would have to be pumped
out before salt water could enter the well. Usually this would
require a considerable period of time."

More recently, the effect of the dynamics of flow, as controlled by the
vertical and horizontal permeabilities, on the position of the interface of
the fresh-salt water in coastal areas has been presented by Hubbert (1940);
Henry (1964); DeWiest (1965); Rumer and Shiau (1968); and others. Their
treatment of the interface tends to move it to aliow for discharge of the
aquifer which is not considered in the earlier application of the Ghyben-
Herzberg principle. In the fresh-salt water interface relations of the
Pleistocene water-table aquifer most of the recharge water is being dis-
charged in the upper reaches of the aquifer as fairweather flow of the streams
and by evapotranspiration. In many instances where evidence of the fresh-salt
water contact is available from electric logs or from water samples the orig-
inal Ghyben-Herzberg principle is sufficiently reliable for practical use a
short distance inland.
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